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A b s t r a c t

Neuropeptides including bombesin and its mammalian homologue gastrin 

releasing peptide, stimulate proliferation and are implicated as growth factors in a 

variety of biological processes, including autocrine and paracrine growth of small 

cell lung cancer (SCLC). These peptides bind to seven transmembrane domain 

receptors which lack intrinsic tyrosine kinase activity and activate second 

messenger pathways via heterotrimeric G proteins. This thesis covers two main 

areas of investigation:

(1) NEUROPEPTIDES AND TYROSINE PHOSPHORYLATION

Recently, neuropeptides including bombesin have been shown to induce 

tyrosine phosphorylation in Swiss 3T3 cells, a useful model system for elucidating 

signal transduction pathways. The mechanism by which tyrosine phosphorylation 

is induced by G protein coupled receptors is unknown. This thesis shows that the 

non-hydrolyzable GTP analogue, GTPyS, induced tyrosine phosphorylation of 

multiple proteins including the focal adhesion associated proteins p125 focal 

adhesion kinase and paxillin in permeabilized Swiss 3T3 cells. The pattern of 

tyrosine phosphorylation closely resembled that induced by neuropeptides in intact 

cells. Our results suggest that the small GTP binding protein rhop21 rather than 

heterotrimeric GTP binding proteins mediates GTPyS induced tyrosine 

phosphorylation.

The role of tyrosine phosphorylation in bombesin mediated mitogenesis is 

unknown. Here, it is shown that addition of the protein tyrosine kinase inhibitor 

[(3,4,5,-trihydroxyphenyl)-m ethylene]-propanedinitrile (tyrphostin) to intact 

Swiss 3T3 cells reduces bombesin induced tyrosine phosphorylation and inhibits 

bombesin mediated c-fos expression and DMA synthesis. The results demonstrate 

that inhibitors of tyrosine kinase activity prevent neuropeptide mediated 

mitogenesis and may be of therapeutic value for SCLC.

(2) NOVEL SCLC THERAPIES

Substance P (SP) analogues [DArgl, DPhe^, DTrp^>^, L eu ^ l] SP and 

[Arg®, DTrp^'^, MePhe®] SP (6-11) inhibit the action of many different calcium 

mobilizing neuropeptides including vasopressin and bombesin in Swiss 3T3 cells 

and SCLC cell lines and block the growth of SCLC xenografts in nude mice. However, 

their mechanism of action is not understood. This thesis shows that these SP



analogues reversibly inhibit neuropeptide- but not GTPyS-stimulated inositol 

phosphate production in permeabilized Swiss 3T3 cells and competitively inhibit 

ligand binding in intact cells or membrane preparations. The results suggest that 

these SP analogues block the action of vasopressin and bombesin at the receptor 

level.

Identification of factors which stimulate SCLC cell growth is relevant to the 

development of novel SCLC therapies. Results presented here demonstrate that 

although serum mobilizes calcium and stimulates growth of SCLC cells, Ca^ + 

mobilization is not required for serum induced growth of these cells. The 

polypeptide growth factors hepatocyte growth factor and stem cell growth factor 

were found to stimulate colony growth of SCLC cells through a Ca2+-independent 

pathway. Since tyrphostin is known to inhibit polypeptide receptor tyrosine 

kinases and inhibits neuropeptide stimulated mitogenesis, the effect of tyrphostin 

with or without SP analogues was tested on SCLC growth in vitro. It is shown that 

tyrphostin and SP analogues synergistically inhibit SCLC cell growth.
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CHAPTER 1

In t r o d u c t io n

1.1 GROWTH REGULATION

Cells in a living organism normally live in dynamic equilibrium in which 

cell proliferation is carefully regulated. In most tissues cell turnover is slow, the 

majority of cells remaining in the non-proliferative Gq/G-i phase of the cell cycle. 

However, many cells retain the capacity to re-enter the cell cycle and undergo cell 

division. This is important for many normal biological processes including 

embryogenesis, tissue repair and immune responses. Cell proliferation must be 

kept under tight regulation to prevent an over expansion of any one tissue 

compartment. It is now known that growth factors, cell to cell and cell to matrix 

interactions most of which act externally via specific cell surface receptors, are 

important in regulating cell proliferation.

In contrast, cancer cells are characterized by unrestrained proliferation 

which is often due to multiple mechanisms (Westermark and Heldin, 1991; 

Rozengurt, 1993). These include aberrant production of growth factors by the 

cancer cells which act on the same cells that produced them (autocrine) or adjacent 

cells (paracrine) or an alteration in one or more of the multiple steps involved in 

growth factor signalling pathways which link cell surface receptors to the nucleus 

and other cellular compartments ((Bishop, 1991; Cross and Dexter, 1991)). The 

elucidation of the molecular mechanisms underlying the control of cell 

proliferation remains one of the fundamental problems in biology and is likely to 

be crucial for understanding the unrestrained proliferation of cancer cells.

1.1.1 SWISS 3T3 CELLS AS A MODEL SYSTEM FOR GROWTH REGULATION

Swiss 3T3 cells have proved to be a useful model system for studying the 

regulation of cell proliferation and many of the experiments presented in this 

thesis have been performed using these cells. This is a murine fibroblast line 

established by repeated sub-culture of disaggregated embryonic cells (Todaro and 

Green, 1963). Cultures of the 3T3 cell line become "quiescent" in the Gq/G i phase 

of the cell cycle when the cultures reach a saturation density determined by the 

serum concentration (Holley, 1975). Therefore, this arrest of cell growth 

appears to be associated with a depletion in the growth-promoting activity of
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serum. Re-addition of fresh serum to quiescent cultures of these cells stimulates 

cellular metabolism and after a lag period (10-15 h) initiation of DNA synthesis.

The use of Swiss 3T3 cells in culture has a number of advantages for the 

study of growth control. Identical monolayer cultures of a clonal population of cells 

can be easily and consistently produced, permitting more easily reproducible 

results. In addition a chemically-defined nutrient media has been developed for 

these cells in which large reproducible increases in DNA synthesis can be seen in 

response to a variety of different growth promoting agents. Since most cells in 

quiescent cultures are arrested in G i /Gq, on restimulation they may be regarded as 

a synchronised cell population.

Swiss 313 cells in common with other established cell lines can often 

display abnormal karyotypes and therefore cannot be directly correlated with any 

cell type in vivo. Indeed, individual clones of Swiss 3T3 cells kept in culture for 

several months phenotypically change loosing their ability to become quiescent. In 

all the experiments in this thesis, only low passage Swiss 3T3 cells were used. The 

results obtained with 3T3 cells can be considered useful in terms of a general 

model for growth control, but require further investigation to determine their 

relevance in vivo. Nevertheless, most mechanisms of growth control identified 

initially in 3T3 cells have been demonstrated to occur in vivo in for example 

primary cultures of mouse embryo firoblasts. Many other examples exist 

confirming the value of Swiss 3T3 cells in studying growth regulation including 

the discovery of the monovalent ion transporter in the plasma membrane 

(Rozengurt and Heppel, 1975) which has since been accepted as a universally 

important part of growth factor action (Moolenaar, 1986).

The 3T3 cell has proved particularly useful in two major areas of growth 

control research:

1 ) The identification of agents that modulate the growth state of the cell, and their 

purification from various biological sources.

2) Elucidation of the mechanisms by which serum, purified growth factors and 

other mitogens initiate DNA synthesis. Attention has been focused on the early 

signalling events in mitogenesis as the initial steps in the proliferative 

response.

Much of what has been learnt in 3T3 cells has proved useful in helping to 

identifying cellular growth control mechanisms which behave in an aberrant 

fashion in cancer cells.
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1.1.2. GROWTH FACTORS AND CELL PROLIFERATION

Within the iast decade rapid progress has been made towards the elucidation 

of the mechanisms of action of the diverse extracellular factors that control cell 

growth. The availability of ceil culture in nutrient media together with the 

purification of various poiypeptide growth factors (reviewed in Rozengurt and 

Mendoza, 1980; Rozengurt and Collins, 1983; James and Bradshaw, 1984) 

allowed the investigation of mitogen action under chemically defined conditions 

(Bottenstein et al., 1979; Shipley and Ham, 1981). From this work it has become 

clear that a variety of mitogenic factors can regulate the proliferation of normal 

cells. In this respect the 3T3 fibroblast has proved a particularly useful system 

for identification of growth promoting factors (Rozengurt and Mendoza, 1980; 

Rozengurt, 1986). it is now recognised that the proliferation of 3T3 cells may be 

regulated by several classes of mitogen (Table 1.1) including a large family of 

polypeptide growth factors such as PDGF, EG F and insulin-like growth factor and 

short regulatory peptides or neuropeptide growth factors such as bombesin, 

vasopressin and bradykinin. In addition, various pharmacological agents including 

phorboi esters and synthetic diacylglycerols can act as mitogens for these cells. 

Importantly, growth factors identified in 3T3 cells have subsequently been shown 

to stimulate the growth of many different human cancer cells including SCLC.

Both poiypeptide and neuropeptide growth factors bind to specific cell 

surface receptors in order to elicit their growth promoting activity. Multiple 

signalling pathways iead from the activated receptors to the nucleus and other 

cellular compartments where further events occur regulating cell growth and 

other functions within the ceil. The initiation of the signalling cascade is dependent 

on intrinsic tyrosine kinase activity for polypeptide growth factor receptors 

whereas neuropeptide receptors which lack tyrosine kinase activity depend on 

heterotrimeric G proteins to elicit the signalling cascade. Below, is a summary of 

some of the major features of the mitogenic signal transduction cascade induced by 

polypeptide and neuropeptide growth factors pertinent to this thesis. There is an 

intervening section on phosphoiipase 0  and inositol metabolism which is involved 

in both polypeptide and neuropeptide signalling. The role of neuropeptide and 

polypeptide growth factors in cancer is discussed iater in sections 1.12 and 1.13, 

respectively.
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Table 1.1 Some factors which stimulate DNA synthesis in Swiss 3T3 

f i b r o b l a s t s

Class OF Factor Name OF FACTOR FUetNCES

Polypeptide growth factor PDGF (Rozengurt et al., 1983c; Heldin 

and Westermark, 1984; Lopez- 

Rivas et al., 1987)

IGFs (Froesch et al., 1979)

BGF (Carpenter and Cohen, 1979)

Neuropeptides Bombesin (Rozengurt and Sinnett-Smith, 

1983)

Vasopressin (Rozengurt et al., 1979; Dicker 

and Rozengurt, 1980)

Oxytocin (Rozengurt and Mendoza, 1980)

Bradykinin (Woll and Rozengurt, 1988b)

VIP (Zurier et al., 1988)

Endothelin (Brown and Littlewood, 1989;

VIC Takuwa et al., 1989)

Tumour promotors Phorbol esters (Dicker and Rozengurt, 1978; 

Dicker and Rozengurt, 1980; 

Dicker and Rozengurt, 1981; 

Collins and Rozengurt, 1982a; 

Collins and Rozengurt, 1982b)

Diacylglycerol OAG (Rozengurt et al., 1984)

Vitamin A derivatives Retinoic acid (Dicker and Rozengurt, 1979; 

Dicker and Rozengurt, 1980)

Cyclic nucleotide elevating Cholera toxin (Rozengurt et al., 1981;

agents Forskolin Rozengurt, 1982a; Rozengurt et

PGEi al., 1983a)

IBMX (Rozengurt et al., 1981;

Adenosine agonists Rozengurt, 1982b; Rozengurt et

cAMP derivatives al., 1983c)

Microtubule disrupting Colchicine (Friedkin and Rozengurt, 1981;

agents Vinblastine Wang and Rozengurt, 1983)

Other Pasteurella multocida (Staddon et al., 1991; Murphy

Toxin and Rozengurt, 1992)

Mastoparan (Gil et al., 1991)
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1.2. SIGNAL TRANSDUCTION THROUGH TYROSINE KINASE RECEPTORS

Receptors for polypeptide growth factors such as PDGF, SCF, EGF, and HGF 

possess intrinsic protein tyrosine kinase activity and are therefore known as 

receptor tyrosine kinases (RTKs). More than 50 RTKs have now been cloned and on 

the basis of their structural homologies have been classified into at least 14 

subfamilies some of which are shown in Fig 1.2 (see references FantI et al., 1993; 

Lemmon and Schlessinger, 1994). Ligand binding and dimérisation (except the 

insulin and HGF RTKs which pre-exist as dimers) of these receptors leads to 

receptor autophosphorylation and tyrosine phosphorylation of specific proteins. 

The PDGF and EGF receptors are the best characterized of all RTKs in terms of the 

signalling events occurring after receptor dimerization. For simplicity PDGF 

signalling is discussed here. While, it is thought that much of what is true for 

PDGF and EGF signalling also occurs with other RTKs, this remains to be 

substantiated and is likely to be an oversimplification. Furthermore, the interplay 

between the various signals elicited by these receptors is largely unknown.

1.2.1. PDGF RECEPTOR SIGNALLING

The PDGF receptor belongs to the receptor subfamily of RTKs including 

macrophage colony stimulating factor-1 (MCSF-1) receptor and c-kit which 

encodes the stem cell factor (SCF) receptor. This group of receptors share several 

d istinctive features including an extracellu lar region consisting of 5 

immunoglobulin like domains, a transmembrane domain and a cytoplasmic region 

containing a tyrosine kinase domain that is interrupted by a large insert sequence 

termed the "kinase insert" region (see Fig. 1.2 comparing several RTK 

subfam ilies).

PDGF is a potent mitogen for smooth muscle cells, glial cells, 

oligodendrocyte progenator cells and fibroblasts (Heldin and Westermark, 1990). 

This growth factor is a 32 kDa dimer consisting of two polypeptide chains, A and B, 

which are linked by disulphide bonds to give homodimeric (AA or BB) or 

heterodimeric (AB) combinations. These bind to two types of PDGF receptor chains 

(a and (3 chains) inducing dimerization to give three active forms of the PDGF 

receptor termed PDGFaR, PDGFpR and PDGFapR. In fact dimerization maybe 

promiscuous between other members of the same RTK subfamily (reviewed in 

Lemmon and Schlessinger, 1994). The PDGF receptors possess very similar 

sequences and structure, the major differences residing in ligand binding and 

pattern of expression in tissues. Both the a and p-receptors mediate PDGF- 

stimulated mitogenesis, but only the p-receptor appears to mediate ligand-induced
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cytoskeletal changes (Eriksson at a!., 1992). Accordingly, the subsequent 

signailing events are not always identical.

F ig .1.2.

I I I I I IV V I

T

■

EGFR IntulinR
HER2/neu/c-*rbB-2 Insulin rslatedR 

HER3/c-«rbB-3 IGF-1R

PDGFaR
PDGFpR
MCSF-IR

C-kit

FGFR1
FGFR2
FGFR3
FGFR4

T
Fit 1/VEGFR Mst/HGFR 

Flk/KDR

Fig. 1.2. Structural features of some receptor tyrosine kinase 

subfamilies. The following structural features are identified: tyrosine kinase domains 

(stippled boxes), transmembrane domains (solid boxes), cysteine-rich domains (striped 

boxes), immunoglobulin-like domains (semi-circles) and acid box domain (open box). The 

tyrosine kinase domains of Class III, IV and V receptors are interrupted by kinase insert 

sequences. Abbreviations: EGFR, epidermal growth factor receptor; IGF-1R, insulin like 

growth factor receptor 1; PDGFR, platelet derived growth factor receptor; MCSF-1 R, 

macrophage colony stimulating factor receptor 1; c-kit, stem cell factor receptor; 

FGFR1-4, fibroblast growth factor receptors 1-4; VEGFR, vascular endothelial growth 

factor receptor; HGFR, hepatocyte growth factor receptor.



22

On ligand binding, the PDGF receptor dimerizes, the tyrosine kinase 

domains are activated and the receptor becomes autophosphorylated on a number of 

tyrosine residues (at least 10 in the RDGPpP) in and outside the kinase insert 

region. These tyrosine phosphorylated residues are now known to serve as high 

affinity docking sites for the src homology-2 (SH-2) domains found in different 

proteins (Pawson and Schlessinger, 1993). These proteins on recruitment to the 

activated PDGF receptor can then participate in the signal transduction cascade. 

SH-2 containing proteins which associate with the PDGFR include the y1 isoform 

of po lyphospho inos itide  specific  phospholipase C (P IP 2 -P  LCy1 ), 

phosphatidylinositol S' kinase (PI3K), ras p21 GTPase-activating protein (GAP), 

tyrosine kinases of the src family {c-src p60, c-yes p62 and c-fyn p59), adaptor 

proteins lacking enzymatic activity such as She, Nek, and Grb2, the protein 

tyrosine phosphatase Syp and another protein called p91. The specificity of SH-2 

domain interactions depends on the sequence surrounding the phosphotyrosine and 

the sequence of the SH2 domain itself (reviewed in Pawson and Schlessinger,

1993). Interestingly, the complement of tyrosine phosphorylated residues differs 

between PDGFaR and PDGFpR. This may confer selectivity in terms of the SH-2 

domain containing proteins recruited by the receptors and hence determine 

differences in subsequent signalling (Heidaran et al., 1993) e.g. cytoskeletal 

changes (Eriksson et al., 1992). Indeed, in vascular smooth muscle cells the 

PDGFpR Is mitogenic while the PDGFaR mediates protein but not DNA synthesis and 

this correlates with the activation of different signalling pathways (Inui et al.,

1994). In marked contrast, there appears to be little difference in PDGFaR or 

PDGFpR ability to activate a variety of early responses including PIPa-PLC-y, 

arachidonic acid release, cAMP accumulation, c-fos and c-myc early response gene 

induction and DNA synthesis in Swiss 3T3 cells (Mehmet et al., 1990b).

1.2.1.a. ROLE OF GRB2/S0S AND RAS: A PATHWAY TO THE NUCLEUS

( F I G . 1 . 2 . 1 )

During 1993 a major breakthrough was achieved in our understanding of 

RTK signal transduction from the cell surface to the nucleus (see Egan and 

Weinberg, 1993). It is now known that the adaptor protein Grb2 binds through its 

SH-2 domain to the PDGFR. This in some way permits the src-homology 3 (SH-3) 

domain of Grb-2 to bind the proline rich region of the guanine nucleotide exchange 

protein Sos. Sos is then able to exchange GDP for GTP on the small GTP binding 

protein ras p21. Ras p21 has for many years been known to play an essential role 

in the control of cellular growth and differentiation (Satoh et al., 1992). As with 

ali GTP-binding proteins, ras p21 behaves as a molecular switch with an active
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(GTP-bound) and inactive (GDP-bound) state. The interconversion of these two 

states occurs by nucleotide exchange (inactive to active) and by hydrolysis of GTP 

to GDP (active to inactive) and these are in turn regulated by guanine nucleotide 

exchange factors such as Sos and by GTPase activating proteins (GAPs), 

respectively (Satoh et al., 1992; Polakis and McCormick, 1993). It has recently 

been shown that activated ras p21 can bind through its effector domain to the N 

terminal domain of raf p74, a serine threonine kinase (reviewed in (Avruch et al., 

1994; Daum et al., 1994)) which like ras is an oncogene and has long been known 

to mimic part of the effects of ras p21. Although activated ras p21 recruits ra f 

p74 from the cytoplasm to the membrane it does not appear to activate ra f  

(Leevers et al., 1994; Stokoe et al., 1994). In some way which is as yet unclear 

ra f p74 is then activated, possibly by a co-interaction with ras p21 and 14-3-3 

proteins (Freed et al., 1994; I rie et al., 1994; Shimizu et al., 1994). Other 

potential activators of ra f include protein kinase 0  (see section 1.5.4) and src  

family members (Cleghon and Morrison, 1994). The activated raf phosphorylates 

and activates mitogen activated protein kinase kinase (MEK) (Cowley et al.,

1994). MEK then turns on mitogen activated protein kinase (MAPK) also known 

as extracellular signal regulated kinase (ERK) via threonine and tyrosine 

phosphorylation. The activated MAPK serine/threonine phosphorylates a variety of 

substrates in the cytosol, plasma membrane and nucleus (reviewed in Davis, 

1993). The ability of MAPK to interact with such a diverse range of substrates is 

facilitated by the translocation of activated MAPK to both the cell surface and 

nucleus (Gonzalez et al., 1993). One of the nuclear substrates of MAPK includes 

the transcription factor p62TCF or ternary complex factor (Elk-1). As its name 

implies p62^^^ binds to two other components (the serum response element and 

serum response factor) to generate a ternary protein-DNA complex. This complex 

mediates c-fos induction an early response gene which may play a role in growth 

factor mediated induction of DNA synthesis ((Hill et al., 1993; Marais et al.,

1993) and reviewed in (Karin, 1994)). MAPK has been implicated in the 

phosphorylation of a number of other early response genes including c-myc and c- 

jun, but the functional importance of these phosphorylations is unclear (Davis, 

1993; Karin, 1994).

It is important to realise that there are several mammalian isoforms of ra f 

(A-raf, B-raf and c-raf-1), MEK (MEK1 and 2) and MAPK (MAPK-1 and -2 and 

p38MAPK and a new subfamily called JNK) and it is quite likely that the number of 

isoforms will increase. The role of the individual isoforms in the signal 

transduction cascade is poorly understood. However, it is already apparent that 

there may be functional separation and cross talk between pathways (Davis,
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1994). It will be some time before we fully understand how specific growth 

factors can elicit specific nuclear and cellular responses in an individual cell type.

Fig. 1.2.1

Extracellular

PDGFR PDGFR

DAG Ras-GTPGDP-Ras -

Grb2-̂ Sos
GAP

PLCy
PI3K

14-3-3Raf
GrbZPKC Src

Syp MEKp91

MAPK

Other Targets

Intracellular
Nuclear targets

Fig1.2.1 . Schem atic representation of some PDGF stim uiated  

signaiiing pathways: well documented (solid lines) and less well documented (broken 

lines) that lead from the activated PDGFR to the nucleus and other parts of the cell. For 

full explanation and abbreviations see sections 1.2.1 .a-g.

1.2.1.b. ROLE OF GAP

The GTPase activating proteins (GAPs) p IZ O ^ ^ ^  and neurofibromin 

(NpGAP)^ potentiate the intrinsic GTPase activity of the GTP bound ras p21 thus 

leading to the inactivation of ras p21. GAP binds through its SH-2 domain to the 

tyrosine phosphorylated residue at position 739 of the activated PDGFpR which 

then tyrosine phosphorylates GAP (FantI et al., 1992). However, substantial 

evidence linking this event to an altered state of GAP activity has been lacking. It is 

known that phosphorylated GAP associates with two other cellular proteins, p62 

and p i90 in EGF stimulated cells (Moran et al., 1991). This complex has reduced 

GAP activity suggesting that RTK stimulated ras p21 activation via Sos is not
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counteracted by GAP recruitment to the RTK. The recruitment of GAP to the 

membrane may however permit active ras  p21 to potentiate GAP activity 

(reviewed in Boguski and McCormick, 1993; Marshall, 1993). It has been 

proposed that GAP may have a number of downstream effectors, but the identity of 

these is unclear (Boguski and McCormick, 1993). Interestingly, GAP may be 

important in regulating the cytoskeleton as it associates with a p i 90 protein 

(possibly the same as described by (Moran et al., 1991) ) which has rho-GAP 

activity (McGlade et al., 1993). Rho  p21 is another member of the ra s  

superfamily of small GTP binding proteins and is important in regulating 

cytoskeletal changes (see section 1.5.8.c).

1.2.1.0. ROLE OF P IP 2 -PLC-Y

PIP2 -PLC exists in a number of different isoforms and catalyses the 

hydrolysis of phosphatidylinositol(4,5)bisphosphate (PIP2 ) to generate the two 

second messengers inos ito l(1 ,4,5)-trisphosphate (IP3 ) and diacylglycerol 

(DAG). A detailed discussion of phospholipase C mediated hydrolysis can be found in 

section 1.3. IP3 mobilizes Ca2+ from internal stores and DAG activates protein 

kinase C (PKC). The activated PDGFpR binds via its tyrosine 1021 phosphorylated 

residue to the SH-2 domain of PIP2 -PLC-yl (Ronnstrand et al., 1992; Valius et 

al., 1993). This permits the RTK to tyrosine phosphorylate tyrosine residues 

771, 783 and 1254 on PIP2 -PLC-Y (Wahl et al., 1990; Kim et al., 1991). The 

role of these phosphorylations on PIP2 -PLC-Y activity was investigated by 

substituting the various tyrosines for phenylalanines and expressing the mutant 

enzymes in NIH-3T3 cells (Kim et al., 1991). Tyrosine 783 and to a lesser extent 

1254 were shown to be essential for PDGF-stimulated inositol phosphate 

formation. These and other results have shown that tyrosine phosphorylation of 

PIJ^2 'PLC-y plays an important role in its activation. Furthermore, the presence 

of 3 other PDGFR associated molecules (GAP, Syp, and PI3K) does not appear to be 

required for PIP2 -PLC-Y activation by the PDGPpR (Valius and Kazlauskas,

1993). The mechanism that links activated PIP2 -PLC -Y  to its substrate 

permitting the hydrolysis of phosphatidylinositol is unclear. Furthermore, the EGF 

RTK which tyrosine phosphorylates PIP2 -PLC-Y in exactly the same way as the 

PDGFpR in NIH 3T3 cells (Kim et al., 1991) does not induce inositol phosphate 

formation in Swiss 3T3 cells.

One approach to determine the function of PIP2 -PLC-Y in PDGF stimulated 

mitogenesis has been to substitute tyrosine residue 1021 for phenylalanine in the 

PDGFpR. Expression of the mutated receptor in a cell line which doesn't normally 

possess the receptor but undergoes mitogenesis in response to PDGF when 

transfected with the normal PDGFR can help delineate the role of various
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components in PDGF stimulated mitogenesis. In ceils expressing the PDGFpR 

lacking the PiPa-PLC-y binding site, PI3K and GAP phosphorylation are normal 

but the mitogenic response is reduced (Valius et al., 1993). Furthermore, in cells 

expressing PDGFpRs which possess the PIPg-PLC-y binding site but lack the sites 

for PI3K, Sip and GAP, PDGF induced mitogenesis is almost normal (Valius and 

Kazlauskas, 1993). Interestingly, this mutant receptor can partially activate Ras 

p21. In conclusion, these data strongly suggest that PIP2 -PLC-y is an important 

mediator of PDGF stimulated mitogenesis.

1.2.1.d. ROLE OF RISK

The first evidence for ligand-dependent recruitment of enzymes to a RTK 

was the discovery that PI3K (a cytosolic enzyme in resting cells) is recruited to 

the PDGFR (Kaplan et al., 1987; Whitman et al., 1987). This enzyme 

phosphorylates the inositol ring of phosphatidylinositol (PI), PI(4)P and 

P I(4 ,5 )P 2 (PIP2 ) at the D3 position to produce Pi(3)P, P(3 ,4 )P2 and 

Pi(3,4,5)P (PiPs), respectively (Stephens et ai., 1991). PI3K is a heterodimer 

composed of a regulatory p85 subunit and catalytic p i 10 subunit (Carpenter et 

ai., 1990). There are at least two p85 proteins (p85a and p85p), which contain 

one SH-3 domain and 2 SH-2 domains (for review see (Panayotou and Waterfield, 

1992)). The p85 subunit uses both SH-2 domains to bind the phosphorylated 

tyrosine residues 740 and 751 on the activated PDGFpR. Interestingly, the 751 

phosphotyrosine site is shared with the adaptor protein Nek (Pawson and 

Schiessinger, 1993). The bound p85 subunit is thought to be conformationally 

different from the unbound p85 and this structural change allows the inter SH-2 

domain of p85 to bind the N-terminal region of the p i 10 subunit (Dhand et al., 

1994a). The p85 subunit is also tyrosine phosphorylated by the activated PDGFR 

and this maybe important in the subsequent activation of the p i 10 subunit. 

Activated PI3K in addition to possessing intrinsic phosphoinositide kinase activity 

has recently been shown to possess intrinsic protein serine kinase activity which 

results in serine/threonine phosphorylation of the p85 subunit and may 

downregulate PI3K activity (Dhand et ai., 1994b).

The role of PI3K in subsequent signalling of mitogenesis and other cellular 

changes induced by PDGF is under intensive investigation. Site directed 

mutagenesis of the PDGFpR substituting phenylalanine for tyrosine at residues 740 

and 751 and overexpression of this mutated receptor in PDGFR negative cell lines 

results in a severely decreased ability of PDGF to stimulate mitogenesis compared 

to wild type PDGFpR. These receptors stiii bind for example GAP and PIP2 -PLC-Y 

with accumulation of inositol phosphates and calcium influx (FantI et al., 1992; 

Kazlauskas et ai., 1992; Valius and Kazlauskas, 1993). This data has been
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supported using a separate approach in which microinjection of neutralising 

antibodies against the p110 subunit of PI3K inhibits PDGF induced DNA synthesis 

in both NIH3T3 and Swiss 3T3 cells which normally express the PDGF a and p 

receptor isoforms (Roche et al., 1994). Interestingly, PDGFaRs which are 

mutated so that PI3K no longer binds, appear to signal DNA synthesis almost 

normally (Yu et al., 1991).

It is unclear how PI3K maybe linked to PDGF induced mitogenesis. One 

hypothesis for which there is some evidence is that PI3K lies upstream of Ras p21 

activation of the Raf/MEK/MAPK pathway (Satoh et al., 1993; Valius and 

Kazlauskas, 1993; Yamauchi et al., 1993). However, recent work has shown that 

PI3K binds to the effector domain of activated Ras p21 and is switched on by Ras 

(Rodriguez-Viciana et al., 1994). If this work is substantiated, these 

discrepancies can be explained in a variety of ways. For example, it may simply 

reflect the use of different cells with differing complements of PI3Ks (several new 

P13Ks have been identified (Downward, 1994)). Alternatively PI3K may compete 

with GAP for binding to the effector domain therefore blocking the down-regulation 

of Ras and facilitating Raf activation. In the PDGFR mutants that fail to bind PI3K, 

GAP activity would then be unopposed causing Ras inactivation. In addition it would 

be interesting to know whether PI3K can regulate Raf perhaps by serine/threonine 

phosphorylation (Dhand et al., 1994b). Clearly, further work is required to 

elucidate the roles of PI3K and its substrates in mitogenesis.

Finally, it has been suggested that Pi3K may be involved in cytoskeletal 

changes that occur on stimulation with PDGF and other growth factors (Cantley et 

al., 1991). Indeed, recent evidence strongly indicates that PI3K activation is 

required for PDGFpR mediated membrane ruffling in porcine endothelial cells 

(Wennstrom et al., 1994).

1.2.1.0. ROLE OF SYP

Syp is protein tyrosine phosphatase (also called SH-PTP2, PTP1D or 

PTP2C) containing two SH-2 domains. The N-terminal SH-2 domain of Syp binds 

to the phosphotyrosine residue at position 1009 of the activated PDGFpR. Syp is 

rapidly phosphorylated on tyrosine residues in cells stimulated by PDGF or EGF 

presumably by the RTK, and this has been reported to increase Syp tyrosine 

phosphatase activity (Vogel et al., 1993). However, Syp catalytic activity is 

increased up to 10 fold in vitro by a short phosphopeptide corresponding to the 

1009 phosphotyrosine site of the activated PDGFpR (Lechleider et ai., 1993). This 

suggests that the binding of the Syp-SH-2 domain to its docking site can induce 

phosphatase activity and that tyrosine phosphoryiation of Syp may not be so 

important for regulating its activity. Although the regulation of the enzyme is
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unclear, it is interesting to note that tyrosine phosphorylation of Syp permits its 

association with Grb2, a regulator of the Ras pathway (Feng and Pawson, 1994). It 

is tempting to speculate that Syp may be important in Ras activation and there is 

some evidence to support this from add back mutants of the PDGFpR (Vaiius and 

Kazlauskas, 1993). Further evidence that Syp is an important mediator of growth 

factor stimulated DNA synthesis has come from studies of insulin and EGFR 

signaliing (Milasski and Saltiei, 1994; Xiao et al., 1994).

1.2.1.g. OTHER PATHWAYS TO THE NUCLEUS: A COMPLEX NETWORK

Other proteins can associate via their SH-2 domains with the activated 

PDGF receptor. Amongst these, p91 has recently been identified as STATI a, a 

protein better known for its role in IFN signal transduction. STATI a and STATI p 

(p84) are tyrosine phosphorylated in response to PDGF or EGF stimulation 

possibly via just another tyrosine kinase 1 (JAK1) and are believed to translocate 

to the nucleus together where they regulate the expression of a variety of genes 

including c-fos (reviewed in (Darnell et al., 1994; Karin, 1994)).

Another SH-2 domain containing protein that associates with the PDGF 

receptor is c-src p60 and its family members. These membrane bound protein 

tyrosine kinases were initially identified as the cellular homologues of v-src (the 

transforming protein of the Rous sarcoma virus). There is some evidence that c- 

s rc  p60 may be important in PDGF induced mitogenesis. For example, 

microinjection of neutralising antibodies to c-src  p60 markedly inhibits the 

ability of PDGF to stimulate DNA synthesis and subsequent cell division. However, 

mutant PDGFR which bind c-src p60 but lack the SH-2 docking sites for GAP, 

PI3K, PI-PLCy and Syp only stimulate DNA synthesis weakly (Valius and 

Kazlauskas, 1993). These discrepancies may reflect different cell types and the 

requirement of synergistic effects with other signaiiing pathways.

PDGF in common with a number of polypeptide growth factors activates a 

distinct pathway which involves the stimulation of p70 S6 kinase (S6 K). This 

kinase rapidly phosphorylates the S6 protein of the 40S ribosomal subunit upon 

mitogenic stimulation and induces gene expression via the cAMP-responsive 

activator CREM (de G root et al., 1994). The upstream components of the pathway 

have not yet been clearly identified but do not appear to invoive Ras activation 

(Downward, 1994).

Finaily, PDGF has recently been shown to cause tyrosine phosphorylation of 

a number of other proteins including a cytosolic tyrosine kinase, p12SFAK that 

lacks SH-2 and SH-3 domains (see section 1.5.8.a). Interestingly, this protein is 

only tyrosine phosphoryiated at low but not high concentrations of PDGF (Rankin 

and Rozengurt, 1994). It is not yet known how this protein is linked to the PDGF
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receptor but several possibilities exist including the SH-2 domains of src p60 or 

PI3K (Chen and Guan, 1994; Schaller and Parsons, 1994). This protein has been 

implicated in the regulation of cell shape, motility and growth and will be further 

discussed in section 1.5.8.a-c.

From the above discussions, it is clear that a complex network of multiple 

signalling pathways are stimulated by the PDGFR. These pathways may act 

independently, cross talk with or synergise with each other to induce mitogenesis 

and other responses. Exactly how specific responses are induced in an individual 

cell type is not yet known.

1.2.2. STEM CELL FACTOR AND ITS RECEPTOR C-KIT

The proto-oncogene c-kit is the normal cellular counterpart of the 

oncogene v-kit of a feline sarcoma virus (Besmer et al., 1986). c-kit encodes a 

RTK which resembles PDGF in overall structure and is therefore part of the PDGF 

subfamily of RTKs. This 195 kDa receptor until recently had no defined ligand. The 

identification of the product of the Steel locus of the mouse genome as a growth 

factor was an important development. It was known that mutations in this locus 

affect the development of a variety of cell lineages including haematopoesis, 

gametogenesis and melanogenesis. These stem cell compartments were similarly 

affected by c-kit mutants (murine White spotting locus) suggesting that the 

product of the Steel locus is the ligand for c-kit (reviewed in (Witte, 1990)). The 

Steel growth factor (also known as mast cell growth factor and growth factor KL) 

has now been purified, sequenced, cloned, has a molecular weight of 30kDa and has 

been conclusively identified as the ligand for c-kit (Anderson et al., 1990; Huang 

et al., 1990). It has been renamed "stem cell growth factor" (SOF) because it

stimulates the growth of different stem cell populations.

Stimulation of the SCF receptor (SOFR) with SCF induces receptor 

dimerization and activation of its intrinsic tyrosine kinase activity, leading to 

autophosphorylation and to the phosphorylation of a number of substrates. Just 

like the PDGF receptor and other RTKs, the autophosphorylated tyrosine residues 

and the immediate surrounding sequences serve as SH-2 domain docking sites for 

specific cytoplasmic signalling molecules. The identification of SOFR associated 

signalling molecules and their function lags behind that of the PDGFR. Nevertheless 

PI3K, vav p91 (like Sos, a guanine nucleotide exchange factor involved in rho p21 

regulation), PTP1C (another protein tyrosine phosphatase), Syp, Tec (a src  

related cytoplasmic tyrosine kinase) and She have been shown to associate with, 

and become tyrosine phosphorylated by, the activated SCFR (Alai et al., 1992;

Duronio et al., 1992; Yi and Ihle, 1993; Tang et al., 1994; Tauchi et al., 1994).
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Furthermore, Syp and Grb2 form a complex after stimulation with SCF which 

suggests that the activated receptor might be able to link to ras p21 either through 

Grb2/Sos or Syp/Grb2/Sos (Tauchi et al., 1994). Indeed SCF has been shown to 

activate ras p21 and stimulate the phosphorylation of ra f p74 and MARK (Herbst 

et al., 1991; Lev et al., 1991; Miyazawa et al., 1991; Blume-Jensen et al.,

1994). It is plausible that SCF, like PDGF can stimulate a ras/raf/MEK/MARK 

pathway to the nucleus but solid evidence for this is lacking.

There are divergent reports regarding the association and activation of 

RIR2 -RLC-Y and p120GAR with the activated SCFR (Herbst et al., 1991; Lev et 

al., 1991; Reith et al., 1991; Rottapel et al., 1991). It appears that RIR2 -RLC-Y 

is only weakly tyrosine phosphorylated by the receptor in vivo and whether this is 

sufficient to stimulate inositol phosphate production and Ca^+ mobilization was not 

measured (Blume-Jensen et al., 1994). Interestingly, there is indirect evidence 

that RKC is activated by SCF as the SCFR is similarly serine phosphorylated in 

response to either RDB (a direct activator of RKC) or SCF. The mechanism by 

which RKC may be activated by SCF remains unclear since RIR2 -RLC-Y does not 

appear to be stimulated (Blume-Jensen et al., 1993; Blume-Jensen et al., 1994). 

One possibility involves the generation of DAG (the activator of RKC) from 

phospholipase D (RLD) mediated breakdown of phosphatidylcholine. Whatever the 

mechanism, the serine phosphorylated SCFR shows decreased autophosphorylation 

and kinase activity but binds SCF normally. This is different from the down 

regulation of the EGFR by RKC where EGF binding is reduced (reviewed in 

(Rozengurt, 1986)). The functional significance of preventing serine 

phosphorylation of the SCFR on SCF signalling is unclear. SCF induces enhanced 

mitogenic but decreased motogenic responses in cells where RKC has been inhibited 

(Blume-Jensen et al., 1993). Interestingly, this does not correlate with enhanced 

activation of the Ras/MARK pathway. However, RI3K activity markedly rises in 

such cells suggesting that RI3K is important in SCF induced mitogenicity and may 

utilise a separate pathway to mediate this response (Blume-Jensen et al., 1993; 

Blume-Jensen et al., 1994). At present, the full meaning of these results is 

unclear and requires further investigation. However, it is becoming increasingly 

obvious that like the RDGFR, multiple signalling pathways can be elicited by the 

activated SCFR which may act together or independently to stimulate the effects of 

SCF.
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1.2.3. HEPATOCYTE GROWTH FACTOR/SCATTER FACTOR AND ITS

RECEPTOR C-MET

Hepatocyte growth factor (HGF) is a potent mitogen for hepatocytes in 

culture and promotes liver regeneration after partial hepatectomy. HGF also 

stimulates the proliferation of endothelial and epithelial cells (Rubin et al.,

1991). Independently, an activity that stimulated the motility of certain epithelial 

cells (e.g. Madin-Darby canine kidney cell line) had been isolated and termed 

scatter factor or SF (reviewed in Gherardi and Stoker, 1991). The sequences of 

cDNA clones encoding these polypeptides were virtually identical (Naldini et al.,

1991). Moreover, both purified HGF and SF bind and stimulate phosphorylation of 

the c-met RTK (Bottaro et al., 1990; Naldini et al., 1991). Thus SF and HGF are 

the same polypeptide and are the ligands for the c-met RTK that mediates the 

stimulation of cell motility or proliferation in the corresponding target cells.

HGF is a 90kDa heterodimer consisting of disulphide bonded a  and p chains. 

This is produced from a single mRNA encoding a precursor protein which is cleaved 

into a 60kDa a and SOkDa p chain prior to secretion (reviewed in (Warn, 1994). 

The HGF receptor, c-met, is a 190kDa heterodimeric transmembrane protein made 

of a SOkDa a subunit, disuphide linked to a 145kDa p subunit. The cc subunit is 

entirely extracellular while the p subunit consists of an extracellular domain 

involved in ligand binding, a transmembrane segment and a cytoplasmic portion 

containing a juxtamembrane region, the tyrosine kinase domain and a C-terminal 

tail. Like the ligand, the a and p chains of the c-met receptor originate from a 

proteolytic cleavage of a common precursor protein. From this description it is 

clear that the HGF receptor (HGFR) is structurally very different from the PDGFR 

or SCFR (see Fig. 1.2.1. for comparison).

The signals elicited by the activated HGFR like the SCFR are not yet as well 

defined as the PDGFR. However, it is known that ligand binding does not induce 

receptor dimerization but activates the HGFR tyrosine kinase in some other way 

resulting in autophosphorylation of a number of tyrosine residues. The activated 

receptor is able to associate in vitro with a number of SH-2 containing proteins 

including p120^^*^, PI3K, PIP2 - PLC-y and c-src family members (Bardelli et 

al., 1992). In vivo, the liganded HGFR binds and activates PI3K (Graziani et al., 

1991; Ponzetto et al., 1993), a tyrosine phosphatase (Villa Mouzzi et al., 1993) 

and a ras-guanine nucleotide exchanger which activates ras p21 (Graziani et al.,

1993). The role of these signalling proteins in eliciting subsequent events is at 

present unknown.
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1.3. PHOSPHOLIPASE C-MEDIATED HYDROLYSIS OF INOSITOL

PHOSPHOLIPIDS

Both polypeptide and neuropeptide growth factors can elicit certain common 

signals including phospholipase C mediated phosphoinositide metabolism. The 

phosphoinositides are a small group of membrane phospholipids which form a 

minor component of eukaryotic membranes. They are unique in that their myo

inositol headgroup can be phosphorylated at multiple sites (Hawthorne, 1982). 

The three most common phosphoinositides are phosphatidylinositol (PI) which 

forms the majority, PI(4)monophosphate and PI(4,5)bisphosphate (PIP2 ); the 

numbers referring to the position of the phosphates on the inositol ring. These 

phosphoinositides can readily interconvert via a series of phosphorylation / 

dephosphorylation reactions which are governed by specific kinases and 

phosphatases (Irvine, 1982; Shears, 1989) .The metabolism of these 

phospholipids is shown in Fig. 3.2 (simplified e.g. PI3K is not included).

There is now considerable evidence that stimulation of inositol phospholipid 

metabolism via activation of PI(4 ,5 )P2 specific phospholipase C (PIP2-PLC) is a 

major signal transduction pathway for a variety of receptors including RTKs (see 

section 1.2.1 .c) and neuropeptide receptors (see section 1.5.3) in eukaryotic 

cells. One of the major reactions catalysed by PIP2-PLC is the hydrolysis of PIP2 

to generate the two second messengers inositol(1,4,5)trisphosphate (IP3 ) and 

diacylglycerol (DAG). IP3 triggers the release of Ca^+ from endoplasmic 

reticulium stores. This is achieved through an endoplasmic reticulum protein 
which is both a specific IP3 receptor and a Ca2+ channel that opens on IP3 binding 

(Berridge, 1987; Berridge, 1993). The other product of PIP2 hydrolysis, DAG, 

binds to and directly activates protein kinase C (PKC), resulting in the 

phosphorylation of a number of intracellular proteins (Nishizuka, 1988). This 

bifurcating pathway is commonly involved in signal transduction by both 

polypeptide and neuropeptide growth factors and plays an important role in many 

cellular processes including metabolism, secretion, muscle contraction, neural 

activity and cell proliferation (Rana and Hokin, 1990).

The action of PIP2 -PLC is not solely confined to PIP2 hydrolysis, nor are 

IP3 and DAG the only products of this reaction. For example PIP2 -PLC also 

hydrolyses PI and PI(4)P and an enormous number of both cyclic and non-cyclic 

inositol phosphates have now been found in eukaryotic cells (see Fig 1.3.). It is 

quite possible that other inositol phosphates may exert important cellular 

functions. However, for the purposes of this thesis only IP3 signalling is discussed.
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Fig. 1.3. Diagram showing the main pathways of inositol lipid and 

inositoi phosphate metabolism. The enzymes are 1. PI synthetase (CMP-PA; 

inositol phosphatidyl transferase); 2. PI-4-kinase (type II); 3. PI(4)P 

phosphomonoesterase; 4. PI(4)P-5-kinase; 5. PI(4,5)P2 phosphomonoesterase; 6. 

PI(4,5)P2 specific phospholipase C (PIP2 -PLC); 7. diacylglycerol kinase; 8. CMP- 

phosphatidic acid synthetase; 9. lnositol(1,4,5)P3/ lnositol(1,2,3,4)P4-5-phosphatase; 

10. Ins(1,4,5)P3-5-phosphatase; 11. inositolpolyphosphate-1-phosphatase; 12. 

inositolphosphate phosphatase; 13. lnositol(1,4,5)P3-3-kinase.

-Li+ denotes enzymes which are inhibited by lithium.

1.3.1. PIP2-PLC ISOFORMS

The existence of multiple isoforms of PIP2 -PLC has been known for a 

considerable time. Many of these have now been purified from a variety of 

mammalian tissues (reviewed in Rhee et al., 1989) and an increasing number 

have been cloned (Bennett et al., 1988; Katan et al., 1988; Stahl et al., 1988; Suh 

et al., 1988a; Suh et al., 1988b; Emori et al., 1989). As a result of 

sequence/structural comparison and immunological cross reactivity the PIP2 - 

PLCs have been divided into 3 types (PLCp, PLCy and PLC6) each with their own 

subtypes e.g. PIP2 -PLCP1 PIP2 -PLCP2 . PIP2 -PLCP3 (Rhee et al., 1989). A 

comparison of the linear sequence of the PIP2 -PLCP, y, and ô families (Fig. 1.3.1.) 

reveals that only two regions of homology, designated X and Y, are shared by the 

three families (Rhee et al., 1989). These regions are thought to contain the 

catalytic domain which hydrolyses a phosphodiester bond of PI and a Ca2+ specific 

recognition site as PIP2 -PLC is Ca2+ dependent. Whereas PIP2 -PLCP and PIP2 - 

PLCÔ contain short sequences of 50-70 amino acids separating the X and Y regions, 

PIP2 -PLCY has a long sequence of approximately 400 amino acids, which contain 

the src homology domains, SH-2 and SH-3 (see section 1.2.1 and Pawson and 

Schiessinger, 1993). As already discussed the SH-2 domain interacts with 

phosphotyrosines and a small adjacent area on activated RTKs. Other PIP2 -PLCS 

have been identified some of which (PIP2 -PLCa) (Rhee et al., 1989) turned out to 

be either the breakdown products of whole PIP2 -PLCS or have no PIP2 -PLC 

activity (Martin et al., 1991).

All three types of PIP2 -PLC discussed here have the same preferred 

substrates and dependence on Ca^+. Consequently, the effect of lithium on total 

inositol phosphate formation is the same following stimulation of these enzymes 

(see Fig. 1.3.). However, the regulation of the different PIP2 -PLCS is distinct.
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Numerous studies have shown that PIP2 -PLC P family is regulated by 

heterotrimeric G proteins (see section 1.4.2), while the PIP2 -PLCy family is 

regulated by tyrosine kinases (see section 1.2.1.C). The regulation of PIP2 -PLC6 

remains unclear and is not further discussed.

1.4. SIGNAL TRANSDUCTION THROUGH G-PROTEIN COUPLED RECEPTORS

Hormones and small regulatory peptides or neuropeptides have been shown 

to act in many different biological processes including development and 

tumorigenesis. In contrast to the polypeptides described above, these hormones and 

neuropeptides bind to specific receptors which lack intrinsic tyrosine kinase 

activity and signal via heterotrimeric G-proteins. This therefore, is a separate 

class of receptor and is of particular interest since multiple neuropeptides 

including bombesin and vasopressin stimulate the proliferation of both Swiss 3T3 

cells and cancer cell lines such as SCLC. Hence, an understanding of how these 

neuropeptides and their receptors signal cell proliferation may be of central 

importance in the development of potential new therapeutic strategies for SCLC. 

Indeed, the cloning of some of these receptors and their G proteins has not only 

permitted analysis of their normai cellular function but has already revealed 

mutations which are directly implicated in certain human diseases including 

cancer (reviewed in (Clapham, 1993)). Below, is a brief overview of the common 

features of this receptor family and their linkage to heterotrimeric G protein 

activation followed by a more detailed analysis of bombesin signalling.

1.4.1 STRUCTURE AND FUNCTION OF G PROTEIN LINKED RECEPTORS

More than 300 of these receptors have now been identified. Sequence 

comparison reveals that they all possess a seven transmembrane domain structure 

with an extracellular N terminal section, 3 extracellular and cytoplasmic loops 

linking the TM domains and a carboxy terminal cytoplasmic tail (see Fig. 1.4.) 

(Probst et ai., 1992). The exact 3-dimensional arrangement of these receptors is 

not yet known but has been predicted to form a binding pocket for the extracellular 

ligand within the membrane. While this is likely for small molecules, peptides >10 

amino acids cannot completely fit into such a pocket and probably require 

additional binding sites in the extracellular loops and N-terminal tail (reviewed in 

(Baldwin, 1993; Baldwin, 1994)). Evidence supporting the fact that one receptor 

may have multiple binding sites to accomodate large ligands has come from 

mutagenesis studies. Interestingly, it has been shown that individual receptors may
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have distinct binding sites for either ligand or antagonist (Fong et a!., 1993; 

Gether et a!., 1993).

Seven transmembrane domain receptors are frequently associated with the 

GDP bound form of the heterotrimeric G protein. It is known that at least 4 parts of 

the receptor are important for G protein binding. These include the C-terminal 

portion of the 2nd intracellular loop, N- and 0- terminal portions of the 3rd 

intracellular loop, and a section of the C-terminal tail (see Fig 1.4.). Ligand 

binding, activates the receptor which then facilitates the exchange of GTP for GDP 

on the associated heterotrimeric G protein. This is presumably achieved as a result 

of a ligand induced conformational change of the cytoplasmic portions of the 

receptor. The activated G protein can then switch on a number of effector functions 

(see section 1.4.2.).

The activated receptor in the face of continued stimulation may be 

downregulated by a variety of processes. These include destruction of ligand by cell 

surface endopeptidases, receptor in ternalization and serine/threonine 

phosphorylation of the receptor. The latter process was until recently thought to be 

mediated by the serine/threonlne kinases PKA and PKC. However, a new family of 

receptor kinases has been identified which have the unique feature of 

phosphorylating G protein- coupled receptors only when they are in their active or 

stimulated conformations (reviewed in (Lefkowitz, 1993)). These receptor 

kinases are activated by free py subunits and have now been shown to 

phosphorylate seven transmembrane domain receptors that couple to Gg, Gj and 

most recently G q /n  (Kwatra et al., 1994). The phosphorylated receptor then 

associates (not yet shown for G q /ii)  with another intracellular protein called 

arrestin which in some way disrupts receptor coupling to heterotrimeric G 

proteins (Lefkowitz, 1993).
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Fig. 1.4.
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Fig. 1.4. A schematic representation of a G protein coupled receptor.

Putative membrane-spanning domains are depicted as cylinders. Letters refer to 

structural domains to which some general but not necessarily universal functions have 

been assigned, (a) The amino terminal extracellular domain contains potential N-linked 

glycosylation sites in most receptors and is the ligand binding domain for glycoprotein 

hormone receptors, (b) The transmembrane domains (important for ligand binding in some 

receptors), (c)-(e) The cytoplasmic loops parts of which (d) and (e) corresponding to the 

2nd and 3rd loops are important in associating with the heterotrimeric G protein (see 

text), (f) The carboxy-terminal tail important in G protein coupling and receptor 

internalization.
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1.4.2. STUCTURE AND FUNCTION OF HETEROTRIMERIC G PROTEIN

The discovery of heterotrimeric G proteins and the subsequent 

understanding of their importance in transducing signals from seven 

transmembrane domain receptors has been recognised by the award of this year's 

Nobel Prize in Physiology and Medicine to Alfred Gilman and Martin Rodbell. These 

G proteins are termed heterotrimeric because they consist of 3 subunits known as 

a, p and y. Duplication and divergence of genes during the course of evolution have 

created structural diversity in each component of the G protein heterotrimer. In 

mammals, there are at least 16 a, 5 p and 7 y subunit genes. Further diversity is 

generated by alternate splicing of some of the a subunit mRNAs. The a subunits 

have been divided into 4 subfamilies based on sequence and functional homologies. 
These are G«s which stimulates adenylate cyclase, G^i (part of Gaj/o/t) which 

inhibits adenylate cyclase activity, Gaq which increases PIP2-PLCp activity and 

G(xi2/13 of unknown function (see table 1.4.2). The py subunits are thought to

function as a unit and are now known to elicit a variety of signalling events 

(reviewed in (Clapham and Neer, 1993; Sternweis, 1994)). Apart from p ly l  

which serves an exclusive function in the retina, the role of the individual p and y 

species in determining specificity of function is unclear (reviewed in (Sternweis, 

1 9 9 4 )) .

Bacterial toxins can block or enhance the function of some subtypes of a 

subunit. For example pertussis toxin ADP-ribosylates a specific cysteine residue 

near the carboyl terminus of a;, at and a© which blocks their activation. However, 

pertussis toxin has no effect on the aq subfamily which therefore activates PIP2- 

PLCp normally following stimulation.

The a subunits, like small GTP binding proteins, act as molecular switches 

which are turned on in the GTP bound state and turned off in the GDP bound state 

and possess intrinsic GTPase activity. In the GDP bound form, the a subunit is 

associated probably through its N-terminal end and at least one other site with the 

py subunits (reviewed in (Conklin and Bourne, 1994)). This heterotrimer 

attaches to the activated receptor probably through the 0- and N-terminals of the 

G a subunit as well as a part of the py subunits (Conklin and Bourne, 1994; 

Sternweis, 1994). Following attachment to the receptor, GTP replaces GDP in the 

a subunit which permits detachment of this subunit from both the receptor and the 

py subunits. The GTP bound a subunit then binds to and activates its effector 

proteins which in the case of Gaq are PIP2 -PLCPI and -PLCp3. Interestingly, the 

Py subunits have been shown to activate PIP2 -PLCp2 , the other isoform of the 

PIP2 -PLCP family (Smrcka and Sternweis, 1993). Meanwhile the G^ subunit's 

intrinsic GTPase activity switches off G^ by hydrolysing GTP. In the case of G^q the
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GTPase activity can be potentiated by PIP2 -PLC which acts as a GAP (Berstein et 

a!., 1992a). The GDP bound G» can then reassociate with py to await the next

activated receptor molecule (see Fig 1.4.2.).

Some naturally occurring receptors can activate more than one class of G 

protein. For example, the «2A adrenoceptor, can activate Gj, Gg, Gz and Gq

(Conklin et al., 1992; Eason et al., 1992; Federman et al., 1992; Wong et al.,

1992). Similarly, endothelin B receptors have been shown to interact with both Gs 

and Gq to activate second messenger pathways (Journeaux et al., 1994). Thus 

seven transmembrane domain receptors can interact with a number of effector 

molecules which is reminiscent of polypeptide receptor signalling.

Table 1.4.2. Mammalian G protein a-subunits and their effector 

p ro te in s

Subfamily G(x Forms Typical 

receptor (R)

Effectors In trace llu la r

messenger

s ots 4 splice p-adreno R T Adenylate cyclase îcAM P

variants Open Ca2+

from a channels i  MP

single gene

«olf 1 Odorant R T Adenylate cyclase TcAMP

i / o / t « i l- 3 3 genes Somatostatin R Open K+ channels T MP

i  adenylate cyclase i  cAMP

«0 2 splice m2acetycholine Close Ca2+ Î  MP

variants R channels

a t i 1 gene Rhodopsin R cGMP- X cGMP

a t2 1 gene Colour opsins phosphodiesterase X cGMP

«gust - Taste R Unknown Unknown

az - a2A-adreno R i  adenylate cyclase X cAMP

q aq 1 gene Bombesin or Î  PIP2-PLCP Î  IP3, DAG

«qi 1 1 gene vasopressin or

«q14-16 3 genes m l acetylcholine

1 2 / 1 3 « 12 . 2 genes Unknown Unknown Unknown

«13

MP, membrane potential.
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Fig. 1.4.2.
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F ig .1.4.2. Model of activation of heterotrim eric G proteins. T h e

functional state of a G protein is determined by bound nucleotide. With GDP, the G protein 

is inactive and subunit association is favoured. In the GTP bound state, the G protein is 

activated and the affinity between its a -  and Py-subunits is markedly reduced. Receptors 

stimulate G proteins by facilitating the exchange of GDP for GTP rather like the exchange 

factor Sos exchanges GDP for GTP on the monomeric G protein ras p21

1.4.2.a. USE OF AIF-4 TO ACTIVATE G PROTEINS

Several experiments in this thesis have used AIF‘ 4 to activate G proteins 

and so the mechanism of action of this agent is briefly discussed. It has been known 

for several years that heterotrimeric G proteins, like several ATPases and kinases, 

can form stable complexes with GDP (or ADP) and aluminum in the presence of 

fluoride ions (Sternweis and Gilman, 1982). In fact, the GDP bound a subunit can
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be directly activated by exposure to the negatively charged tetrafluoroaluminate 

ion. This occurs because the AIF'4  ion mimics the terminal phosphate (y) of GTP 

so that the a subunit behaves in the GTP bound form (Bigay et al., 1987). This has 

recently been confirmed by crystalography studies of a subunits in the presence of 

A IF "4 (Sondek et al., 1994). Interestingly, the effect of AIF'4  on GTP binding 

proteins appears to be selective as this ion does not stimulate small GTP binding 

proteins (Kahn, 1991). Some other differences between small and heterotrimeric 

GTP binding proteins are mentioned below.

1.4.2.b. HETEROTRIMERIC VERSUS SMALL GTP BINDING PROTEINS

From the preceding discussions it can be seen that small GTP binding

proteins such as ras p21 and heterotrimeric (large) GTP binding proteins share a

number of common features not least of which is their molecular switching 

mechanism. However, there are many important differences apart from their 

structure and effector targets. These include:

1) the intrinsic GTPase activity of heterotrimeric GTP binding proteins is much

greater than that of small GTP binding proteins. Therefore, it is unclear

whether large GTP binding proteins require GAP proteins to facilitate their 

down regulation (reviewed in (Wittinghofer, 1994)).

2) although both classes of G protein are Mg2+ dependent, there is evidence that 

large GTP binding proteins require millimolar concentrations of this ion to 

function normally (Blank et al., 1991). In contrast, the small GTP binding 

proteins will work in the presence of nanomolar concentrations of Mg2 + 

(Knaus et al., 1992; Mistou et al., 1992).

3) as already mentioned only large GTP binding proteins are activated by AIF'4 .

1.5. Bombesin  and  G -P rotein  linked  signal t r a n s d u c t io n

1.5.1 INTRODUCTION

Many studies to identify the molecular pathways by which neuropeptide 

mitogens elicit cellular growth have exploited cultured murine 3T3 cells as a 

model system (Rozengurt, 1985; Rozengurt, 1986). The list of neuropeptides 

that can act as mitogens in these cells has now grown considerably and includes 

bombesin, bradykinin, endothelin, vasopressin and vasoactive intestinal peptide 

(Rozengurt et al., 1979; Rozengurt and Sinnett-Smith, 1983; Woll and 

Rozengurt, 1988b; Zurier et al., 1988; Takuwa et al., 1989) as summarised in 

Tabie 1.1. Evidence for direct growth-promoting activities of many other peptides 

including cholecystokinin, galanin, gastrin and neurotensin has recenty come from
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work in another cultured cell model system, namely cell lines established from 

small cell lung carcinoma (SCLC). This work will be reviewed in a later section. A 

brief overview of the bombesin peptide family and its functions are given 

immediately below.

1.5.1 .a. BOMBESIN/GASTRIN-RELEASING PEPTIDE FAMILY

Bombesin is a 14-amino acid peptide first isolated from the skin of the frog 

Bombina bombina (Anastasi et al., 1971). More than ten bombesin related peptides 

have been subsequently isolated from various species and classified into the three 

subfamilies: bombesin, ranatensin and litorin according to their C-terminal 

hexapeptide sequence homology (Table 1.5.2). The principal mammalian 

counterparts are GRP and neuromedin B, members of the bombesin and ranatensin 

subfamilies, respectively. Human GRP and bombesin have 10 C-terminal amino 

acids which are homologous and the last 7 to 9 of these confers full biological 

activity (Heimbrook et al., 1988). Neuromedin B only shares the last 7 C- 

terminal amino acids with its amphibian counterpart rantensin (Table 1.5.2).

Table 1.5.2. Classification and structure of the bombesin like 

peptide fam ily

S u b fa m ily  Source______________________Sequence____________________

B om besin  Amph pGlu Gin Arq Leu GIv Asn Gin Trp Ala Val Gly His Leu Met NHp

G R P (1 -27) Human Pro Leu Pro Ala Gly Gly Gly Thr Val Leu Thr Lys —

Met Tyr Pro Arg GIv Asn His Tro Ala Val GIv His Leu Met NH^

R anatensin  Amph pGlu Val Pro Gin Trp Ala Val GIv His Leu Met NHg

Neuromedin B Human Gly Asn Leu Trp Ala Val Gly His Leu Met NH?

L i t o r i n  Amph pGlu Gin Trp Ala Val GIv His Leu Met NH?

Amph, amphibian.

1.5.1.b FUNCTIONS OF BOMBESIN/GRP

Bombesin-like peptides are thought to function both as neurotransmitters 

and gut hormones (Moody, 1984). They are found throughout both central and 

peripheral nervous systems including the hypothalamus and nerves supplying the
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gastrointestinal tract, respectively. Infused GRP which has a half life of 2.8 min

(Knigge et al., 1984), causes the secretion of adrenocorticotrophic hormone

(ACTH) and b-endorphin from the pituitary in normal subjects. The elevated ACTH
l«v«l

is associated with an increased cortisoi^(Knigge et al., 1987). Since GRP and its 

receptor are richly expressed within the hypothalamus these data suggest that GRP 

may play a role in pituitary regulation. GRP may aiso exert behavioural effects e.g. 

intraventricular or systemic administration of bombesin supresses food intake and 

increases grooming and scratching activities in rodents. The peripherai effects of 

infused GRP include secretion of gastrin, pancreatic polypeptide, insulin, glucagon, 

cholecystokinin and gastric inhibitory peptide, leading to amylase and gastric acid 

secretion (Lezoche et ai., 1981; Knigge et al., 1984).

Neuroendocrine ceils which are found in areas of the body containing 

glanduiar epithelium have also been shown to possess bombesin like peptides. These 

areas include the lining of the lung which has a particularly high level of GRP 

mRNA and protein expression during foetal development. GRP mRNAs are first 

detectabie in foetal lung at 9-10 weeks gestation, becoming maximal (25 fold 

above adult levels) between 16- 30 weeks, and declining to adult levels by 34 

weeks of gestation (Spindel et al., 1987). Since GRP is a growth factor for certain 

normal and neoplastic cell lines it has been proposed that this peptide may play a 

role in lung development. Interestingly, neonates with acute respiratory distress 

syndrome not oniy have iow surfactant leveis, but also have abnormally low GRP 

expression (Ghatei et ai., 1983),

Bombesin has not oniy been implicated as a growth factor in normal 

development but also appears to drive human malignant cell proliferation. 

Exampies of this include some lung (Cuttitta et al., 1985), breast (Yano et al.,

1992) pancreas (Avis et al., 1993; Qin et al., 1994) and colon cancer cell lines 

(Radulovic et al., 1991; Frucht et al., 1992). Furthermore, inhibitors of 

bombesin action have been shown to block the growth of certain SCLC, breast, 

colon, pancreatic and glioblastoma cancer cell lines as xenografts in vivo (Cuttitta 

et al., 1985; Mahmoud et al., 1991; Radulovic et al., 1991; Yano et al., 1992; 

Pinski et al., 1994; Qin et al., 1994). Therefore an understanding of how 

bombesin can signai cell proliferation may be relevant to the development of novel 

therapeutic strategies for treating cancer. The Swiss 3T3 system (see section 1.1) 

provides an excellent model system to elucidate the signalling mechanisms of 

bombesin. For example, in serum-free medium this factor stimuiates DNA 

synthesis and ceil division in the absence of other growth-promoting agents 

(Rozengurt and Sinnett-Smith, 1983). The ability of bombesin, like platelet- 

derived growth factor (PDGF), to act as a soie mitogen for these cells contrasts 

with other peptide growth factors which are active only in synergistic
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combinations (Rozengurt, 1986). The mitogenic effects of bombesin are markedly 

potentiated by insulin, which both increases the maximal response and reduces the 

bombesin concentration required for half-maximal effect (Rozengurt and Sinnett- 

Smith, 1983). Some fundamental features of the mechanism of action of bombesin 

as a growth factor in 313 cells is now discussed.

1.5.2 SPECIFIC RECEPTORS

Bombesin and GRP bind to a single class of high affinity receptor which was 

shown to be a transmembrane glycoproteins of Mr 75,000-85,000 with a core of 

Mr 43,000 in Swiss 3T3 cells (reviewed in (Rozengurt and Sinnett-Smith, 

1990)). The receptor has now been cloned (Battey et al., 1990; Spindel et al., 

1990) and the deduced amino acid sequence predicts that it belongs to the super 

family of heterotrimeric G protein coupled receptors. The neuromedin-B receptor 

has also been cloned, and shown to be another member of the the heterotrimeric G 

protein receptor superfamily (Wada et al., 1991). The predicted amino acid 

sequence has 56% homology with the GRP receptor and in stably transfected cells, 

the neuromedin-B receptor binds GRP with low affinity and neuromedin-B with 

high affinity (Wada et al., 1991).

Mutational analysis of these receptors is beginning to reveal which parts of 

the receptors are important for ligand binding, G-protein interaction and receptor 

internalization. Thus, the fifth transmembrane domain of the neuromedin-B 

receptor has been shown to reduce or abolish neuromedin-B binding suggesting 

that this part of the receptor is critical for ligand binding (Fathi et al., 1993). 

The carboxyl cytoplasmic tail of the GRP receptor has been truncated resulting in 

diminished rates of receptor internalization following ligand binding, without 

affecting the affinity of the receptor for ligand or activation of the heterotrimeric 

G protein (Benya et al., 1993). The role of G-protein coupled receptor kinases in 

the regulation of these receptors is not known (see section 1.5.9 for discussion of 

receptor desensitization).

1.5.3. INOSITOL PHOSPHATIDYL TURNOVER, Ca2+MOBILIZATION AND

ACTIVATION OF PROTEIN KINASE 0

Binding of bombesin/GRP to its receptor initiates a cascade of intracellular 

signals (summarized in Fig. 1.5.3) culminating in DNA synthesis 10-15 h later. 

One of the earliest events to occur after the binding of bombesin to its specific 

receptor is the activation of pertussis toxin-insensitive G proteins (Zachary et al., 

1987a; Erusalimsky et al., 1988; Erusalimsky and Rozengurt, 1989; Coffer et
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al., 1990; Murphy and Rozengurt, 1992) of the Gq subfamily (Strathmann and 

Simon, 1990; Wilkie et al., 1991; Offermanns et al., 1994). Recently, 

neuropeptide activated Gaq has been shown to stimulate the PIP2-PLC-P isoform of 

PLC (Blank et al., 1991; Gutowski et al., 1991; Shenker et al., 1991; Smrcka et 

al., 1991; Taylor et al., 1991; Berstein et al., 1992b). This however, has not 

been specifically shown for bombesin activated receptors. Furthermore, while 

there is direct evidence indicating that the y i isoform of PIP2-PLC is a target for 

growth factor receptors with intrinsic tyrosine kinase activity, it is less clear 

which of the three PIP2-PLC-P isoforms play the most important role in G protein

linked bombesin stimulated signal transduction. As aluded to in section 1.3.1 the p i 
and p3 isoforms of PIP2-PLC are largely activated by G«q while the p2 isoform is

activated by the py subunits (Park et al., 1993; Smrcka and Sternweis, 1993). In 

summary, it seems likely that Gq and G n  (Offermanns et al., 1994) m ediates 

bombesin stimulation of PIP2-PLC-P in Swiss 3T3 cells but definitive evidence is 

not yet available.

Activated PIP2-PLC catalyses the hydrolysis of phosphatidyl inositol 4,5- 

bisphosphate (PIP2 ) in the plasma membrane. This reaction produces inositol 

1 ,4 ,5 -trisphosphate  (IP 3 ), which, as a second messenger binds to an 

intracellular receptor and induces the release of Ca^+ from internal stores (see 

section 1.3. and (Berridge, 1993)). Bombesin causes a rapid increase in IP3 , 

which coincides with a transient increase in the intracellular concentration of 

C a2+ ([Ca2+]j) and with Ca^+ efflux from the cells (Mendoza et al., 1986; 

Lopez-Rivas et al., 1987; Nanberg and Rozengurt, 1988).

PIP2 -PLC-mediated hydrolysis of PIP2 also generates 1,2-diacylglycerol 

(DAG) which acts as a second messenger in the activation of protein kinase C (PKC) 

by m ultiple extracellular stimuli (Nishizuka, 1988) including bombesin 

(Erusalimsky et al., 1988). PKC is a serine/threonine kinase with multiple 

isoforms (reviewed in (Dekker and Parker, 1994)) which can be broadly divided 

into two classes; the classic PKCs or Ca^+ dependent forms (a, pi, p2 and y) and the 

novel PKCs that probably do not require Ca^+ for activation (6, e, Ç, ri). These 

isoforms may all be directly activated by exposure to phorbol esters or DAG. The 

latter also appears to serve as an anchor for PKC which translocates from the 

cytosol to the membrane on growth factor stimulation (Olivier and Parker, 1994). 

In accord with this, bombesin induces the translocation (from the cytosol to the 

membranes) and phosphorylation of a major protein kinase C substrate (Herget 

and Rozengurt, 1994) that migrates with an apparent molecular mass of 80 kDa 

(80K) (Rozengurt et al., 1983b; Erusalimsky et al., 1991). The cDNA encoding 

this substrate from Swiss 3T3 cells has been cloned (Brooks et al., 1991). 80K 

has been shown to have 66-74% homology with a myristoylated alanine rich C-
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kinase substrate (MARCKS) cloned from human and bovine brain, but only one 

80K/MARCKS gene exists in each species (Herget et al., 1992). This implies that 

rodent 80K and bovine and human MARCKS are not distinct members of a gene 

family (Herget et al., 1992). Interestingly, PKC activation induced by bombesin 

causes a dramatic down-regulation of the expression of mRNA and protein of the 

80K/MARCKS substrate in Swiss 313 cells through a post-transcriptional 

mechanism (Brooks et al., 1991; Brooks et al., 1992). This result suggests that 

this PKC substrate, which appears to be a calmodulin and actin binding protein 

(Blackshear, 1993), may play a suppressor role in the control of cell 

proliferation. Calmodulin is a major Ca^+ binding protein (reviewed in (Lu and 

Means, 1993)) and has been implicated in many processes including cell 

proliferation where it is thought that an increase in calmodulin levels at the G-j/S 

boundary is required to intiate DNA synthesis (Rasmussen and Means, 1989). 

Interestingly, overexpression of MARCKS is associated with increased sensitivity 

to calmodulin inhibitors reflected by decreased DNA synthesis (Herget et al., 

1 9 9 4 ).

The precise role of the various PKCs in bombesin mediated mitogenesis in 

Swiss 3T3 cells is unclear. Nevertheless, inhibition of phorbol ester sensitive 

PKCs by prolonged treatment with PDB markedly inhibits the ability of bombesin 

or vasopressin to stimulate DNA synthesis in Swiss 3T3 cells (Collins and 

Rozengurt, 1984; Rozengurt and Sinnett-Smith, 1987). The mechanism(s) by 

which PKC mediates mitogenesis induced by bombesin is under investigation. One 

pathway from PKC may involve activation of MAPK (see section 1.5.4.).
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Fig. 1.5.3.
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1.5.4. ROLE OF RAF/MEK/MAPK PATHWAY

Mitogen-activated protein kinase (MAPK) is an important intermediate in 

the signal transduction pathways initiated by both heterotrimeric G protein linked 

receptors and receptors that possess intrinsic tyrosine kinase activity (reviewed 

in (Crews and Erikson, 1993; Davis, 1993)). While the pathways coupling 

polypeptide growth factor receptors such as the PDGFR to MAPK activation are 

reasonably well understood (see section 1.2.1.a), the coupling of heterotrimeric G 

protein linked receptors to MAPK activation is less clear. Bombesin has recently 

been shown to stimulate MAPK via PKC activation, in Swiss 313 cells (Pang et al.,

1993). Furthermore, activated PKC-a has been shown to phosphorylate and 

activate ra f p74 (Kolch et al., 1993). It is therefore conceivable that PKC could 

activate MAPK via the Raf/MEK pathway. However, in Rat-1 fibroblasts, 1- 

oleoyl-lyso-phosphatidic acid (LPA; like bombesin signals via heterotrimeric G 

proteins, see section 1.7), has been shown to activate MAPK via a ras  p21 

dependant pathway (Cook et al., 1993) reminescent of PDGF/EGF signalling. 

Indeed, in Cos-1 cells LPA stimulates MAPK activation via a G protein-coupled 

pathway requiring ras p21 and raf p74 (Howe and Marshall, 1993). In addition, 

LPA has been shown in Swiss 3T3 cells to activate MAP kinase in two phases the 

second of which appears to be dependent on tyrosine phosphorylation mediated by 

the small GTP-binding ras -related protein, rho p21 (Kumagai et al., 1993a). 

This data indicates that different G protein linked receptors may activate MAP 

kinase via separate pathways in the same cells and that the same receptor may 

utilize alternative pathways in different cells. Thus broad generalisations 

concerning the signalling pathways linking seven transmembrane domain receptors 

to MAP kinase activation are not possible.

1.5.5. ROLE OF RAS AND RISK IN BOMBESIN SIGNALLING?

There is very little evidence to suggest that ras is involved in signalling 

induced by bombesin in Swiss 3T3 cells (Satoh et al., 1990; Zachary et al., 

1991a). However, the recent finding that bombesin and bradykinin increase the 

relative amount of ras-GAP in phosphotyrosine and ras-GAP immunoprecipitates 

in Swiss 3T3 cells has, reopened the issue (Leeb-Lundberg and Song, 1993). 

Furthermore, there is evidence that other seven transmembrane domain receptors 

which are coupled to Gq (e.g. M1 and MS muscarinic receptors) or to Gi (e.g. M2 

muscarinic, LPA and thrombin receptors) can signal via ras p21 activation in 

different cells (Mattingly et al., 1994). In addition. M l muscarinic receptor 

coupling to Raf/MEK activation occurs largely via a PKC independent pathway in
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NIH3T3 cells (Crespo et al., 1994). Clearly, this is further evidence that 

generalisations concerning signalling pathways used by receptors coupled to Gq 

must be made with caution.

While there is considerable evidence implicating PI3K as an important 

player in polypeptide stimulated mitogenesis, there is no evidence that PI3K is 

either activated by or mediates bombesin induced mitogenesis in Swiss 3T3 cells 

(Zachary et al., 1991a; Roche et al., 1994). However, these studies did not 

exhaustively examine PI3K activation or look at PI3K isoforms.

1.5.6. ROLE OF ARACHIDONIC ACID RELEASE AND PROSTAGLANDIN

SYNTHESIS: DIFFERENTIAL EFFECTS OF BOMBESIN AND VASOPRESSIN

While bombesin and structurally related mammalian peptides stimulate 

DNA synthesis in the absence of other factors, vasopressin is mitogenic for Swiss 

3T3 cells only in synergistic combination with other factors (Rozengurt et al., 

1979; Rozengurt and Sinnett-Smith, 1983). Binding of vasopressin to its distinct 

receptor on quiescent cultures of Swiss 3T3 cells causes a rapid production of IP3 , 

mobilization of Ca^+ from intracellular stores and sustained activation of PKC via 

a G-protein linked transduction pathway (reviewed in (Rozengurt, 1991)). Since 

the initiation of DNA synthesis is triggered by independent signal-transduction 

pathways that act synergistically in mitogenic stimulation, the ability of bombesin 

to act as a sole mitogen could be due to activation of a signalling pathway not 

stimulated by vasopressin.

Bombesin, but not vasopressin, has been shown to induce a marked, 

biphasic release of arachidonic acid into the extracellular medium (Millar and 

Rozengurt, 1990a; Domin and Rozengurt, 1993). A first phase involves rapid 

activation of phospholipase A2 (PLA2 ) while the second phase appears to be 

dependent on de novo protein synthesis. These results showed a clear difference in 

the pattern of early signals induced by the neuropeptides bombesin and vasopressin 

in Swiss 3T3 cells. The stimulation of arachidonic acid release by bombesin is 

likely to contribute to bombesin-induced mitogenesis because externally applied 

arachidonic acid potentiates mitogenesis induced by agents that stimulate 

polyphosphoinositide breakdown but not arachidonic acid release, e.g. vasopressin 

(Millar and Rozengurt, 1990a).

Arachidonic acid released by bombesin is converted into E-type 

prostaglandins which acting in an autocrine and paracrine manner enhance cAMP 

accumulation in the cell (Millar and Rozengurt, 1988; Millar and Rozengurt, 

1990a). Since elevated cAMP levels constitute a mitogenic signal for Swiss 3T3 

cells (reviewed in (Rozengurt, 1991)) at least one consequence of arachidonic acid
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release may be the modulation of intracellular cAMP levels. However, other 

arachidonic acid metabolites may also play a role in mitogenic signal transduction 

by bombesin.

The mechanism by which elevated cAMP contributes to mitogenesis is under 

investigation. Raised cAMP leads to activation of the serine/threonine kinase 

protein kinase A (PKA). This kinase is known to phosphorylate a number of 

substrate proteins of a diverse nature including the major constituent of 

intermediate filaments, vimentin (Escribano and Rozengurt, 1988), and cAMP 

response element binding proteins (CREB) which act as transactivating DMA 

binding proteins (reviewed in (Karin, 1994) and (Sassone-Corsi, 1994)). While 

the role of vimentin remains obscure even in knockout mice (Colucci-Guyon et al.,

1994), CREB is activated by phosphorylation and is responsible for the induction 

of many genes which may include those implicated in cell growth (de G root et al.,

1994). Interestingly, elevated cAMP is known to down-regulate the 

Ras/Raf/MAPK pathway elicited by polypeptide growth factors and can therefore 

potentially inhibit mitogenic signalling . Clearly, much further work is required 

to elucidate the full meaning of these results and the interplay that is occurring 

between various signalling pathways.

1.5.7. BOMBESIN INDUCTION OF THE PROTO-ONCOGENES C-fos AND 0-

m y c

In addition to the events in the membrane and cytosol described above, 

bombesin rapidly and transiently induces the expression of the cellular oncogenes 

c-fos and c-myc in quiescent fibroblasts (Rozengurt and Sinnett-Smith, 1988). 

Since these cellular oncogenes encode nuclear proteins it is plausible that their 

transient expression may play a role in the transduction of the mitogenic signal in 

the nucleus (reviewed in (Lewin, 1991)). The demonstration that the product of 

the proto-oncogene c-jun, identified as a major component of the transacting 

factor AP-1, forms a tight complex with fos protein is consistent with a role for 

c-fos in the regulation of gene transcription (Lewin, 1991).

There has been considerable interest in elucidating the signal transduction 

pathways involved in c-fos induction. There is increasing evidence implicating 

PKC activation in the sequence of events linking bombesin receptor occupancy and 

proto-oncogene induction (reviewed in (Rozengurt and Sinnett-Smith, 1988; 

Rozengurt and Sinnett-Smith, 1990)). Accordingly, bombesin-induced oncogene 

expression is markedly reduced by down-regulation of PKC. As mentioned above in 

section 1.5.4, PKC activation leads to the activation of MAP kinase which directly 

phosphorylates transcription factor regulators resulting in the increased



5 1

expression of c-fos  ((Treisman, 1992; Davis, 1993) and section 1.2.1.a. 

However, neither direct activation of PKC by phorbol esters nor addition of 

vasopressin evoke a maximal increase in c-fos mRNA levels. It is likely that the 

induction of c-fos by bombesin is mediated by the coordinated effects of PKC 

activation, Ca^+ mobilization and an additional pathway dependent on arachidonic 

acid release (Rozengurt, 1991).

1.5.8. Bombesin stimulation of tyrosine kinase activity

It has been unequivocally established that the receptor for peptides of the 

bombesin family is coupled to a G-protein(s) and does not possess intrinsic 

tyrosine kinase activity. Recently, however, bombesin has been shown to rapidly 

increase tyrosine phosphorylation of multiple substrates the most predominant of 

which migrate with an apparent Mr of 110,000-130,000 and 70,000-80,000 

in intact quiescent Swiss 3T3 cells (Zachary et al., 1991a). Vasopressin, 

endothelin and bradykinin elicit a similar response (Leeb-Lundberg and Song, 

1991; Zachary et al., 1991a). Furthermore, the stimulation of tyrosine 

phosphorylation by neuropeptides is due to activation of cellular tyrosine 

kinase(s) (Zachary et al,, 1991b). The substrates for neuropeptide tyrosine 

phosphorylation in these ceils appear to be unrelated to known targets for the PDGF 
receptor including the GTPase-activating protein (GAP), the PIP2 -PLC-Y and 

PI3K (Zachary et ai., 1991a). The identity of tyrosine phosphorylated proteins 

stimulated by bombesin and their coupling to the activated receptor is clearly of 

interest and is discussed below.

1.5.8 .a Focal adhesion kinase (p125^^*^)

The mechanism by which the src family of retroviral oncogenes causes 

malignant transformation has long proved elusive mainly because of the difficulty 

in identifying substrates for the v-src p60 PTK. One approach has been the 

generation of monoclonal antibodies to individual proteins which are tyrosine 

phosphorylated in chicken embryo fibroblasts (CEFs) transformed by Rous 

Sarcoma Virus or expressing activated variants of src (Kanner et al., 1990). In 

this way, several potential substrates were identified and the antibodies 

subsequently used to molecularly clone the corresponding complementary DMAs 

from expression libraries. This approach yielded the unexpected result that one 

such substrate, p i25, is itself a novel type of PTK (Schaller et al., 1992a). This 

new kinase co-iocaiized with several components of cellular focal adhesions, such 

as tensin, vincuiin, and taiin which are important in regulating cytoskeletal 

structure and probably signal transduction (Schaller et al., 1992a). It was
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therefore named focal adhesion kinase (p12sFAK) and was subsequently shown to 

be regulated by activation of the adhesive receptors of the integrin family 

(Burridge et al., 1992; Guan and Shalloway, 1992; Kornberg et al., 1992; Lipfert 

et al., 1992; Vuori and Ruoslahti, 1993) . It is now recognized that p125^AK ig a 

major substrate for not only bombesin-, vasopressin-, endothelin- and 

bradykinin-, but also LPA-, sphingosine- and PDGF-stimulated tyrosine 

phosphorylation in Swiss 3T3 cells (Zachary et al., 1992; Leeb-Lundberg et al., 

1994; Rankin and Rozengurt, 1994; Seufferlein and Rozengurt, 1994a; 

Seufferlein and Rozengurt, 1994b). Thus, p12sFAK appears to be a point of 

convergence in the action of neuropeptides, other growth factors, integrins and 

oncogenes and could be involved in the regulation of cell shape, adhesion and 

motility (reviewed in (Zachary and Rozengurt, 1992; Rozengurt, 1995)).

The cDNAs encoding p125^AK from 4 different species have been described 

and the deduced amino acid sequences reveals extensive (approximately 91%) 

homology ((Schaller and Parsons, 1994)). The high degree of sequence 

conservation amongst species and the fact that p125^AK jg expressed in most 

tissues suggests that this novel PTK might be invoived in fundamentally important 

signais. Structurally, p125^AK ggn be divided into 3 domains. The central catalytic 

domain exhibits all conserved motifs charateristic of protein tyrosine kinase 

(PTK) domains. It is the fianking C- and N-terminal domains each approximately 

400 amino acids long which make p125^AK gg different from most other PTKs. 

Strikingly, they do not possess any motif determinant for either membrane 

association, such as acylation sites, or association with other proteins, such as the 

SH-2 or SH-3 domains. The C-terminal domain functions both as a focal adhesion 

targeting sequence or FAT (Hildebrand et al., 1993) and as a paxillin-binding site 

(Schaller and Parsons, 1994). The function of the N-terminal domain is not 

entirely clear but probably involves integrin receptor binding (Schaller and 

Parsons, 1994).

The precise regulation and function of p125^AK jg ggt clearly understood. It 

is known that p125^AK rngy pg phosphorylated not only on a number of different 

tyrosine residues but also on some serine residues (Schaller et al., 1993; 

Schlaepfer et al., 1994). It appears that the enzyme autophosphorylates 

predominantly on tyrosine residue 397 both in vivo and in vitro (Schaller et al.,

1993). Phosphorylation of this site only slightly increases the ability of p125^AK 

to tyrosine phosphorylate a synthetic substrate (Schaller and Parsons, 1994). 

Furthermore dephosphorylation with a protein tyrosine phosphatase has little 

effect on p125^AK activity in vitro (Schaller and Parsons, 1994). These and other 

data (Chan et al., 1994) suggest that tyrosine phosphoryiation of p125*^AK jg ggt 

required for its activation.



53

In contrast, tyrosine phosphorylation of residue 397 is important for 

P I2 5 FAK to be associated with the tyrosine phosphorylation of other proteins 

which localise to focal adhesions such as paxillin and tensin in vivo (Schaller and 

Parsons, 1994). A number of models could explain this, including the recruitment 

of a second PTK responsible for phosphorylating these cytoskeletal proteins. In 

fact, tyrosine 397 has been shown to be a docking site for the SH-2 domain of v- 

src  p60 in src-transformed CEFs and p12sFAK complexes with c-fyn p59 in 

normal CEFs (Cobb et al., 1994). In normal cells, src p60 is regulated by the 

interaction of its tyrosine-phosphorylated, negative-regulatory carboxy terminus 

with its own SH-2 domain. As peptides containing the sequence flanking tyrosine 

397 within p125*^AK exhibit a higher affinity for the src p60 SH-2 domain than 

do peptides containing the carboxy-terminal phosphorylated tyrosine residue of 

src p60, it is tempting to speculate from these data that autophosphorylation of 

P I2 5 FAK rnay not only recruit src family members to focal adhesions but also 

participate in the activation of src proteins. In this way p i2 5^ AK Q^d src  p60 

could act as a dual tyrosine kinase (Schaller and Parsons, 1994). As a consequence 

of src p60 mediated phosphorylation of additional tyrosine residues on p125^AK 

it could be envisaged that p125*^AK associates with other SH-2 containing proteins.

Interestingly, integrin activation in NIH3T3 cells results in both c-s rc  

p60 and Grb-2 association with p125^AK  (Schlaepfer et al., 1994). 

Furthermore, using p125^AK jmmunoprecipitates from src transformed NIH3T3 

cells p125^AK appears to associate with Grb-2 and Sos. Indeed, Grb-2 binds to 

tyrosine 925 of p125^AK jp vitro (Schlaepfer et al., 1994). Since integrins are 

known to activate ras p21 and MAPK it is plausible that they may utilize p i 25 *̂ AK 

rather than a RTK to initiate the Grb2/Sos/Ras/Raf/MEK/MAPK pathway to the 

nucleus (Schlaepfer et al., 1994). Integrin activation also results in the binding 

and stimulation of PI3K in NIH3T3 cells and this interaction may be mediated via 

the SH-2 domain of the p85 subunit (Chen and Guan, 1994). The role of these 

interactions in p125^AK function is not yet clear for integrin signalling and is as 

yet undefined for neuropeptide signalling. However, it is now possible to see how 

p 1 2 5 ^AK may p© important in mediating many different signals including those 

directing cell proliferation.

1.5.8.b. The coupling of bombesin receptors to tyrosine

phosphorylation: role of PKC and Ca2+ m obilization

The molecular mechanisms by which neuropeptide receptor activation leads 

to a rapid increase in p125^AK tyrosine phosphorylation are not understood. 

Obvious possibilities included the PKC and Ca^+ mobilization as a consequence of 

P IP2 -PLCP activation. Direct activation of PKC either by biologically active
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phorbol esters or by membrane permeable diacylgiycerols stimulates tyrosine 

phosphorylation of p125^A K  (Sinnett-Smith et al., 1993). Thus PKC could 

mediate bombesin-induced tyrosine phosphorylation. In this respect, integrin- 

induced stimulation of p12sFAK tyrosine phosphoryiation appears to be mediated 

by PKC (Vuori and Ruoslahti, 1993). However, severai lines of evidence (Sinnett- 

Smith et al., 1993) suggested that this was not the case for bombesin:

1) bombesin-induced phosphorylation of p125^^^ is consistently more than the 

maximum effect elicited by either PDB or cell permeable diacylgiycerols

2 ) bombesin stimulates p12sFAK tyrosine phosphorylation more rapidiy than 

PDB; in contrast, bombesin and PDB stimulated an identically rapid 

phosphorylation of the PKC substrate 80K/MARCKS.

3) bombesin stimulates p125^AK tyrosine phosphorylation at concentrations 

considerably lower than those required to activate PKC

4) inhibition of PKC by either down-regulation with PDB or the use of a PKC 

inhibitor had no effect on bombesin but blocked PDB stimulated tyrosine 

phosphorylation .

These data strongly suggest that PKC does not mediate at least the initial phase of 

p125^AK phosphorylation stimulated by bombesin.

In liver epithelial cells, angiotensin II increases tyrosine phosphorylation 

of cellular components, including a Mr 125,000 band, apparently through a 

Ca2+-dependent pathway (Ruckle et al., 1992). It has also been reported that the 

induction of Ca^+ oscillations are required for GPIIbllla-induced tyrosine 

phosphorylation of a Mr 125,000 protein in cells expressing this integrin 

(Pelletier et al., 1992). It is likely but unproven that these Mr 125,000 bands 

are related to p125^^^. In view of these findings it was possible that IP3 mediated 

Ca^+ mobilization could stimulate tyrosine phosphorylation in Swiss 3T3 cells. 

Neither Ca^+ ionophore nor thapsigargin caused a Ca^+-dependent increase in 

p i 2 5 ^^K  tyrosine phosphoryiation (Sinnett-Smith et al., 1993). Furthermore, 

depletion of the intracellular Ca^+ pool with thapsigargin, a selective inhibitor of 

Ca2+ ATPase of the endoplasmic reticulum, blocked the mobilization of Ca^+ by a 

subsequent addition of bombesin, but had no effect on p125^^K  tyrosine 

phosphorylation (Sinnett-Smith et al., 1993). In addition, bombesin stimulated 

p 1 2 5 *^AK tyrosine phosphorylation with a half-maximal concentration 6 -fold 

lower than that required for mobilization of Ca^+ (Sinnett-Smith et al., 1993). 

Thus several lines of evidence indicate that Ca^+ mobilization does not mediate 

bombesin-induced tyrosine phosphorylation in Swiss 3T3 cells.
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1.5.8.C. Coupling of bombesin receptors to p12sFAK tyrosine

p h o s p h o ry la tio n : rho  p21 and cytoskeleton link?

A salient feature of p125^A^ is its subceiiular locaiisation to focal 

adhesions which form at the end of actin stress fibres. Several recent reports have 

implicated the rho p21 family which belongs to the ras  p21-related small G 

protein superfamiiy (reviewed in (Nobes and Hall, 1994) in the assembly of focal 

adhesion plaques and in the regulation of the actin cytoskeleton in Swiss 3T3 cells 

(Ridley and Hall , 1992; Miura et al., 1993). Microinjection of rho  p21 into 

these cells increases the formation of actin fibres. Conversely, microinjection of 

botulinum 03 exoenzyme, an ADP ribosyltransferase that impairs rho  p21 

function, causes the disruption of the actin filament network. Bombesin has been 

shown to promote a rapid increase in stress fibres and focal adhesions, an effect 

apparently mediated by rho  p21 (Ridley and Hall , 1992). Interestingly, 

bombesin-induced p12sFAK tyrosine phosphorylation is completely blocked by 

treatment with cytochaiasin D which selectively disrupts the actin filament 

network and prevents focal adhesion assembly. In contrast, dissolution of 

microtubules with colchicine did not inhibit p12sFAK tyrosine phosphoryiation 

(Sinnett-Smith et ai., 1993). Recently, additional evidence supporting a link 

between the cytoskeleton and tyrosine phosphorylation of p125^AK been 

produced. While low concentrations of PDGF induce cytoskeletal changes and 

p125^^K phosphorylation, high concentrations of PDGF abolish these responses in 

Swiss 3T3 ceils (Rankin and Rozengurt, 1994). Furthermore, high concentrations 

of PDGF inhibit the ability of bombesin to stimulate both cytoskeletal changes and 

tyrosine phosphorylation of p12sFAK (Rankin and Rozengurt, 1994). This 

suggests at least two conclusions. Firstly, that the cytoskeletal changes induced by 

PDGF are associated with p12sFAK Secondly, there is a novel cross talk between 

PDGF and bombesin on the tyrosine phosphorylation of p125^AK and paxiiiin 

which occurs as a result of their opposing effects on the integrity of focal adhesions 

and the actin cytoskeleton (Rankin and Rozengurt, 1994). Thus, it is attractive to 

speculate that p12sFAK tyrosine phosphoryiation induced by bombesin or PDGF is 

triggered by a change in focal adhesion assembly and/or m icrofilament 

organisation, which in turn is mediated by rho p21 activation. However, other 

possibilities exist including rho p21 activation of both p12sFAK ^nd for example a 

parallel pathway which mediates cytoskeletal changes. In this case, the cytoskeletal 

changes would serve a permissive role in p125^^*^ activation.

Severai other neuropeptides and other growth factors including LPA, 

sphingosine, and PDGF (low concentrations) have been shown to induce a pattern of 

tyrosine phosphoryiation very similar to bombesin with induction of p12sFA K
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phosphorylation (see section 1.5.8.a). Both the cytoskeletal changes and tyrosine 

phosphoryiation induced by these factors are also blocked by cytochaiasin D or by 

high concentrations of PDGF (Sinnett-Smith et al., 1993; Rankin and Rozengurt, 

1994; Seufferlein and Rozengurt, 1994b; Seufferlein and Rozengurt, 1994a). It 

is therefore conceivable that growth factors acting through different receptor 

types can induce p125^AK phosphorylation perhaps via a common end mechanism. 

Several questions need to be addressed:

1) is rho p21 a mediator p12 5^^^  activation induced by bombesin and other 

growth factors?

2 ) if (1) is true, what is the precise nature by which the bombesin receptor 

activates rho p21?

3) if (1) is true does rho  p21 directly activate p12sFAK are there other 

intermediaries in for example the focal adhesion "organelle".

Given the importance of tyrosine phosphorylation in the action of growth 

factors and non-receptor oncogenes, it is plausible that this novel event plays a 

role in neuropeptide mitogenic signalling. However, it is not known whether 

bombesin stimulated tyrosine phosphorylation contributes to bombesin mediated 

mitogenesis in Swiss 3T3 cells.

1.5.8.d. Paxillin and p130

Bombesin, other neuropeptides, LPA, sphingosine and PDGF (low 

concentrations) all induce a very similar pattern of tyrosine phosphorylation in 

Swiss 3T3 cells including a diffuse band migrating with an apparent Mr of 

70,000-80,000 (Zachary et al., 1993; Rankin and Rozengurt, 1994; Seufferlein 

and Rozengurt, 1994b; Seufferlein and Rozengurt, 1994a). This band has now 

been identified as paxillin (Zachary et al., 1993), a 68 -kDa protein that also 

localizes to focal adhesions and binds to the actin-capping protein, vincuiin 

(Turner et al., 1990). Like p i2 5 ^ ^ ^ , paxillin is also tyrosine phosphorylated by 

integrin activation (Burridge et al., 1992). Similarly, the pathway leading from 

the bombesin receptor to tyrosine phosphorylation of paxillin neither involves 

PKC activation nor Ca^+ mobilization, but it is critically dependent on the 

integrity of the actin filament network (Zachary et al., 1993). Thus disruption 

with cytochalsin D or the use of high concentrations of PDGF block bombesin 

induced cytoskeletal changes and tyrosine phosphorylation of paxillin (Zachary et 

al., 1993; Rankin and Rozengurt, 1994). Time course studies have shown that 

tyrosine phosphorylation of paxillin is always slightly slower in onset than that of 

p125^AK This coordinate regulation of tyrosine phosphorylation of p12sFAK and 

paxillin may reflect the fact that paxillin could be a direct substrate of p125^A K  

(Turner et al., 1993). Alternatively, paxillin may be tyrosine phosphorlyated by
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the dual kinase complex of p125^AK and src  p60 (see 1.5.8 .a). The precise 

function of paxillin is not yet known.

Another substrate that is tyrosine phosphorylated by bombesin is p i 30 

(Zachary et al., 1992). This was originally identified as a src transformation 

associated substrate (Kanner et al., 1990) and has recently been cloned (Sakai et 

al., 1994). The p i30 protein is an adaptor molecule containing both SH-2 and SH- 

3 domains and is bound to and tyrosine phosphorylated by v-src (Sakai et al.,

1994). Its function is not yet known. Interestingly, treatment of Swiss 3T3 cells 

with cytochaiasin D or high concentrations of PDGF inhibits all bombesin induced 

tyrosine phosphorylated substrates which presumably includes p i 30 (Rankin and 

Rozengurt, 1994).

1.5.9. Regulation of cellular responsiveness to bombesin-stimulated 
mitogenesis

Exposure of cells to many peptide hormones or neurotransmitters decreases 

the subsequent response of target cells to further challenge with the same ligand 

(homologous desensitization) or with a structurally unrelated ligand which elicits 

responses through a separate receptor (heterologous desensitization).

Desensitization has been well-documented for hormones that elicit short-term 

metabolic responses and it is increasingly recognised to play a role in the 

regulation of cell growth.

The mitogenic response induced by bombesin in Swiss 3T3 cells is sensitive 

to at least two distinct desensitization mechanisms. Prolonged treatment of the 

cells with bombesin or structurally related peptides causes homologous 

desensitization of both mitogenic stimulation and generation of early signals by 

progressive down-regulation of cell surface receptors (Millar and Rozengurt,

1990b). In contrast, prolonged pretreatment with vasopressin induces a selective 

and reversible heterologous desensitization of the mitogenic activity of bombesin 

and GRP (Millar and Rozengurt, 1989). The block to bombesin-stimulated 

mitogenesis occurs at a post-receptor locus, namely the liberation of arachidonic 

acid which represents a novel target for heterologous desensitization (Millar and 

Rozengurt, 1990a).

Interestingly, acute bombesin stimulation, which does not alter the number 

or affinity of bombesin receptors, also results in homologous desensitization of the 

calcium response (Millar and Rozengurt, 1990b). Since the bombesin/GRP 

receptor has three potential PKC phosphorylation sites, one possible explanation of 

acute homologous desensitization could involve receptor down regulation by PKC.

This hypothesis was supported by the fact that two of the PKC phosphorylation sites
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occured in areas known to be Involved In G protein coupling by the receptor. 

Furthermore, the p2 and a-\ adrenergic receptors are known to be phosphorylated 

by activated PKC leading to decreased G protein coupling and desensltlzatlon (Leeb- 

Lundberg et al., 1987; Bouvier et al., 1991). However, Inhibition of PKC activity 

either by chronic phorbol ester exposure or by a specific Inhibitor did not block 

acute homologous desensltlzatlon Induced by bombesin In Swiss 3T3 cells (Walsh et 

al., 1993). It Is therefore conceivable that a G protein coupled receptor kinase 

may be Involved. Indeed, the substance P receptor, which like bombesin couples to 

Gq/11, has recently been shown to be a substrate for the p-adrenergic receptor 

kinase 1 and 2 (Kwatra et al., 1994).

The existence of homologous and heterologous mitogenic desensltlzatlon 

suggest that the control of cell proliferation by neuropeptides may result from a 

delicate Interplay between growth-stimulatory and growth-inhibitory signals.

1.6. VASOPRESSIN AND G-PROTEIN LINKED SIGNAL TRANSDUCTION

I---------------------------------------------1
C ys-Tyr-P he-G ln-Asn-C ys-P ro-A rg-G ly-N H 2

Vasopressin or antldluretic hormone (ADM) Is a cyclic nonapeptlde 

synthesized In the supra-optic nucleus of the hypothalamus. ADM containing 

vesicles pass down the neural axons to the posterior pituitary before being 

secreted Into the circulation. As an endocrine hormone. It has antldluretic effects 

on the kidney, pressor effects mediated through arteriolar smooth muscle, 

stimulates hepatic glycogenolysis and modulates adrenocortlcotrophic hormone 

release form the pituitary. Vasopressin like bombesin may also be produced In 

neuroendocrine cells elsewhere In the body and has been shown to be synthesized at 

both mRNA and protein levels In up to 65% of SCLC cell lines (North et al., 1980; 

Sorenson et al., 1981; Sausvllle et al., 1985; Verbeeck et al., 1992). 

Furthermore, vasopressin has been shown to stimulate the growth of SCLC cells In 

seml-solld media and may therefore be another autocrlne/paracrlne growth factor 

for this tumour (Sethi and Rozengurt, 1991b). Hence, an understanding of the 

signalling pathways utilized by this hormone would be useful.

Vasopressin receptors are G-proteIn coupled and have been divided Into at 

least 3 types (Masu et al., 1987); the V ia  (vascular/hepatic) and V Ib  (anterior 

pituitary) receptors which activate PIP2 -PLCP, and the V2 (kidney) receptor 

which is coupled to adenylate cyclase. Recently, the V ia  receptor has been cloned
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and shown to belong to the superfamiiy of seven transmembrane domain receptors 

(Morel et al., 1992).

Vasopressin was the first neuropeptide to be demonstrated as a mitogen 

using the Swiss 3T3 cell system (Rozengurt et al., 1979). Unlike bombesin, 

vasopressin is only mitogenic when combined with other agents such as insulin and 

is therfore not a sole mitogen for Swiss 3T3 cells. Vasopressin binds specifically to 

the V I subclass of vasopressin receptors in these cells (Collins and Rozengurt, 
1984; Zachary and Rozengurt, 1986). Like bombesin, vasopressin couples to Gaq

to activate PIPa-PLGp which hydrolyses PIP2 into DAG and IP3 . The involvement 

of Gtxq was originally shown in rat liver cells (Gutowski et al., 1991) but has now 

been demonstrated in Swiss 3T3 cells (Offermanns et al., 1994). Vasopressin 

therefore induces Ca^+ mobilization (Nanberg and Rozengurt, 1988) and activates 

PKC (Erusalimsky and Rozengurt, 1989). Vasopressin is also able to stimulate 

tyrosine phosphorylation (Zachary et al., 1991a; Zachary et al., 1991b) but 

unlike bombesin cannot induce a sustained increase in arachidonic acid metabolism 

(Millar and Rozengurt, 1990a). This may explain why vasopressin is not a sole 

mitogen in these cells, but instead requires the presence of low concentrations of a 

co-stimulus such as insulin, serum, EGF, PDGF (reviewed in (Rozengurt, 1991)) 

or bradykinin (Kiehne and Rozengurt, 1994) to induce mitogenesis.

1.7. 1-OLEOYL-LYSOPHOSPHATIDIC ACID AND G-PROTEIN LINKED SIGNAL

TRANSDUCTION

1 -oleoyl-lysophosphatidic acid (LPA) is the smallest and structurally 

simplest phospholipid. It is produced by phospholipase A2 mediated removal of a 

fatty acid side chain from phosphatidic acid. LPA has been shown to be one of the 

major lysophospholipids in serum to stimulate growth and to promote 

differentiation in a variety of cell lines (reviewed in (Moolenaar, 1994)).

Although the precise identity of the LPA receptor(s) is not known, there is

considerable circumstantial evidence that it belongs to the family of seven

transmembrane G-protein coupled receptors (Van der Bend et al., 1992). It 

stimulates a large variety of early responses which are either pertussis toxin 

sensitive or insensitive. Thus, the generation of DAG and IP3 with the subsequent 

activation of PKC and mobilization of Ca^+, respectively, is pertussis toxin 

insensitive (Moolenaar, 1985; Van Corven et al., 1989; Jalink, 1990). This 
suggests that these processes may be mediated via G^q. On the other hand, LPA

stimulated ras p21, ra f p74 and MAPK activation appears to be mediated via a 

pertussis toxin sensitive pathway, i.e. mediated via Gj (Cook et al., 1993; Howe and 

Marshall, 1993; Van Corven, 1993; Hordijk et al., 1994). Indeed, LPA inhibits
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adenylate cyclase activity, another Gj mediated event (Van Corven et al., 1989). 

Interestingly, LPA-induced DNA synthesis in Rat-1 fibroblasts is inhibited by 

pertussis toxin (Van Corven et al., 1989). This suggests that the Ras/Raf/MAPK 

pathway rather than PKC or Ca^+ mobilization predominantly mediates LPA- 

induced DNA synthesis in these cells. The events linking the putative LPA receptor 

to ras p21 activation are unclear, but may involve a tyrosine kinase (Van Corven,

1 99 3 ).

LPA, like bombesin, also stimulates cytoskeletal changes and tyrosine 

phosphorylation of a number of substrates including p125^^K  and paxillin 

(Seufferlein and Rozengurt, 1994a). The role of rho p21 in this process is 

unknown. Inhibition of rho p21 function blocks LPA induced cytoskeletal changes 

(Ridley and Hall , 1992). In addition, LPA-induced tyrosine phosphorylation can 

be inhibited by disruption of the actin cytoskelton with cytochaiasin D or prior 

treatment with high concentrations of PDGF (see section 1.5.8.C). LPA induced 

tyrosine phosphorylation of p12sFAK jp Swiss 3T3 cells is pertussis toxin 

insensitive ((Seufferlein and Rozengurt, 1994a) and personal communication 

from Dr T Seurfferlein). In Rat-1 cells, there are controversial results 

concerning the effects of pertussis toxin on LPA induced p12sFAK phosphorylation 

(Hordijk et al., 1994; Saville et al., 1994). Since a tyrosine kinase(s) has been 

implicated in mediating LPA induced ras p21 activation (Van Corven, 1993), 

p125^A K  may be a candidate in this process. Interestingly, recent data have 

provided a link between p125^AK and ras p21 for integrin signalling (Schlaepfer 

et al., 1994). Clearly further work is required to elucidate the role of p125^AK jp 

LPA signalling.

Although LPA has many biological functions in vitro, its role in vivo has not 

yet been defined. The fact that it is found in serum predominantly bound to albumin 

and that it is widely synthesized (initially found in platelets) suggests that LPA 

must serve some important biological function (reviewed in Moolenaar, 1994). Its 

role as a growth factor in cancer and in particular SCLC is undefined.

1.8. TYROSINE KINASE INHIBITORS

Protein tyosine kinases (PTKs) can be divided into RTKs such as the PDG PR 

or cellular tyrosine kinases such as p12sFAK or src p60. Since tyrosine kinases 

have been implicated in driving normal and cancer cell growth (Cantley et al., 

1991), it is logical to attempt to develop inhibitors of these enzymes. The first 

tyrosine kinase inhibitors discovered were naturally occurring compounds 

including:

1) the plant flavanold, quercetin (Graziani et al., 1983)
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2) the isofiavone compound, genistein which is found in soya beans, Pseudomonas 

and Streptomyces spp (reviewed in (Akiyama and Ogawara, 1991))

3) the benzenoid ansamycin antibiotic, herbimycin A, which is also isolated from 

Streptomyces spp (reviewed in (Uehara and Fukazawa, 1991))

4) several other compounds such as erbstatin (Umezawa and Imoto, 1991) and 

lavendustin A (Onoda et al., 1989) have been isolated from Streptomyces spp.

Quercetin was soon discarded as a selective tyrosine kinase inhibitor since 

it not only blocked PTKs but also serine threonine kinases such as PKC and PKA 

within the same concentration range (reviewed in (Levitzki, 1992)). The other 

compounds listed above were found to be much more selective PTK inhibitors 

although many of them have now been shown to block other kinases such as PKC at 

concentrations similar to those required to block PTKs (reviewed in (Levitzki, 

1 9 9 2 )) .

The catalytic domain of protein kinases contains two sites; the substrate 

binding site and the ATP binding site. Since all kinases must have ATP binding 

sites, it was thought that specific kinase inhibitors could be obtained by designing 

compounds which bound to the substrate site. Indeed, most of the early PTK 

inhibitors were largely ATP competitors rather than substrate site specific and 

this was considered to be why some of these compounds were not selective for PTKs. 

Therefore, a series of synthetic PTK inhibitors were constructed which mimicked 

the tyrosyl group of tyrosine, the idea being to selectively block the tyrosine 

substrate site. The tyrphostins were the first such compounds to be made (Gazit et 

al., 1989; Gazit et al., 1991). Many different families of tyrphostins have now 

been synthesized with quite divergent structures and activities against ATP and 

substrate sites (Levitzki, 1992). The original tyrphostins based on a 

benzenemalononitrile structure were initially thought to be substrate specific but 

recent work has shown that most of these compounds are mixed ATP and substrate 

competitors (Levitzki, 1992). Despite this fact, many of the tyrphostins have 

turned out to be highly selective PTK inhibitors; 100- >10,000 more potent in 

inhibiting PTKs than PKA, PKC or Ca^+ dependent calmodulin kinases (Gazit et al., 

1989; Gazit et al., 1991; O'Dell et al., 1991; Levitzki, 1992). Indeed, it seems 

that inhibitors which are ATP competitive can be extremely selective at either 

inhibiting serine threonine kinases such as PKC (Harris et al., 1993) or protein 

tyrosine kinases such as the EGFR (Fry et al., 1994). Thus, these compounds 

presumably use some other associated feature of the ATP binding site that is unique 

to individual kinases. Indeed, recent crystallography of several kinases has 

revealed that the ATP binding site is very close to, if not part of the substrate site.

The mechanism and specificity of tyrphostins have been questioned. Despite 

their lipid solubility and rapid entry into cells, some workers have reported that
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inhibition of EGFR tyrosine kinase activity by one tyrphostin required a long 

preincubation and may therefore work through some other mechanism (Faaland et 

a!., 1991). Some of the benzenemalononitrile tyrphostins have recently been 

shown to inhibit topoisomerase I, an enzyme important in regulating DNA 

superstructure and hence many DNA processes including DNA synthesis. It turns 

out that topoisomerase I behaves like a tyrosine kinase, as a covalent bond is 

formed between a tyrosine group at the active site of the enzyme and a 3' phosphate 

group along the DNA backbone (Aflalo et al., 1994). These and other results show 

that some tyrphostins in common with for example genistein (Markovits et al., 

1989) have a broad spectrum of inhibition of tyrosine kinases and tyrosine 

kinase-like enzymes. In addition, some benzenemalononitrile tyrphostins have 

been shown to inhibit GTP utilizing enzymes such as the GTPase activity of the 

heterotrimeric G protein, transducin (Wolbring et al., 1994). Thus, it is 

important to verify the specificity of these compounds in any given experimental 

system.

While most of the early tyrphostins often inhibited several different types 

of PTKs at similar low micromolar concentrations, later molecules were found 

which could distinguish in a highly selective manner between different PTKs 

(Osherov et al., 1993; Kovalenko et al., 1994) and even between aberrant forms 

of the same PTK (Anafi et al., 1992; Anafi et al., 1993). For example, there are 

now tyrphostins which at a given concentration inhibit the overactive bcr-ab i 

p210 PTK, found in chronic myeloid leukaemia without affecting the normal c-abi 

p i 40 cellular tyrosine kinase (Anafi et al., 1992) . Furthermore, this compound 

can reverse the transformation seen in cells containing the abberrant bcr-abI 

p210 tyrosine kinase (Anafi et al., 1993; Kaur et al., 1994). This therefore, may 

represent a new therapeutic strategy for patients with chronic myeloid leukaemia.

The tyrphostins have provided useful tools with which to examine the role 

of various RTKs and cellular tyrosine kinases in normal and malignant cells (Lyall 

et al., 1989; Margolis et al., 1989; Bilder et al., 1991; Yoneda et al., 1991; 

Bryckaert et al., 1992). However, they have not been used to examine the role of 

tyrosine phosphorylation in neuropeptide mediated signal transduction.

1.9. LUNG CANCER

1.9 .1  . In tro d u c t io n

Lung cancer is the commonest fatal malignancy in the developed world. In 

1992, 1 in 3.5 deaths in England and Wales were from cancer of which lung cancer 

accounted for 1 in 3 male and 1 in 6 female cancer deaths (W.H.O., 1993) More
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women now die from lung cancer than from breast cancer although breast cancer 

remains the commonest cause of cancer In women. While the Incidence of lung 

cancer Is now beginning to fall In men It Is sadly still Increasing In women 

(W.H.O., 1993). Despite decades of antl-smoking campaigns, the Incidence of lung 

cancer deaths Is expected to rise even further over the next twenty years with an 

Increasing number of cases unrelated to smoking (W.H.O., 1982a; Osann, 1991).

Lung tumours are carcinomas originating from respiratory epithelium and 

are classified histologically Into small cell lung cancer (SCLC) with a few subtypes 

and non-small cell lung cancer (NSCLC) with a large number of subtypes (W.H.O., 

1982b) (table 1.9.1). NSCLC accounts for approximately 75% of all lung cancer 

cases and Includes adenocarcinomas, squamous cell carcinomas and large cell 

carcinomas. The further histological subdivisions of each tumour type (see table 

1.9.1) often have little clinical relevance. Patients with NSCLC can be cured by 

surgery but less than 30% of patients are eligible for surgery and the 5 year 

survival rate for patients who have undergone curative resection Is less th a n j^ %  

(reviewed In (Carney and De-Lelj, 1988)). Radiotherapy and chemotherapy^only 

provide palliation for non operable cases. There Is no evidence that adjuvant 

radiotherapy either given pre or post operatively Improves survival following 

curative surgery'. The value of adjuvant chemotherapy either alone or In 

combination with radiotherapy Is still being assessed (Sorensen and Hanson, 

1 99 4 ).

SCLC which constitutes 25% of all primary pulmonary cancers. Is the 

sixth most common malignancy and the fourth leading cause of death from cancer 

(W.H.O., 1993). In contrast to NSCLC, SCLC metastasizes early and Is therefore 

rarely operable at the time of diagnosis. Thus the chance for cure/ long term 

survival Is directly related to the sensitivity of the tumour to cytotoxic therapy. 

Including combination chemotherapy and radiotherapy. In no other area of medical 

oncology has so much Initial promise brought so little therapeutic gain over the 

past decade. Despite Initial sensitivity of SCLC to radiotherapy or chemotherapy 

(response rates varying from 50%-80%), the disease rapidly relapses and Is 

then usually resistant to further therapy (reviewed In (Ruckdeschel, 1993; 

Sorensen and Hanson, 1994)). Consequently, most patients are dead within 1 year 

of diagnosis and less than 5% are alive at 2 years (Smyth et al., 1986; 

Ruckdeschel, 1993; Sorensen and Hanson, 1994). Unfortunately even those 

patients who do survive are at Increased risk of predominantly NSCLC (Johnson et 

al., 1990; Albain et al., 1991). An Increase In acute leukaemia and 

myelodysplastic syndromes possibly related to therapy has also been noted 

(Armstrong et al., 1991). The overall risk of developing 2nd primary tumours 

has been estimated to be 10% per person year In patients with previous SCLC
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(Heyne et al., 1992). This dismal prognosis has stimulated a desire to understand 

the fundamental biology of SCLC in order to develop novel therapeutic strategies.

Table 1.9.1. Adapted World Health Organization Histologic

Classification of Malignant Epithelial Bronchogenic Carcinoma

SCLC Smail cell carcinoma

1) Oat cell

2) Intermediate cell

3) combined oat cell

NSCLC A Squamous cell carcinoma (epidermoid)

and spindle (squamous) carcinoma

B Adenocarcinoma

1) Acinar

2) Papillary

3) Bronchoalveolar

4) Mucus-secreting

C Large cell carcinoma

1) Giant ceil

2) Clear cell

1.9.2. ORIGIN OF LUNG CANCERS

By definition, bronchogenic carcinomas arise from the mucosa of the 

tracheobronchial tree and as discussed above are classified into NSCLC and SCLC of 

various histoiogical subtypes (table 1.9.1). There is increasing evidence that 

NSCLC and SCLC are derived from a pluripotent epithelial stem cell that is capable 

of differentiation into ali the celis normaily found in the tracheobronchial tree 

including ciliated goblet columnar cells, neuroendocrine cells and type I and II 

pneumocytes that line the alveoli (Mabry et al., 1991).

1.9.3. PATHOLOGY OF SCLC AND SCLC CELL LINES

Three varieties of SCLC are recognised (see table 1.6) but their clinical 

behaviour is often simiiar. Ail three types are highly cellular and stroma is 

usuaily scant. The oat cell carcinoma is composed of uniform smali cells with
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little cytoplasm, are 2-3 times the size of mature lymphocytes and have large 

darkly staining round or oval nuclei. The nucleoli are indistinct or absent. The 

in te rm ed ia te  cell type is composed of small cells with nuclear characteristics 

similar to the oat cell but with more abundant cytoplasm. The cells are less regular 

in size and shape than those of oat cell carcinoma. The com bined oat cell 

c a rc in o m a  contains mixed components of oat cell with squamous and/or 

adenocarcinoma and is relatively radio and chemoresistant. All three types of SCLC 

characteristically have cytoplasmic small dense-core granules containing many 

different peptides destined for secretion. This is the hall mark of the 

neuroendocrine properties seen in SCLC and which occurs infrequently in NSCLC. 

Consequently, SCLC cells can be stained for at least 4 neuroendocrine/biochemical 

markers:

1) L-Dopa decarboxylase

2) Neuron specific enolase

3) Chromogranin A

4) BB isoenzyme of Creatine kinase

and various peptide hormones including GRP, vasopressin, neurotensin, 

parathormone and many others. The expression of neuroendocrine markers may 

correlate with a worse prognosis. Indeed, 25% of adenocarcinomas express the 

endocrine markers L-Dopa decarboxylase and neuron specific enolase. These 

tumours are faster growing, have a worse prognosis and are chemosensitive in 

contrast to other adenocarcinomas (Gazdar et al., 1988).

SCLC cell lines established from patients with SCLC can be divided into 2 

types (classic and variant) based on their staining characteristics and behaviour 

in culture (Carney et al., 1985; Gazdar et al., 1985b). Classic cell lines (70% of 

all SCLC cell lines) express high levels of all 4 biomarkers, grow as tightly 

clustered spheroids in suspension in culture, form colonies in soft agar and are 

tumourigenic in athymic nude mice. They have a doubling time ranging from 32- 

72 hours. In contrast, variant cell lines can be divided into biochemical variants 

(10% of all SCLC cell lines) and morphological variants (20% of all SCLC cell 

lines) which grow more rapidly as loose aggregates or monolayers and have a 

higher cloning efficiency in soft agar and nude mice. Since variant cell lines have a 

larger cell morphology, are more undifferentiated and are more chemo- and 

radioresistant than classic SCLC cells, they have been proposed to represent the in 

vitro counterpart of combined oat cell carcinoma. It is tempting to speculate that 

the development of chemo- and radioresistance in SCLC correlates with a 

conversion from classic to variant features in cell culture and from oat cell to
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combined oat cell carcinoma in vivo. However, most of the classic SCLC cell lines 

have been established from heavily pretreated patients who therefore already have 

resistant tumours. Furthermore, post-mortem studies show combined oat cell 

carcinoma In only 13-28% of patelnts dying of SCLC at a time when their tumours 

are no longer responsive to therapy (Sehested et al., 1986). Thus such theories 

seem unlikely to be substantiated In the majority of patients. Indeed 

neuroendocrine markers are often elevated with progressive resistant disease .

1.9.4. AETIOLOGY OF SCLC

Cigarette smoking has been conclusively established as the leading cause of 

lung cancer In men and women with the exception of bronchial carcinoids. In 1991, 

an estimated 90.3% of the 92,000 deaths from lung cancer In men and 78.5% of 

the 51,000 lung cancer deaths In women In the United States were attributed to 

cigarette smoking (Shopland et al., 1991). The association of cigarette smoking 

with adenocarcinomas (particularly the bronchloalveolar subtype) continues to be 

debated although the evidence strongly Indicates that smoking Is also linked to this 

tumour (Wynder and Hoffmann, 1994). There Is Increasing evidence that passive 

smoking Is associated with Increased risk of lung cancer (Wynder and Hoffmann,

1994). Further avoidable causes of lung cancer Include exposure to occupational 

hazards such as asbestos, arsenic, bischloromethyl ether, chromium, mustard gas, 

nickel, polycycllc hydrocarbons and Ionising radiation Including radon gas. The 

role of diet In lung cancer Is unclear but maybe relevant In understanding why for 

example the Japanese who smoke as heavily as the Americans have a much lower 

risk of lung cancer (Wynder and Hoffmann, 1994).

The role of genetic factors will be discussed under the section on the biology 

of lung cancer.

1.9.5. Clinical features of SCLC

SCLC tends to present centrally and to Infiltrate the submucosa. This causes 

bronchial obstruction with consequent cough, dyspnoea, wheezing, chest 

discomfort, haemoptysis and/or post-obstructive pneumonia. Two-thirds of 

patients will have obvious evidence of distant métastasés but In reality most 

patients at diagnosis have metastatic disease. SCLC most commonly metastasizes to 

liver, bone, bone marrow or brain. It Is Important for the clinician to be aware of 

the many paraneoplastic syndromes associated with SCLC as these may be confused 

with symptomatic métastasés (Bunn and Ridgeway, 1993) For example, elevated 

levels of arginine vasopressin (AVP) occurs In 30% of SCLC patients although only
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9% of patients have symptomatic hyponatraemia and the syndrome of 

inappropriate antidiuretic hormone secretion (SIADH) (Bunn and Ridgeway, 

1993). Features of this syndrome include confusion, convulsions and coma which 

can be confused with cerebral métastasés. Since the therapy of SIADH is quite 

different from that of cerebral métastasés, correct identification of the cause of 

symptoms is vital. Other paraneoplastic syndromes described in SCLC include 

atrial naturetic factor secretion which also results in hyponatraemia and SIADH, 

adrenocortlcotrophic factor release which causes ectopic Cushing's syndrome and 

ectopic parathormone related peptide release which produces hypercalcaemia 

(another cause of confusion). In most cases the tumour itself produces the ectopic 

hormone/peptide.

Immune reactions to tumour antigens in SCLC, often results in neurological 

syndromes such as the Eaton-Lambert myaesthenic syndrome, in which the 

presence of circulating antibodies react with voltage-gated calcium channels (de 

Aizipurua et al., 1988). Visual deficits produced by retinal degeneration and 

sensory neuropathy are two other syndromes most commonly found in SCLC, in 

which serum antibodies reacting with both tumour and neuronal tissue are also 

observed. Interestingly, some patients with antineuronal antibodies have become 

longterm survivors with apparent disappearance of their tumours (Darnell and 

DeAngelis, 1993; Zaheer et al., 1993). The anti neuronal antibodies also bind to 

the tumour cells and thus may mediate immune destruction of SCLC cells (Darnell 

and DeAngelis, 1993). These and other paraneoplastic syndromes occuring in SCLC 

have recently been extensively reviewed (Bunn and Ridgeway, 1993; Schiller and 

Jones, 1993).

1.9.6. CURRENT DEBATE IN SCLC THERAPY

Before the 1970's surgery and radiotherapy were the most common forms 

of treatment for SCLC. Subsequent clinical studies showed that SCLC metastasises 

early and widely and was sensitive to various cytotoxic drugs. As a result patients 

were treated with chemotherapy and the median survival improved from 3 months 

to 8-12 months. Despite a rapidly expanding literature on this disease during the 

last 10 years, there has been little change in the overall results of treatment. 

Indeed no standard treatment exists for SCLC. Table 1.9.6 lists the most frequently 

used agents for treating SCLC:

These agents are usually given in combination regimens the most common of 

which are CAV (cyclophosphamide, doxorubicin and vincristine) and EP (etoposide 

and cisplatinum) given for 6-8 courses. Despite numerous combinations of the 

known active drugs, none appear to give better resuits than CAV or EP



68

(Ruckdeschel, 1993). Furthermore, no additional benefit was seen in patients 

given prolonged (maintenance) chemotherapy. Single agent therapy with oral 

etoposide is widely used amoung elderly SCLC patients. A comprehensive review of 

treatment regimens for SCLC has been recently published (Hansen and 

Kristjansen, 1991). The main areas of debate are discussed below.

Table 1.9.6. Some classes and examples of chemotherapeutic agents 

used in the treatment of SCLC

Alkylating agents Cyclophosphamide

Ifosfamide

Hexamethylmelamine

Lomustine

Vinca alkaloids Vincristine

Vindesine

Platinum analogues Cisplatin

Carboplatin

Podophyllotoxin derivatives Etoposide

Teniposide

Miscellaneous Doxorubicin

Methotrexate

Mitomycin C

I.S.S.a DOSE INTENSITY AND FREQUENCY

For some cancers increasing the dose and/or decreasing the interval 

between treatments has produced significant improvements in response rate and 

survival. Indeed in SCLC, treatment with etoposide as single agent therapy produced 

better response rates when given continuously rather than as a single shot (Clark 

et al., 1990). Unfortunately, despite the advent of haematopoetic growth factor 

support and autologous bone marrow transplantation none of the high dose 

chemotherapy trials have shown an improved survival in SCLC although some 

demonstrate improved response rates (Aridzzoni et al., 1993; Demetri, 1993; 

Sorensen and Hanson, 1994). This methodology therefore still remains 

investigational.
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1.9.6.b ALTERNATING CHEMOTHERAPY

Resistant clones of SCLC cells, which are either present before or develop 

during chemotherapy are the reason for treatment failure. This provided the 

logical basis to use alternating chemotherapy regimens with non-cross resistant 

drug combinations. However, such attempts have not improved outcome.

1.9.6.0 SURGERY + ADJUVANT CHEMOTHERAPY

Surgery in the treatment of SCLC remains a subject of debate especially 

since this tumour métastasés early in its natural history and the detection of early 

métastasés is difficult. Nevertheless, a recent study has shown that in carefully 

selected patients surgery can produce long term survivors (Shah et al., 1992). 

Since SCLC is initially a chemosensitive disease the next logical step would be to 

examine the effect of surgery combined with adjuvant chemotherapy. A recent 

study has shown promising results using surgery + chemotherapy followed by 

cranial radiotherapy (Karrer, 1994). Proper randomised studies are urgently 

required.

1.9.6.d RADIOTHERAPY IN LIMITED-STAGE DISEASE

In patients with limited disease a meta-analysis including 13 trials with 

2140 patients has shown that radiotherapy confers a small but significant increase 

in survival (5% at 3 years) when added to chemotherapy (Pignon et al., 1992). 

Furthermore, radiotherapy in conjunction with high dose chemotherapy and 

autologous marrow support may yield higher long term survival rates (Elias et al.,

1993). The timing of radiotherapy is important and should be given early rather 

than late in the treatment protocol to decrease the incidence of brain métastasés 

(Murray et al., 1993). Hyperfractionation of radiotherapy is being investigated

confers a . additional benefit inA
patients with limited stage disease (Johnson et al., 1993).

The role of radiotherapy to prevent cerebral métastasés in patients with 

limited stage disease has been analysed retrospectively in a small number of 

patients. Among complete responders, those receiving cranial radiation had a 

significantly smaller chance of developing a brain relapse and survived 

significantly longer than patients who did not receive cranial radiation (Rosenstein 

et al., 1992). Although cerebral radiation is associated with long term morbidity 

including leukoencephalopathy and neuropsychological impairment, this area 

clearly warrants further prospective investigation.
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1.9.6.e BRAIN METASTASES

For decades the treatment of choice in SCLC with brain métastasés has been 

corticosteroids and radiotherapy because of a presumed lack of penetrance of 

cytostatic agents through the blood/brain barrier. However, there is increasing 

evidence that chemotherapy is just as effective against intracerebral disease as 

other metastatic sites of disease (reviewed in (Kristensen et al., 1992)). This 

would argue against the use of elective cranial radiation in the initial treatment of 

patients with SCLC. Nevertheless, elective cranial radiation in patients without 

demonstrable cerebral involvement given together at the time of chemotherapy 

does reduce the risk of subsequent cranial relapse although the effect on long term 

survival is unclear (see 1.9.6.d. above).

1.9.6.f RELAPSE

Most patients relapse within a year of completing first line therapy and at 

this time subsequent treatment is usually ineffective (Andersen et al., 1990). 

Most of the relapses are multifocal and therefore logically require systemic 

treatment. Trials using agents which are non cross resistant to those used in the 

initial treatment of the disease produce responses in 20-25% of patients with a 

median survival time of 3-4 months. Patients who are fortunate enough to have a 

prolonged chemotherapy free interval before relapse, often are still responsive to 

the original drug regimen used with response rates exceeding 50%. Radiotherapy 

remains useful in patients who have a single site of relapse outside previously 

irradiated fields (Bergman et al., 1991).

1.9.7 EXPERIMENTAL THERAPIES

It is clear that new therapies are desperately needed to tackle SCLC. Some of 

the new approaches that have already been tried in the clinic are described below.

In te rfe rons-som e tumours have reduced levels of class I and II major 

histocompatibility antigens which is believed to contribute to their ability to 

escape from immune surveillance. In SCLC some workers have reported a decrease 

or absence of expression of these antigens compared to other lung cancer lines 

(Doyle et al., 1984; Doyle et al., 1985). However, this does not appear to be the 

case for all SCLC lines examined (Ball et al., 1986). Treatment with a or y -  

interferon has been shown to upregulate class I and II expression in SCLC cell 

lines. Interestingly, in some SCLC lines y-interferon treatment resulted in 

decreased growth. This was associated with increased lysis by cytotoxic T cells but 

decreased sensitivity to natural killer cells in vitro. Treatment with y-in terferon 

has also been shown to increase the expression of intercellular adhesion molecule-
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1 (ICAM-1) on SCLC cells which is important in T cell receptor binding (Azuma et 

al., 1992). Recently a clinical trial has shown that patients with SCLC receiving 

a-interferon therapy lived longer than those receiving no such therapy (Mattson 

et al., 1992). However, others have not been able to substantiate this result 

(Gilsson et al., 1993).

A ntibody therapy-The expression of many membrane-associated surface 

proteins differs significantly between normal and malignant cells. Numerous 

leukocyte-related surface antigens, including CD24 and CD56 (neural cell 

adhesion molecule), are highly expressed by most SCLC cells but not by normal 

tissue (Jackson et al., 1992). Therefore monoclonal antibodies directed against 

these antigens can be used to deliver cytotoxic agents directly to cancer cells. An 

anti-CD24 antibody conjugated to the potent cytotoxin ricin, inhibited SCLC growth 

in culture and in a xenograft model (Zangemeister-Wittke et al., 1993). Another 

immunotoxin, consisting of an anti-CD56 antibody conjugated to a blocked ricin 

molecule, showed in vitro toxicity against SCLC cells and induced a response in one 

of 19 patients with refractory SCLC (Lynch, 1993).

SCLC is characterized by its ability to secrete many hormones and 

neuropeptides including bombesin, neurotensin, cholecystokinin and vasopressin 

(reviewed in (Sethi et al., 1992a)). Among these, only bombesin-like peptides, 

which include GRP, have been shown to act as autocrine growth factors for certain 

SCLC cell lines (Cuttitta et al., 1985; Mahmoud et al., 1991). These lines express 

the bombesin receptor, secrete bombesin and show increased DNA synthesis and 

clonal growth in response to bombesin. Furthermore, in the presence of either 

anti-bombesin antibodies or a bombesin specific antagonist, the growth of certain 

SCLC lines in semi-solid media or as xenografts in nude mice is markedly inhibited 

(Cuttitta et al., 1985; Mahmoud et al., 1991). These observations led to the belief 

that anti-bombesin antibodies or bombesin specific antagonists could be utilized as 

new therapies in the treatment of SCLC. Unfortunately, in a phase I clinical study 

with monoclonal anti-bombesin antibodies no inhibition of tumour growth in 

patients with SCLC was seen (Mulshine et al., 1988). In a subsequent phase II 

study of 12 SCLC patients previously treated with at least 1 cisplatinum containing 

compound, 1 had a complete response to anti-bombesin monoclonal antibody 

therapy lasting 5 months (Kelly et al., 1993). This responding patient had 

measurable GRP in the serum but no evidence of GRP receptors on tumour biopsy, 

and thus the mechanism of the response is unclear. Although, this result warrants 

further investigation, it is unlikely that a strategy based on eliminating the effects 

of a single growth factor will be sufficient to inhibit the growth of SCLC which is 

now known to be a tumour driven by multiple neuropeptide growth factors (see 

1.12  below).
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1.10. - 1.16 BIOLOGY OF S C LC

1.10.1. GENETIC CHANGES

It has been proposed that two or more genetic mutations are required to 

transform a cell from a benign to a malignant phenotype. Inheritance of one or 

more of these mutations allows tumours to develop earlier than if all the mutations 

are required during life. For many years genetic changes were not thought to play a 

role in lung cancer. However, there is increasing evidence that both heritable and 

acquired genetic changes are important in the development of SCLC and NSCLC. At 

least 3 lines of evidence suggested that a genetic component is involved in lung 

cancer:

1 ) not all individuals who smoke develop lung cancer

2 ) some individuals who do not smoke develop lung cancer

3) some high incidence cancer families have an increased frequency of lung cancer 

There have been several recent studies providing further evidence of the 

importance of heritable factors in the development of lung cancer (reviewed in 

(Szabo and Mulshine, 1993)). The genetic changes that are heritable and/or 

acquired in patients with lung cancer are outlined below.

1.10.1.a GENES AND DETOXIFICATION OF SMOKING RELATED CARCINOGENS

Tobacco smoke contains a variety of compounds which are indirectly 

carcinogenic. These procarcinogens are either metabolized by differing enzymes to 

an active state where carcinogen DNA adducts are formed, or detoxified into 

harmless substances. A balance therefore exists between detoxifying enzymes and 

activating enzymes in the metabolism of procarcinogenic smoke components. 

Variations from person to person are known to exist in these two types of 

enzymatic reaction, as well as in the repair rates of DNA damage caused by 

carcinogen DNA adducts. These interindividual differences in metabolic 

activation/detoxification and DNA repair reflect the acquired and inherited host 

factors that may influence the risk of a smoker developing lung cancer or cancer at 

other sites. Some of the enzyme systems that have been implicated in the 

development of lung cancer are described below.

Several studies have indicated that the metabolism of the anti-hypertensive 

drug debrisoquine is under autosomal genetic control and that smokers that are 

rapid metabolisers of debrisoquine are at significantly greater risk for lung cancer 

than those who are poor or intermediate metabolisers (Lawn et al., 1989; 

Caporaso et al., 1990). Other studies have not substantiated this (Roots et al..
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1988; Speirs et al., 1990) and exactly how rapid metabolism of debrisoquine 

maybe linked to the development of lung cancer is unclear. However, several 

isoforms of the P-450 monooxygenase system are known to play a role in the 

activation of lung carcinogens. Mutation in the CYP2D6 debrisoquine hydroxylase 

locus, which results in severely impaired metabolism of more than 25 known 

drugs, was found in upto 10% of the Caucasian population (Gough et al., 1990). 

Such individuals may be at decreased risk of lung cancer and this hypothesis 

requires further investigation. Another P-450 monooxygenase located at the 

CYP2E1 locus has been shown to have point mutations that differ between ethnic 

groups (Kato et al., 1992; Hirvonen et al., 1993). These differences maybe one of 

the reasons why Japanese smokers have a lower incidence of lung cancer than other 

smokers.

Tobacco carcinogens increase levels of microsomal epoxide hydrolase and 

UDP-glucuronyl transferase and decrease levels of glutathione S-transferase 

(Petruzzelli et al., 1988). The normal levels of some of these enzymes covers a 

wide range and the extent to which they can be induced might reflect a genetic 

component regulating susceptability to lung cancer among smokers. Interestingly, 

individuals who have a combination of the genotypes of both a homozygous rare 

allele of the P450IA1 gene and the nulled glutathione S-transferase gene were 

found to have a very high relative risk (5.8) for lung cancer when compared with 

other genotype combinations (Hayashi et al., 1992). Clearly much of this work is 

very preliminary and further work is required to place each polymorphisms so far 

identified in context.

I . IO .I.b  MICROSATELLITE INSTABILITY AND REPAIR OF DNA

The repair of damaged DNA depends on another series of enzymes whose 

defective inheritance or acquired damage may predispose individuals to cancer. 

Recently a new method of detecting the effectiveness of these repair mechanisms 

has become available. The human genome is punctated with repetitve nucleotide 

sequences or microsatellites consisting of di, tri, and tetranucleotides. They are 

often located between genes in so called 'junk' DNA simply because the function of 

this DNA is not yet understood (Flam, 1994). The number of these microsatellites 

is enormous and they are relatively constant in normal cells. The situation in 

tumours is however quite different with microsatelite areas varying considerably 

in length (microsatellite instability) compared to normal tissue (Ionov et al., 

1993; Leach et al., 1993; Peltomaki et al., 1993b). Microsatellite instability in 

some cancers (Peltomaki et al., 1993a) occurs coordinately in genes that are 

homologous to those involved in mismatch repair in bacteria (Modrich, 1991) and
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yeast (Strand et al., 1993). It is therefore conceivable that mutations in these 

mismatch repair genes decreases the capacity to correct errors made during DNA 

synthesis. If there is a heritable tendency to develop such mutations in the repair 

mechanism(s) this could facilitate the damage caused by for example

benzo(a)pyrene:DNA adducts seen in smokers. Indeed enhanced formation of these 

adducts is seen in the moncytes of individuals predisposed to lung cancer which may 

suggest that DNA adduct excision and repair enzymes might be defective in these 

individuals (Rudiger et al., 1985). Furthermore, analysis of m icrosatelite

instability in lung cancer has revealed frequent abnormalities in both NSCLC

(Shridhar et al., 1994) and SCLC (Merlo et al., 1994). The presence of

microsatelites changes appears to be a useful marker of reduced DNA repair 

mechanisms in cancer and lends credence to the hypothesis that cancer cells have a 

mutator phenotype because of defective repair mechanisms (reviewed (Loeb,

1 9 9 4 )) .

1.10.1.0 CHROMOSOMAL ABNORMALITIES AND ONCOGENES

Cytogenetic analysis has shown that several chromosomes are abnormal in 

SCLC cells from both fresh tumours and cell lines (Wurster-Hill et ai., 1984; 

Zech et al., 1985). These abnormalities include aneusomies, translocations, 

regional chromosomal deletions, heterogeneously staining regions and double 

minute chromosomes. Such observations can give important clues regarding genes 

that may be involved in either actively promoting or inhibiting the neoplastic 

phenotype i.e. dominant and suppressor oncogenes, respectively. Thus, regions 

which are frequently seen to be deleted may contain suppressor oncogenes and 

regions which are frequently amplified may contain dominant acting oncogenes. 

Chromosomal deletions frequently seen in SCLC include 3p (100% of all SCLC 

patients and ceil lines examined), 17p and 13q. The identity of potential 

suppressor oncogene(s) within the deleted portion of 3p is not known but several 

candidates exist including protein tyrosine phosphatase-y (La Forgia et al.,

1991), a p-retinoic acid receptor gene (Gebert et al., 1991), c-erbAp (thyroid 

hormone receptor-p) (Dobrovic et al., 1988) and Ron a putative RTK with 63% 

homology to c-met (the receptor for hepatocyte growth factor) (Ronsin et al.,

1993). The 17p and 13q deletions have been shown to correlate with loss of 

function in the p53 and retinoblastoma genes respectively but other as yet 

unidentified genes may be important at these sites. Deletions involving 5q have also 

been found in SCLC tumours including samples from untreated newly diagnosed 

patients (Muria et al., 1992) but the nature of potential tumour supressor genes 

are unknown. Loss of heterozygosity of MCC and ARC tumour suppressor genes has
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been reported in 80% of SCLC tumours and this may correlate with loss of function 

of these proteins (D'Amico et al., 1992). Increased DNA copy number has been 

found in many SCLC tumours and cell lines on chromosome Ip, 2p, 6q and 8q the 

sites of L-myc, N-myc, c-myb and c-myc oncogenes respectively. Recently, some 

new sites of DNA copy number abberration have been identified in SCLC using a 

novel technique (Levin et al., 1994). The confirmation of this work and elucidation 

of the genes involved is eagerly awaited.

1.10.2. ROLE OF ONCOGENES IN SCLC

Once suppressor and dominant acting oncogenes have been identified much 

further work is required to elucidate the mechanism(s) which link their protein 

products to the development of the neoplastic phenotype. In addition it is important 

to determine whether the changes seen in these genes are primary or secondary 

events in carcinogenesis. In large bowel cancer it has been relatively easy to 

serially examine normal, preneoplastic and malignant lesions in the same 

individual and thus build up a picture of the sequence of genetic changes that occur 

and which may be important in the development of bowel cancer. The situation for 

lung cancer is however far less clear so what we learn about the function of 

oncogenes that maybe involved in lung cancer cannot yet be placed in context.

1.10.2.8. THE TUMOUR SUPRESSORS RB AND P53

The two tumour supressor oncogenes p53 and Rb are frequently both deleted 

or defective in SCLC (Yokota et al., 1987; Harbour et al., 1988; Takahashi et al., 

1989; Takahashi et al., 1991). There have been several excellent reviews on p53 

and its functions and so only a brief summary is given here (Pietenpol and 

Vogelstein, 1993; Marx, 1994; Vogelstein and Kinzler, 1994; White, 1994). p53 

is a sequence specific DNA-binding protein that functions as a transcription factor. 

The genes induced by p53 appear to be important in regulating the cell cycle, gene 

repair and apoptosis (automated cell death; reviewed in (Hoffman and Liebermann,

1994)). For this reason p53 is thought to be important in protecting cells from 

damage. Indeed, after UV exposure increased p53 levels enhance p21 expression 

which encodes a protein that inhibits cyclin dependent kinases required for cell 

cycle progession and therefore arrests cells in cell cycle. Another gene stimulated 

by p53 is Gadd45 which encodes a protein important in DNA repair. The 

mechanism by which p53 induces apoptosis is not clear.

Recently, it has become clear that Rb and p53 have a special relationship. 

The Rb suppressor oncogene has been initially identified for its role in
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retinoblastomas (reviewed in (Weinberg, 1990; Harlow, 1992)). It encodes a 

105kDa protein which in its hypophosphorylated state inhibits the activity of the 

E2F family of transcription factors. E2F regulates the transcription of a number of 

genes involved in initiating DNA synthesis and thus Rb plays a crucial role in 

blocking the G i/S  transition of the cell cycle. Interestingly, the p21 protein, 

induced by p53 when cells are subjected to damage by UV radiation, blocks the 

phosphorylation of Rb which is then able to bind E2F. Thus, if Rb is knocked out 

one of the targets of p21 and hence p53 for stopping the cell cycle is removed. It 

turns out from a variety of knockout studies of Rb and or p53 that p53 induces 

apoptosis in Rb negative cells and thus prevents the development of tumours. In 

contrast, when both Rb and p53 are absent apoptosis is not induced and tumours 

are frequently formed at least in some tissues (Morgenbesser et al., 1994; 

Williams et al., 1994). This is very interesting since both Rb and p53 are 

frequently defective or deleted in many cancers including SCLC. Thus, the obvious 

inference is that Rb negative cancer cells are surviving because p53 mediated 

apoptosis cannot occur when p53 is also deleted.

The loss of p53 seen in virtually all SCLC patients seems to have additional 

roles. For example, tumours which contain p53 are far more sensitive to cytotoxic 

drugs than those that are p53 negative. This again appears to be related to p53 

dependent apoptosis (Lowe et al., 1993; Lowe et al., 1994). Another example 

concerns the role of p53 in c-myc induced apoptosis which is described below.

1.10.2.b THE ROLE OF THE MYC PROTO-ONCOGENE

Proto-oncogenes encode normal cellular proteins which are highly 

conserved during evolution (including viruses, hence v-onc for virally encoded 

oncogene) and are often of crucial importance in controlling cell proliferation. 

Deregulation of these genes causes them to behave as dominant oncogenes leading to 

the development of neoplasms. The myc family of proto-oncogenes such as c-myc, 

N-myc and L-myc have been implicated in many human tumours including SCLC 

(Johnson et al., 1988). The function of these genes and their protein products is 

under investigation and currently the best studied is c-myc. The normal c-myc 

gene encodes a DNA binding nuclear phosphoprotein implicated in the promotion of 

two seemingly diverse processes: cell growth and apoptosis (reviewed in (Evan and 

Littlewood, 1993)). The deregulation of c-myc transcription as a result of for 

example chromosome translocation from its normal position on chromosome 8 to 

chromosome 14, 2, or 22 has been implicated in the development of Burkitt's 

lymphoma. The c-myc gene is amplified in <35 % of SCLC tumours and cell lines
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but increased expression of mRNA and protein product is more common 

(Richardson and Johnson, 1993).

H-Myc located on chromosome 2 and L-myc located on chromosome 1 p are 

amplified in <20% of SCLC tumours (reviewed in (Richardson and Johnson, 

1993)). it should be stressed that amplification does not always correlate with 

increased expression or deregulated function of gene products. N-myc is implicated 

in the development of neuroblastomas (Brodeur et al., 1984) but while L-myc was 

first identified and is only expressed in SCLC (Nau et al., 1985) its role in this 

disease is unclear. The normal functions of these myc family proteins are not 

known but are thought to be similar to c-myc in view of their phosphoprotein, DNA 

binding, and transforming characteristics. However, neither N-myc nor L-myc 

have yet been implicated in apoptosis. Some SCLC lines express an abnormally 

large L-myc protein (Mâkeiâ et al., 1991b) which was subsequently found to be 

due to an intrachromosomal rearrangement resulting in the fusion of the L-myc 

gene with a new gene termed r/f also located on chromosome Ip  (Makela et al., 

1991a). The function of this fusion protein and its frequency of occurrence in 

SCLC is being investigated. Interestingly, other proto-oncogene fusion proteins 

have been shown to have increased activity and mediate the malignant phenotype 

e.g. c-abl-bcr in chronic myeloid leukaemia (Lugo et al., 1990). It is therefore 

tempting to speculate that the rIf-L-myc fusion protein may also be involved in 

mediating SCLC tumorigenesis. However, many of the myc changes discussed above 

are seen in samples or cell lines from metastatic disease or previously treated 

patients suggesting that the myc proto-oncogene changes are not early events in the 

development of SCLC e.g. (Yokato et ai., 1988). Nevertheless, DNA amplification of 

myc family genes and in particular c-myc has been associated with shortened 

survival in SCLC patients (Yokato et al., 1988; Noguchi et ai., 1990; Brennan et 

al., 1991).

Whatever the stage of involvement of the various myc proteins in SCLC, one 

recent observation is interesting: c-myc does not appear to be able to induce 

apoptosis in fibroblast cells lacking p53 (Hermeking and Eick, 1994). Thus the 

almost universal deletion/abnormality of p53 function in SCLC may be involved in 

yet another potential process aiding malignant ceil survival in this disease.

1.11. GROWTH FACTORS AND SCLC

Normal cellular growth depends on stimulation by external growth factors. 

An early clue that growth factors maybe important in sustaining the growth of 

SCLC came from attempts to establish ceil lines from human SCLC specimens using 

non-seiective medium containing foetal bovine serum. This medium frequently
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supported the growth of fibroblasts and other non SCLC cells resulting in a poor 

efficiency for establishing SCLC cell lines. Consequently, investigators developed a 

serum free medium (HITESA) which could support the growth of SCLC cells but not 

other contaminating cells. The use of HITESA increased the success rate for 

establishing SCLC cell lines from human specimens from 10% to 45% (Simms et 

al., 1980). Similar results have been reported for establishing NSCLC cell lines 

using a different serum free medium (Gazdar and Minna, 1986). Three simple 

explanations could explain the growth of SCLC cells in serum free medium: 1) the 

cells produce growth factors that act in an autocrine or paracrine fashion to drive 

cell division or 2 ) the cells have an inate ability to proliferate because of an 

internal mutation deregulating growth factor controlled proliferation and 3) a 

combination of these mechanisms may exist. Much data has now been accumulated 

demonstrating that the first of these explanations largely accounts for the ability of 

SCLC cells to grow in serum free medium. One of the hall marks of SCLC cells are 

the neurosecretory granules which contain many peptide hormones. More than 20 

of these hormones have been detected in SCLC and NSCLC serum free culture 

medium (Sorenson et al., 1981; Gazdar et al., 1985a) some of which are listed in 

table 1.12. The nature and role of these hormones in SCLC growth is discussed 

below.

1.12. NEUROPEPTIDE GROWTH FACTORS IN SCLC

Hormones produced by SCLC cells (listed in table 1.12) include 

neuropeptides such as bombesin, neurotensin, cholecystokinin and vasopressin 

(reviewed in (Sethi et al., 1992a)). Among these, only bombesin-like peptides, 

which include GRP, have been shown to act as autocrine growth factors for certain 

SCLC cell lines (Cuttitta et al., 1985; Mahmoud et al., 1991). Subsequent work 

has led to clinical studies using anti-GRP antibodies in SCLC patients in which only 

1 of 42 patients has so far responded (see section 1.9.7). This lack of response can 

now be explained in the light of more recent data reviewed below which suggest that 

multiple neuropeptides can stimulate the growth of SCLC cells.
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Table 1.12. Peptides and hormones secreted by SCLC

ACTH (Becker et al., 1984)

Atrial naturetic peptide + R"' (Bliss et al., 1990; Ohsaki et al., 1994)

Calcitonin gene related product (Bepler et al., 1988)

COK + R (Moody, 1988; Sethi et al., 1993)

Chorionic gonadotrophin (Sorenson et al., 1981; Gazdar and Carney, 

1 9 8 4 )

FSH (Sorenson et al., 1981)

GRP/bombesin + R (Moody et al., 1981; Moody et al., 1985a)

Gastrin + R (Gazdar and Carney, 1984; Sethi and 

Rozengurt, 1992; Sethi et al., 1993)

GM CSF + R (Abe et al., 1984; Avalos et al., 1990)

Growth hormone (Sorenson et al., 1981)

Glucagon (Sorenson et al., 1981; Bepler et al., 1988)

Hepatocyte growth factor + R (Rygaard et al., 1993)

IGF-1 + R (Macaulay et al., 1990)

Lipotrophin (Sorenson et al., 1981; Abe et al., 1984)

Neuromedin B (Cardona et al., 1991)

Neurotensin + R (Moody et al., 1985b; Bepler et al., 1988; 

Woll and Rozengurt, 1989)

Opioid peptides + R (Roth and Barchas, 1986)

Oxytocin (Sorenson et al., 1981; Sausville et al., 

19 8 5 )

Parathyroid hormone (Sorenson et al., 1981)

Physalaemin (Lazarus and Hernandez, 1985)

Prolactin (Sorenson et al., 1981)

Serotonin + R (Sorenson et al., 1981; Cattaneo et al., 1993)

Somatostatin + R (Wood et al., 1981)

Stem cell factor + R (Hibi et al., 1991; Sekido et al., 1991)

Vasopressin + R (North et al., 1980; Woll and Rozengurt, 

1 9 8 9 )

1R: receptors also known to be expressed
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1.12.1. MULTIPLE NEUROPEPTIDES STIMULATE EARLY SIGNAL

TRANSDUCTION AND CLONAL GROWTH IN SCLC CELL LINES

As previously elucidated in murine 3T3 cells, GRP stimulates mobilization 

of intracellular Ca^+ and inositol phosphate production in SCLC cells (Heikkila et 

al., 1987). In a subsequent study, multiple neuropeptides were screened for their 

ability to induce a rapid increase in [Ca^+Jj in different SCLC cell lines (Woll and 

Rozengurt, 1989). This assay should be regarded as an indicator of a productive 

ligand-receptor interaction. Ca^+ mobilization is, as discussed in section 1.5.3 

and shown in Fig. XXX, one of the components of a complex array of signalling 

events rather than the signal that promotes cell growth. Woll and Rozengurt (Woll 

and Rozengurt, 1989) demonstrated that multiple neuropeptides induce a rapid and 
transient increase in [Ca^+Jj in SCLC cell lines (see table 1.12.1). The Ca2+- 

mobilizing effects are mediated by distinct receptors as shown by the use of 

specific antagonists and by the induction of homologous desensitization (Sethi and 

Rozengurt, 1991a; Sethi and Rozengurt, 1991c). This has been subsequently 

confirmed by studies using Northern hybridization to determine the expression of 

mRNA of specific receptors in individual SCLC cell lines (Battey et al., 1990; 

Sethi et al., 1993). The expression of these receptors is heterogeneous among 

these lines. Studies carried out in other laboratories are in agreement with these 

results (e.g. (Woll and Rozengurt, 1989; Bunn et al., 1990)).

In view of the findings discussed above, it has been hypothesized that SCLC 

growth is regulated by multiple autocrine and/or paracrine circuits involving 

Ca2+-mobilizing neuropeptides. In line with this hypothesis, the colony growth of 

SCLC cells has been shown to be stimulated by multiple neuropeptides, including 

bombesin, bradykinin, cholecystokinin, neurotensin and vasopressin (Sethi and 

Rozengurt, 1991c). Further studies, showed that galanin and gastrin also act as 

cellular growth factors for SCLC cells (Sethi and Rozengurt, 1991a; Sethi and 

Rozengurt, 1992; Sethi et al., 1993). These novel findings are important because 

they suggest that the previously identified autocrine growth loop of bombesin-like 

peptides is only one of an extensive network of paracrine and autocrine circuits 

that sustain the proliferation of SCLC. Approaches designed to block SCLC growth 

must take into account this mitogenic complexity.
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Table 1.12.1: The effect of 
neuropeptides on [Ca2 + ]j

EFFECTIVE

multiple peptide hormones and 

mobilization in SCLC cell lines

NON EFFECTIVE

Bombesin/GRP ACTH

Bradykinin Angiotensin 1, II, III

Cholecystokinin Atrial natriuretic peptide

Galanin Calcitonin

Gastrin Chorionic gonadotrophin

Neurotensin Dynorphin

Vasopressin a-endorphin

Endothelin

Epinephrine

Follicle stimulating hormone

GHRH

GIP

Glucagon

5-hydroxytryptam ine

Leu-enkephalin

Neuropeptide-Y

Parathyroid hormone

Substance K

Substance P

TRH

Intracellular Ca2+ was measured in SCLC cell lines NCI H69, H510, H345, H209, H128 

with the indicator fura-2/AME as described in Materials and Methods. Effective peptides 

resulted in consistant large responses at nanomolar concentrations, the responses in the 

various cell lines were heterogeneous (Woll and Rozengurt, 1989).

1.12.2 BLOCKING THE ACTION OF MULTIPLE NEUROPEPTIDES: BROAD 

SPECTRUM ANTAGONISTS

As our understanding of the effects of growth factors in cancer increases, it 

has become possible to plan rational therapeutic interventions. If an autocrine 

growth loop is considered, in which cells synthesize, secrete, bind and respond to 

the same growth factor, it is evident that interruption of this cycle at any point 

will block mitogenesis. Paracrine growth could be blocked in the same way. As
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discussed in the preceding sections, the emerging view is that SCLC constitutes a 

special case in which unrestrained proliferation appears driven, at least in part, 

by multiple autocrine and paracrine circuits involving Ca^ + -m o b iliz in g  

neuropeptides. Consequently, several approaches for developing new treatment of 

SCLC could be envisaged including agents that may inhibit the secretion of peptides 

from tumour cells e.g. bromocriptine (Ishibashi et al., 1994) or antagonists 

capable of blocking the biological effects of multiple neuropeptides (i.e. broad 

spectrum neuropeptide antagonists).

The first compound to be identified as a broad spectrum neuropeptide 

antagonist was an analogue of substance P, [D-Arg^, D-Pro^, D-trp^>^, Leu**"*] 

substance P called antagonist A (AntA see table 1.12.2). Substance P (SP) is 

structurally unrelated to the bombesin like peptides or for that matter any of the 

neuropeptides known to induce Swiss 3T3 or SCLC growth. Nevertheless, AntA was 

found to be both a substance P antagonist and an inhibitor of bombesin induced 

pancreatic secretion (Lundberg et al., 1983; Jenson et al., 1984). It was 

subsequently found to block "*25|_g r p  binding (Zachary and Rozengurt, 1985) 

and bombesin stimulated early signalling events including Ca^+ mobilization 

(Mendoza et al., 1986; Woll and Rozengurt, 1990; Langdon et al., 1992), PKC 

activation (Erusalimsky et al., 1988), tyrosine phosphorylation (Zachary et al., 

1991a), c-fos and c-myc induction (Rozengurt and Sinnett-Smith, 1988) and 

stimulation of DNA synthesis (Zachary and Rozengurt, 1985; Zachary et al., 

1986; Woll and Rozengurt, 1988a; Woll and Rozengurt, 1990) in Swiss 3T3 

ceils. In contrast, it did not inhibit mitogenesis stimulated by polypeptide growth 

factors, such as EGF or PDGF, but was found to block vasopressin-stimulated 

mitogenesis (Zachary and Rozengurt, 1986). Further substance P analogues were 

therefore studied in order to identify more potent antagonists that could be tested in 

SCLC (Woll and Rozengurt, 1988a; Woll and Rozengurt, 1990).

Two interesting compounds were [D-Arg1, D-Phe^, D-Trp^«®, Leu^ l] SP 

termed Antagonist D (AntD) and [Arg®, D-Trp^>9, MePhe®] SP(6-11) called 

Antagonist G (AntG, see table 1.12.2). Both antagonists reversibly inhibited GRP- 

stimulated mitogenesis in Swiss 3T3 cells, AntD being 5 fold more potent than AntA 

and AntG being slightly less potent than AntA (Woll and Rozengurt, 1990). In 

contrast, AntD and G were equipotent inhibitors of vasopressin induced 

mitogenesis. In addition, the antagonists were found to block mitogenesis stimulated 

by the neuropeptides bradykinin and endothelin (Woll and Rozengurt, 1988b; Woll 

and Rozengurt, 1988a; Fabregat and Rozengurt, 1990). It is important to 

emphasize that these antagonists do not block DNA synthesis stimulated by:
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1) polypeptide growth factors such as PDGF which stimulates Ca^+ mobilization 

via PIP2 -PLCy (see section 1.2.1.C) rather than by heterotrimeric G protein 

(Gq) activation of PIP2 -PLCP (Woll and Rozengurt, 1990)

2) or inhibits mitogenesis stimulated by the non-Ca2+ mobilizing neuropeptide, 

vasoactive intestinal peptide which utilizes Gg to stimulate cAMP accumulation 

(Woll and Rozengurt, 1988a).

Thus the substance P analogue antagonists show specificity against the calcium 

mobilizing neuropeptide mitogens, bombesin/GRP, vasopressin, bradykinin and 

endothelin, which act through distinct receptors in Swiss 3T3 cells.

The conclusion that the SP analogues compete with neuropeptide binding to 

their corresponding receptors is surprising in view of the lack of structural 

similarity between these agonists and antagonists. Classic antagonists compete at 

the same site as ligand for receptor binding and are thus specific to one ligand. 

These antagonists have been empioyed to analyse hormone function, ligand receptor 

interaction, receptor diversity, and in the treatment of many diseases. The SP 

analogues described here constitute a different family of antagonists which may 

provide a novel antiproliferative agent against SCLC.

TABLE 1.12.2. Bombesin/GRP and broad spectrum antagonists amino 
acid sequence comparison

B om besin : pG lu-G ln-A rg-Leu-G ly-A sn-G ln-T rp -A la-V a l-G ly-H is-Leu-M et-N H a 

Broad spectrum antagonists (substance P analogues)

Substance P: Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2

Antagonist A: DArg-DPro-Lys-Pro-G ln-G ln-DTrp-Phe-DTrp-Leu-Leu-NH2

Antagonist D: DArg-Pro-Lys-Pro-DPhe-G ln-DTrp-Phe-DTrp-Leu-Leu-NH2

Antagonist G: Arg-DTrp-MePhe-DTrp-Leu-Met-NH2

1.12.3. BROAD SPECTRUM ANTAGONISTS ANTD AND ANTG BLOCK SCLC 

GROWTH

Since multiple neuropeptides have been implicated in driving the growth of 

SCLC it was logical to test the effect of the SP analogue antagonists on this tumour. 

The broad spectrum antagonists AntD and AntG inhibited Ca^+ mobilization
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stimulated by GRP, vasopressin, bradykinin, cholecystokinin and galanin in 

diverse SCLC cell lines and inhibited the growth of these lines in liquid and semi

solid media (Woll and Rozengurt, 1990; Sethi and Rozengurt, 1991c; Sethi and 

Rozengurt, 1991a). AntD and AntG were equipotent, with half-maximal effect at 

about 20 pM, whereas antagonist A was 5-fold less potent.

The antagonists caused a dramatic decrease of the cloning efficiency of these 

cells both in the absence (basal colony formation) (Woll and Rozengurt, 1990) or 

presence of neuropeptide stimulation (Sethi and Rozengurt, 1991a; Sethi et al., 

1992b). The striking finding that broad spectrum antagonists inhibit the basal and 

stimulated clonal growth of many cell lines regardless of positivity for bombesin 

receptors, suggests that broad spectrum antagonists could be more useful 

anticancer drugs than ligand-specific growth factor antagonists.

As a first step to test this possibility, the effect of broad spectrum 

antagonist on the growth of SCLC xenografts was examined. The antagonists 

inhibited the growth of the tumor when administered either peritumorally or 

systemically via miniosmotic pumps as compared with the control group (Langdon 

et al., 1992). The inhibitory effect was clearly maintained beyond the duration of 

administration. These results have been substantiated by others (Everard et al.,

1993) and demonstrate that broad spectrum antagonists can inhibit SCLC growth 

in vivo as well as in vitro.

1.12.4. MECHANISM OF ACTION OF SP ANALOGUE ANTAGONISTS?

In view of the potential therapeutic value and impending clinical trials of 

these broad spectrum neuropeptide antagonists, an understanding of their 

mechanism of action is imperative. Although it is tempting to speculate that they 

may work by binding to a common domain shared between different neuropeptide 

receptors, other possibilities may exist such as an interaction with heterotrimeric 

G proteins. Indeed, several previous reports have shown that SP in common with a 

number of other hydrophobic peptides, are capable of crossing or inserting into the 

cell membrane of intact cells. SP, at micromolar concentrations, directly promotes 

G protein activation of PIP2 -PLC, without acting on the receptor, in both intact 

cells and in reconstituted lipid vesicles (Mousli et al., 1989; Aridor et al., 1990; 

Higashijima et al., 1990). Therefore, it is unclear whether AntD and AntG, which 

like SP are also hydrophobic, act at a common point distal to the neuropeptide 

receptors, such as the G protein, or act directly on the receptors to prevent ligand 

binding.
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1.13. POLYPEPTIDE AND OTHER GROWTH FACTORS IN SCLC

Although SCLC has traditionally been thought to be responsive largely to 

neuropeptide growth factors, there is increasing evidence that several polypeptide 

growth factors are secreted and can stimulate SCLC cells (see table 1.12). The 

first such factor to be identified in SCLC cells was insulin-like growth factor-1 

(IGF-I). Subsequently other polypeptide growth factors and their receptors have 

been shown to be expressed in SCLC cells including stem cell factor (SCF) and 

hepatocyte growth factor (HGF). Below is a brief overview on what is known about 

these growth factors in SCLC. There is currently no evidence implicating PDGF and 

only weak evidence suggesting that EGF may play a role in SCLC.

1.13.1. INSULIN-LIKE GROWTH FACTOR-1

IGF-I also known as somatostatin C, is a 70 amino acid peptide closely 

related to insulin (Clemmons, 1989). IGF-I binds to distinct high affinity 

receptors with intrinsic tyrosine kinase activity, which mediates its mitogenic 

effects in a variety of cell types including fibroblasts, erythroid progenitor cells, 

and breast and thyroid tumours (Clemmons, 1989; Williams et al., 1989; Rosen 

et al., 1991). Interestingly, high concentrations of insulin which are required for 

serum-free culture of SCLC cells are known to activate the IGF-I receptor (Simms 

et al., 1980). This suggested that IGF-I receptors may be expressed in SCLC cells. 

Indeed, IGF-I has now been shown to be an autocrine growth factor for SCLC as 

evidenced by its synthesis, the presence of IGF-I receptors, and the ability of IGF-I 

receptor antibodies to block the growth of SCLC cells stimulated by IGF-I 

(Nakanishi et al., 1988; Macaulay et al., 1990).

Receptors for IGF-I have been found in most SCLC cell lines examined and 

furthermore these cell lines grow in response to IGF-I i.e. the response is largely 

homogenous (Havemann et al., 1990; Macaulay et al., 1990). This is in marked 

contrast to neuropeptide receptor expression, where only some SCLC cell lines 

express any one particular neuropeptide receptor and the corresponding response 

of multpile SCLC cell lines is therefore heterogeneous. It is tempting to speculate 

that IGF-I may play an important role in stimulating SCLC growth. Since insulin 

synergises with bombesin and other factors to stimulate mitogenesis in Swiss 3T3 

cells it is plausible that IGF-I may also synergise with neuropeptides in SCLC. The 

use of specific IGF-I receptor blocking antibodies or antisense oligonucleotides to 

inhibit IGF-I receptor expression has already been reported to inhibit the growth 

of several different cancers in nude mice e.g. rhabdomyosarcomas (Kalebic et al.,

1994) or glioblastomas (Trojan et al., 1993) but have not been tested on SCLC
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xenografts. These reports raise the possibility of novel cancer therapies based on 

of IGF-I inhibitors.

1.13.2. STEM CELL GROWTH FACTOR AND HEPATOCYTE GROWTH FACTOR

SCF and HGF, their receptors, second messenger pathways and effects on 

normal tissues have been discussed in sections 1.2.2 and 1.2.3, respectively. SCF 

interacting through its specfic receptor c-kit, has been shown to induce 

proliferation in both its normal target tissues and in certain malignancies 

including leukaemias (Kuriu et al., 1991), and glioblastomas (Berdel et al.,

1992). In addition, the expression of the SCFR either alone or in conjunction with 

its ligand has implicated this growth pathway in germ cell (Strohmeyer et al.,

1991) and gynaecological tumours (Inoue et al., 1994), although the function of 

the receptor in this setting has not been examined. Recent studies have shown that 

SCF and its receptor are widely expressed and frequently co-expressed in SCLC cell 

lines and tumours (Hibi et al., 1991; Sekido et al., 1991; Turner et al., 1992; 

Rygaard et al., 1993; Sekido et al., 1993). Interestingly, chromosome 4, where 

the c-kit gene is located undergoes frequent changes in SCLC tumours. This could 

therefore explain why c-kit is expressed so frequently in SCLC and is not found in 

normal lung tissue. In addition, at least 1 point mutation resulting in an amino acid 

substitution in the transmembrane domain of the SCFR, c-kit, has been identified 

(Sekido et al., 1993). However, this has not been associated with any functional 

change.

Functional studies have revealed that SCF induces c-k it 

autophosphorylation, chemotaxis and may weakly stimulate growth in SCLC cell 

lines (Turner et al., 1992; Sekido et al., 1993). In contrast, SCF has been shown 

to inhibit the growth of melanoma cell lines and the loss of the SCFR has been 

associated with melanoma progression and breast cancer (Natali et al., 1992a; 

Natali et al., 1992b; Zakut et al., 1993). Therefore, in view of the above some 

controversy exists as to whether SCF is a mitogen for cancer cells.

HGF acting through its specific receptor c-met, is a multifunctional 

cytokine with activities on a wide variety of normal and neoplastic cells. HGF is a 

mitogen, dissociation and motility factor for many epithelial cells (Gherardi and 

Stoker, 1991), stimulates invasion of carcinoma cells (Weidner et al., 1990) and 

tubulogenesis of tubular epithelial cells (Montesano et al., 1991). In cancer, the 

role of HGF and its receptor is unclear. Some reports show that HGF inhibits the 

growth of cancer cells (Tajima et al., 1991) including hepatocellular cancer 

(Shiota et al., 1992) where HGF is known to be an extrememly potent mitogen in 

the non-neoplastic state (Gherardi and Stoker, 1991). However, others have
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shown that c-met is overexpressed in a variety of tumours and that met 

overexpression with or without its ligand in NIH 3T3 cells (mouse fibroblasts) 

results in tumours (Rong et al., 1992) that are invasive and metastatic in nude 

mice (Rong et al., 1994). In SCLC cell lines, c-met is commonly expressed but its 

ligand is produced infrequently (Rygaard et al., 1993). Nevertheless, HGF is 

known to be produced by normal lung tissue (Yanagita et al., 1992; Tsao et al.,

1993) and so it is possible that it can act as a paracrine factor for SCLC. However, 

the functional significance of HGF and its receptor in SCLC remains unknown.

1.13.3. SERUM AND SCLC: POSSIBLE ROLE OF LPA

While the response of individual SCLC cell lines to a range of neuropeptides 

is heterogenous, serum has been shown to stimulate the mobilization of Ca^+ and 

colony growth of most SCLC cell lines examined (Carney et al., 1987; Bunn et al.,

1992). The role of Ca^+ mobilization and the identity of growth factor(s) in 

serum which induce SCLC growth remain unknown. Recently, the bioactive lipid 

LPA has been shown to be one of the major lysophospholipids in serum to stimulate 

growth and to promote differentiation in a variety of cell lines (reviewed in 

(Moolenaar, 1994)). LPA binds to a putative seven transmembrane spanning 

receptor which activates a number of different signalling pathways (reviewed in 

section 1.7.1) including heterotrimeric G protein mediated stimulation of PIP2 - 

PLC. This results in the rapid hydrolysis of phosphotidylinositol 4,5-bisphosphate 
into IP3 and DAG which cause Ca^+ mobilization and PKC activation, respectively. 

It remains unknown whether LPA is also responsible for serum induced Ca^ + 

mobilization and growth in SCLC cell lines.

1.14. THE THESIS

This thesis will be divided into two major areas of investigation:

1 ) Neuropeptides such as bombesin and several other growth factors including LPA 

and PDGF have been shown to stimulate tyrosine phosphorylation of a number of 

similar substrates including p125^AK ^nd paxiliin in Swiss 3T3 cells. While 

PDGF signals through a receptor with intrinsic tyrosine kinase activity, 

bombesin binds to a receptor that lacks intrinsic tyrosine kinase activity. It is 

unclear how receptors which lack intrinsic tyrosine kinase activity may couple 

to tyrosine kinases such as p12sFAK Furthermore, the role of tyrosine 

phosphorylation in neuropeptide mediated mitogenesis is unknown. The thesis 

will investigate:
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a) the role of G proteins in mediating tyrosine phosphorylation in Swiss 3T3 

cells by developing a permeabilized cell system to introduce various agents.

b) the role of tyrosine kinases in bombesin mediated mitogenesis by using a 

tyrosine kinase inhibitor (tyrphostin).

2) The development of novel therapies for SCLC is urgently required. An 

understanding the basic biology of this tumour including the identification of 

growth factors which drive its proliferation will be of help in this respect, and 

has already led to a potential new treatment based on broad spectrum 

neuropeptide antagonists. These antagonists, which are in fact SP analogues, will 

shortly enter clinical phase I studies but their mechanism of action is not clearly 

known. While the response of individual SCLC cell lines to a range of 

neuropeptides is heterogenous, serum has been shown to stimulate the 

mobilization of Ca^+ and colony growth of most SCLC cell lines examined (Carney 

et al., 1987; Bunn et al., 1992). The role of Ca^+ mobilization and the identity 

of growth factor(s) in serum which induce SCLC growth remain unknown. The 

thesis will investigate:

a) the mechanism of action of SP analogue broad spectrum neuropeptide 

antagonists using the Swiss 3T3 cell model system

b) the role of serum, LPA, HGF and SCF on Ca^+ mobilization and growth of 

SCLC cells.

c) the effect of tyrphostin either alone or in conjunction with a SP analogue 

antagonist on the growth of SCLC cells, in view of the results obtained 

concerning the role of tyrosine phosphorylation in neuropeptide mediated 

mitogenesis in Swiss 3T3 cells.
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Chapter 2

M a t e r ia l s  a n d  M e t h o d s

2.1. CELL LINES AND CULTURE

2.1.1. SWISS 3T3 CELLS:

Swiss 3T3 cells (Todaro and Green, 1963)were propagated in Dulbecco's 

modified Eagles medium (DMEM), with 10% foetal bovine serum, 100 units/ml 

penicillin and 100p,g/ml streptomycin in a humidified atmosphere of 10% CO2 at 

37°C . Stock 90 mm Nunc dishes were maintained at subconfluent density by 

subculturing twice per week using a trypsin solution (0.5 mg/ml solution of 

trypsin in 0.2 mg/ml EDTA) at a cell density of 5 x 10^ cells per dish. Stock 

cultures were replaced approximately every two months from liquid N2 frozen 

cells.

For experimental purposes, Swiss 3T3 cells were subcultured to 33 mm 

Nunc petri dishes at a density of 10^ cells per dish or to 90 mm Nunc petri dishes 

at 5 X 10^ cells per dish in DMEM containing 10% foetal bovine serum. After 5-7 

days the cultures were confluent and quiescent (Dicker and Rozengurt, 1980), and

were used between 6 and 8 days after plating.

2.1.2. COS-1 CELLS

The COS-1 cell line used in this thesis was propagated in DMEM, with 10% 

foetal bovine serum, 100 units/ml penicillin and lOOpg/ml streptomycin in a 

humidified atmosphere of 10% CO2 at 37^0. Stock 90 mm Nunc dishes were 

maintained at subconfluent density by subculturing twice per week using a trypsin 

solution (0.5 mg/ml solution of trypsin in 0.2 mg/ml EDTA) at a cell density of 1 

X 10^ cells per dish. In some cases, for experimental purposes the cells were 

subcultured to 33 mm Nunc petri dishes at a density of 10^ cells per dish in 

DMEM containing 10% foetal bovine serum. After 3-4 days the medium was 

exchanged to DMEM containing 0.5% foetal bovine serum and the culutres used 

after a further 3-4 days. For transfection experiments the COS-! ce;lls were 

subcultured to 33 mm Nunc petri dishes at a density of 1-2 x 10^ cells per dish in

DMEM containing 10% foetal bovine serum and used 1-4 days afer plating.
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2.1.3a. SCLC-CELL LINES

SCLC cell lines H510, H69 and H345 (Carney et al., 1985) were 

generously donated by Dr. A. Gazdar (Bethesda, USA) and purchased from the 

American Type Culture Collection. All of these lines have been well characterized.

Cell line H69 H345 H510

Sex M M M

Prior treatment Yes Yes Yes

Source Pleural effusion Adrenal Bone Marrow

Class Classic Classic Classic

DDC u/mg 240 98 214

CK-BB pg/mg 2 .2 5.8 2.7

NSE ng/ml 817 4075 491

BLI pmol/mg 1.7 4.7 7.4

Abbreviations: DDC, L-dopa decarboxylase (elevated > 1.0 u/mg); CK-BB, creatine 

kinase brain isoenzyme (elevated > 0.4 pg/mg); NSE, neuron specific enolase 

(elevated > lOOng/mg); BLI, bombesin-like immunoreactivity (elevated > 0.1 

pm ol/m g).

Cytogenetic studies established that these cell lines were all of human 

origin and that they had the following chromosome numbers:

H69

H345

H510

63-73 chromosomes/cell and double 

minutes in some 

53-69 chromosomes/cell 

37-49 chromosomes/cell

For experimental purposes all cell lines were used at the lowest possible 

passage number and regulary screened for mycoplasma infection. All lines were 

consistently negative.

2.1.3b. SCLC CELL CULTURE

Stocks were maintained in RPMI 1640 medium supplemented with 10% 

foetal bovine serum (heat-inactivated at 57°C for 1 h) in a humidified atmosphere 

of 10% CO2 at 37°C. They were passaged every 7 days. For experimental purposes,
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the cells were grown in HITESA which consists of RPMI 1640 medium 

supplemented with lOnM hydrocortisone, 5p.g/ml insulin, 10|xg/ml transferin, 

lOnM oestradiol, 30nM selenium and 0.25% bovine serum albumin (essentially 

fatty-acid and globulin free, Sigma A-7030) (Simms et al., 1980). S t o c k  

solutions used: hydrocortisone hemisuccinate lOOpM in water; bovine insulin 

1 mg/ml in 6mM MCI; transferrin lOmg/ml in PBS; oesradiol lOOpM in PBS; 

sodium selenite 100|xM in PBS. All solutions were stored at -20°C.

2.2. ANALYSIS OF TYROSINE PHOSPHORYLATION IN SWISS 3T3 CELLS

2.2.1. FROM INTACT CELLS

Quiescent and confluent cultures of cells in 33mm dishes were washed twice 

with DMEM, and then incubated for 18 h in a 1:1 ratio of DMEM and Waymouth 

medium with or without 20[iM tyrphostin (SOmM stock solution in dimethyl 

sulfoxide). They were then treated with bombesin in 1 ml of this medium and lysed 

at 4°C in 1 ml of a solution containing lOmM Tris/HCI, pH 7.6, 5mM EDTA, SOmM 

NaCI, 30mM sodium pyrophosphate, SOmM NaF, 100p.M NagVO ^ , SOmM 

phenylmethylsulfonylfluoride and O.S% Triton X 100 (lysis buffer). In other 

experiments washed dishes were immediately stimulated with various factors in 

DMEM for the indicated times prior to lysis.

2.2.2. FROM PERMEABILIZED CELLS 

2.2.2a. STREPTOLYSIN O PERMEABILIZATION OF CELLS

Previous studies have shown that the pore size induced by SLO depends on 

both the concentration and length of exposure to the agent (Buckingham and 

Duncan, 1983). In our own preliminary studies, cultures of Swiss 3T3 cells in 

33mm dishes were labelled for S h in 1 ml of DMEM medium containing [^H ] 

uridine (1 |iCi/ml; 1p,M) to label the DTP pool. The dishes were then washed in 

DMEM twice prior to incubating with increasing concentrations (O.OS U/ml - 2.4 

U/ml) of SLO dissolved in permeabilization solution (see following section) for 10 

min at 37°C. Maximum labelled UTP release occurred at 0.4 U/ml SLO. In further 

experiments we demonstrated that maximum release of labelled UTP occurred after 

a 1 min exposure to 0.4 U/ml SLO (data not shown).
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2.2.2b. TYROSINE PHOSPHORYLATION IN PERMEABILIZED CELLS

Confluent and quiescent cultures of Swiss 3T3 cells in 33mm dishes were 

washed twice in DMEM prior to incubation in permeabilization solution at 37°C . 

This comprised 120mM KOI, 30mM NaCI, 2.5mM MgCl2, 1mM K2 HPO4 , 10mM 

piperazine-N,N'-bis-[2-ethanesulfonic acid], 2mM EGTA, O.SmM CaCl2, KOH (to 

give pH 7.2), 1mM ATP, and SLO at 0.4 U/ml in the presence or absence of various 

compounds. One min later the cells were stimulated by addition of GTPyS at the 

concentrations indicated in the figure legends. The incubation was terminated after 

a further 1.5 min unless otherwise specified by cell lysis at 4°C in 1 ml of lysis 

buffer. In experiments where the concentration of free calcium in the 

permeabilization solution was increased this was achieved by increasing the total 

amount of CaCl2 added without altering the EGTA concentration and the free calcium 

concentration calculated as previously described (Fabiato and Fabiato, 1979). In 

experiments where permeabilized cells were stimulated with 30|xM AIF‘ 4 th is 

was made up freshly to give a final concentration of 30|liM AICI3 andIO mM NaF 

(Bigay et al., 1987).

2.2.2c. MAGNESIUM DOSE RESPONSE IN PERMEABILIZED CELLS

Confluent and quiescent cultures of Swiss 3T3 cells in 33mm dishes were 

washed twice in DMEM prior to incubation in modified permeabilization solution at 

37°C  lacking ATP and MgCl2 and containing 2mM EDTA with or without 5pM 

GTPyS. Increasing volumes of a 1M solution of MgCl2 was added to the modified 

permeabilization solution to give the indicated free magnesium concentration. The 

free magnesium concentration was calculated using the following equation: 

[M g2  + ]total = [M g2+]free x {1+[EDTA]tota|/([M g2 + ]fre e + K E D T A .M g ) + 

[G TP ]tota |/([M g2+]free + KQTP.Mg)} • The equilibrium constants used were 

KEDTA.Mg = IpM and KQTP.Mg = 60)liM (Mistou et al., 1992). After 1 min the 

solution was exchanged for standard permeabilization solution to allow the kinase 

reaction to occur and the incubation was continued for a further 1.5 min. The cells 

were then lysed as described above.

2.3. IMMUNOPRECIPITATIONS

Lysates were centrifuged at 15,000g for 20 min and in the experiments 

described in Chapter 4 the supernatants were precleared by incubation with 

albumin-agarose for 1 h at 4°C  prior to incubation with antibody. Since this 

preclearing step was shown to be unnecessary, in all subsequent experiments it
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was ommitted from the protocol. The supernatants were incubated for 4 h at 4°C 

with anti-mouse igG agarose-iinked mAbs directed against either phosphotyrosine 

(Py72 or oncogene science Py mAb), p12sFAK (mAb2A7) or paxiliin (mAb165) 

at 1 |ig/mi as indicated. The immunoprecipitates were washed 3 times with lysis 

buffer and further analysed by SDS-PAGE and Western blotting. Cells from 

parallel cultures treated in an identical fashion were suspended by trypsinization 

and counted using a Coulter counter to ensure equal numbers per condition.

2.4. SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

Slab gel electrophoresis was performed essentially according to the method of 

Laemmli (Laemmli, 1970). Specifically, the slab gels were 1.5mm thick with 

1.5cm of a 4% acrylamide stacking gel and 12cm of 8 or 10% acrylamide 

resolving gel. Washed immunoprécipitations were placed in 150p1 of 2 x sample 

buffer (3% SDS, 5% glycerol, 2% (3-mercaptoethanol, lOmM Tris HCI, pH 6 .8 ) 

and boiled at 100°C for 5 min prior to either storage at -20°C or electrophoresis. 

Stored samples were re-boiled at 100 °C for 5 min before running. In some cases, 

cultures in 30 mm dishes were washed twice with PBS and lysed directly into 2 x 

SDS/PAGE sample buffer. The cell lysates were scraped from the dishes, 

transferred to micorfuge tubes and then boiled at 100°C for 5 min. Samples were 

electrophoresed at 20V for 30 min, then run overnight at 50V and finally at 150V 

for 30 min before terminating the run. Gels for 80K/MARCKS and vimentin 

experiments were fixed in 25% methanol/10% acetic acid (vol/vol) prior to 

drying under vacuum for 2 h at 80°G. Radioactivity was detected at -70°C using 

Fuji x-ray film with exposure times of 12-72 h.

2.5. WESTERN BLOT ANALYSIS

2.5.1. BY WET BLOTTING (antl-Tyr antibody)

Immunoprecipitates were fractionated by SDS-PAGE as described above. The gels 

were incubated for 10 min in transfer buffer consisting of 20% methanol, 39mM 

glycine, 48mM Tris-HCI, 0.1 % SDS, pH 9.5 and then transferred 

electrophoretically in transfer buffer on to nitrocellulose filters (Hybond C Extra; 

Amersham UK or immobilon, Millipore) using a Bio-Rad wet-blotting apparatus 

(2h at 35 V and 2 h at 75 V). After completion of transfer, non-specific binding 

sites were blocked by incubation with 5% non-fat dried milk in PBS, pH 7.2, for 

1-2 h at room temperature or overnight at 4°C. The membranes were then washed



94

3 times in PBS before incubating in PBS containing 0.05% Tween-20 and 1|Lig/ml 

of both Py20 and 4G-10 anti Tyr-(P) mAbs for 1 h at room temperature. 

Immunoreactive bands were visualised using "^^Si-iabelled sheep anti-mouse IgG 

followed by autoradiography.

2.5.2. BY SEMI-DRY BLOTTING (anti-Gq antibody)

Polyacrylamide SDS gels were incubated for 10 min in transfer buffer 

consisting of 20% methanol, 39mM glycine, 48mM Tris-HCI, pH 9.5 and then 

transferred electrophoretically in transfer buffer on to nitrocellulose filters 

(Hybond 0  Extra; Amersham UK or immobilon, Millipore) using a LKB semi-dry 

blotting apparatus. After completion of transfer, non-specific binding sites were 

blocked by incubation with 5% non-fat dried milk in PBS, pH 7.2, for 1-2 h at 

room temperature or overnight at 4°C. The membranes were then washed 3 times 

in PBS before incubating in PBS containing 0.1% Tween-20 and a 1:2,500 
dilution of an antibody raised against the C-terminal decapeptide of G^q/11 for 2 h

at room temperature. The antiserum was raised in rabbits by using the C-terminal 
decapeptide of G^q conjugated to keyhole limpet haemocyanine. After 3 brief washes

in PBS containing 0.1% Tween-20, bound antibodies were detected by incubation 

for 1-2 h with 25|.protein A (0.2 p,Ci/ml) in PBS containing 0.1% Tween-20 

anti-mouse IgG followed by autoradiography. The filters were washed several times 

with PBS containing 0.1% Tween-20 and then exposed to X-Ray film for 12-48 h.

2.6. 32p l a b e l l in g  OF CELLS AND ANALYSIS OF SOK/MARCKS AND 

VIMENTIN PHOSPHORYLATION

Quiescent and confluent cultures in 33mm dishes were washed twice in 

phosphate free DMEM and incubated at 37^C with this medium containing 

80mCi/ml or 400mCi/ml of carrier-free ^^P i for analysis of 80K/MARCKS and 

vimentin respectively in the presence or abscence of 20mM tyrphostin. After 18h, 

various factors were added for the indicated times. The cells were then lysed in 

200ml/dish of lysis buffer supplemented with 3.5mg/ml aprotinin and 1 mg/ml 

leupeptin. For the analysis of vimentin phosphorylation further cellular debris 

was removed by the addition of fresh lysis buffer as above supplemented with 0.6M 

KCI for 20 min, and the cellular remnants containing the intermediate filament 

fraction including vimentin were then scrapped off the dishes into SDS sample 

buffer (150mM Tris HCI [pH6 .8 ], 10% glycerol, 5% SDS, 10% b-

mercaptoethanol) as previously described (Escribano and Rozengurt, 1988). For 

analysis of 80K/MARCKS phosphorylation, the lysates were boiled for 5 min and
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clarified by centrifugation for 20min at 4°C (Blackshear et a!., 1986; Morris and 

Rozengurt, 1988). The supernatants were added to 8 x SDS sample buffer and 

analysed by SDS-PAGE.

2.7. MEASUREMENT OF INTRACELLULAR Ca2+ MOBILIZATION:

2.7.1. IN SWISS 3T3 CELLS

[Ca2+]j was measured with the fluorescent Ca2+ indicator fura-2 using a 

modification of the procedure of Tsien (Tsien et al., 1982). Quiescent cells in 

90mm dishes were washed twice in DMEM and then incubated at 37°C for 18 h in 

5ml of a 1:1 ratio of DMEM and Waymouth medium with or without 20|iM 

tyrphostin. Then fura-2 tetraacetoxymethyl ester (fura-2/AME) was added to a 

final concentration of IpM  and the incubation continued for a further 10 min. The 

stock solution of fura-2/AME (ImM) was dissolvred in dimethyl sulphoxide. After 

this incubation, the dishes were washed 3 times in PBS at 37°C. The cells were 

then suspended in 2 ml of electrolyte solution containing 120mM NaCI, 5mM KCI, 

1 .8mM CaCl2 , 0.9mM MgCl2 , 25mM glucose, 16mM HEPES, 6mM Tris, and an 

amino acid mixture equivalent to DMEM (pH7.2) by gentle scrapping and 

transferred to a 1 cm^ quartz cuvette. The suspension was stirred continuously and 

maintained at 37°C. Fluorescence was monitored in a Perkin-Elmer LS-5 

luminescence spectrophotometer with an excitation wavelength of 336nm and 

emission wavelength of 510nm. [Ca^+Jj was calculated using the formula of Tsien 

et al

[Ca2+]j nM=K(F-Fmjn/(Fmax"F)

where F is the fluorescence at the unknown [Ca^+Jj, Fmax is the fluorescence 

after addition of 0 .02% Triton X-100, and Fmin is the fluorescence after the Ca2+ 

in the solution is chelated with lOmM [ethylenebis(oxyethylenenitrilo)] 

tetraacetic acid. The value of K was 220nM for fura-2 (Tsien et al., 1982).

2.7.2. IN SCLC CELL LINES

Aliquots of 4-5 x 106 SCLC cells cultured InHITES for 3-5 days were 

washed and incubated for 2 h at 37oC in 10 ml fresh HITESA. Then IpM  fura- 

2/AME was added and the cells were incubated for a further 5 min. The cell 

suspension was centrifuged at 2,000 rpm for 15 s and the cells were resuspended
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in 2 ml of electrolyte solution, transferred to a quartz cuvette, and stirred 

continuously at 37°C as described above.

2.8. NORTHERN BLOT ANALYSIS OF C-FOS mRNA

Quiescent and confluent cultures of Swiss 3T3 cells in 90mm dishes were 

washed twice in DMEM, incubated for 18 h in a 1:1 mixture of DMEM and 

Waymouth medium with or without 20|iM tyrphostin and then stimulated with 

factors as indicated in the figure legends. After the appropriate time of incubation, 

the cells were washed twice with ice-cold PBS and lysed with 2ml 4M guanidine 

isothiocyanate, 25mM sodium acetate pH=6.0, sarkosyl (0.5% v/v) and 200mM 

p-mercaptoethanol. Three dishes were pooled for each condition. Each sample was 

overlayed onto 5.7M caesium chloride (3ml) and the total RNA pelleted by an 

overnight centrifugation at 25°C  (140,000g) (Chirgwin et al., 1979). RNA 

samples (lOmg/lane) were separated on a 1% agarose/18% v/v formaldehyde gel 

by electrophoresis, transferred to a Hybond N+ membrane (Amersham) and fixed 

by heating the membrane for 2h at 80°C (Thomas, 1980).

The transfer membrane was then prehybridised for 4h at 42°C in a solution 

of 50% v/v formamide, 5X SSC (IX  SSC, 150mM NaCI, 15mM sodium citrate), 5X 

Denhardt's ( IX  Denhardt's= 0.02% w/v Ficoll, 0.02% w/v polyvinylpyrrolidone 

and 0.02% w/v bovine serum albumin), 0.5% w/v SDS and 250pg/ml salmon 

sperm DNA. Hybridisations were performed in the same solution but containing 

7x10^ cpm/ml of a ^^P  labelled 0.7kb S a ll/P s ti fragment from the coding 

region of the v-fos (Van Beveren et al., 1983). Transfers were hybridised for 18 

h at 4 2 °C then washed twice for 15 min at the same temperature with 2X 

SSC/0.1% SDS and twice for 15 min at 60°C with 0.1% SSC/0.1% SDS to remove 

the unbound DNA. Bound DNA was visualised by autoradiography. The blots were 

then stripped by incubating in 0.1% SSC, 0.1% SDS at 95°C for 15 min and re

hybridized with a mouse 18S ribosomal RNA probe (Edwards et al., 1987) in 

order to assess uniformity in loading. Radiographic bands were quantitated by 

scanning densitometry using a LKB scanning densitometer and normalized for 

differences in gel loading using the mouse 18 s level of mRNA as the control.

2.9. [3h ]-THYMIDINE INCORPORATION ASSAY IN SWISS 3T3 CELLS

Quiescent and confluent cells in 33mm dishes were washed twice in DMEM 

and incubated at 37°C in 2 ml of a 1:1 mixture of DMEM and Waymouth medium 

containing ImCi/m l [^H]-thymidine with various additions as indicated. After 40 

h, unless otherwise indicated, acid -precipitable material was measured as
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described previously (Dicker and Rozengurt, 1980). For autoradiographic 

purposes the [^Hj-thymidine was added at 5mCi/rnl, and after 40 h the cells were 

fixed in formal saline, washed twice with cold tris saline prior to incubation with 

coid 5% trichloroacetic acid for 2 min and subsequently for 4 min. Following 3 

washes in absolute alcohol the dishes were exposed for a week using squares of 

Kodak AR10 stripping film which was then developed in situ on the dishes (Dicker 

and Rozengurt, 1980). The cells were stained with Giemsa and the labelled and 

total number of nuclei counted (5-10 fields with an average of 2000 cells counted 

per dish).

2.10. 1 2 5 | _ g r p  b in d in g  AND H] V A S O P R E S S I N  B I N D I N G  

EXPERIMENTS

2.10.1. 12 5 |.g r p  b in d in g  IN INTACT SWISS 3T3 CELLS

Quiescent and confiuent celis in 33mm dishes were washed twice in DMEM 

and incubated at 37°C for 3 h in a 1:1 ratio of DMEM and Waymouth medium with 

or without 20|iM tyrphostin. This medium was then replaced with 1 ml of binding 

medium, which consisted of 1:1 DMEM and Waymouth media supplemented with 

1 mg/mi of bovine serum albumin and at the concentrations indicated.

After 30 min incubation at 37°C, the cultures were washed rapidly 5 times with 

ice cold PBS supplemented with 1 mg/ml bovine serum albumin and extracted with 

1 ml of 0.1 M NaOH containing 2% Na2 C0 3  and 1% SDS at 37°C for 30min. The 

total cell-associated radioactivity was determined in a LKB y-counter. Nonspecific 

binding, defined as the cell-associated radioactivity not displaced by 1|iM 

bombesin, was proportional to the concentration of " *2 5 |.g r r  and varied from 

18% at the highest concentrations (5nM) of  ̂2 5 i.QRp to 5% at low 

concentrations (0.05nM). All values shown are the average of duplicate 

determinations that agree within 12%.

2.10.2. [3H]VAS0PRESSIN BINDING IN INTACT SWISS 3T3 CELLS

Confluent and quiescent Swiss 3T3 cells in 33 mm dishes were washed 

twice with DMEM at 37°G, and incubated for 1h at 4°C with PBS containing 2 

mg/ml bovine serum albumin, 25mM N-[2-Hydroxyethyl]piperazine-N '-[2- 

ethanesulfonic acid] and increasing concentrations of [^H] vasopressin in the 

presence or absence of 5|iM antagonist D (AntD). Non-specific binding was 

measured by the addition of at least a 1000 fold excess of unlabelled vasopressin, 

or 1|iM vasopressin for concentrations of [^Hjvasopressin below InM (Collins and
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Rozengurt, 1983). The incubation was terminated by washing the dishes five times 

with ice-cold PBS containing 2mg/ml bovine serum albumin. After extraction with 

a solution containing 0.1M NaOH, 2% NaHCOg and 0.1% SDS, the radioactivity was 

measured by liquid-scintillation p-counting (Beckman p-counter). Nonspecific 

binding, defined as the cell-associated radioactivity not displaced by IpM  

vasopressin, was proportional to the concentration of [^H] vasopressin and varied 

from 10% at the highest concentrations (5nM) of [^H] vasopressin to 5% at low 

concentrations (O.OSnM). All values shown are the average of triplicate 

determinations that agree within 9%.

2.10.3. PREPARATION OF SWISS 3T3 AND RAT LIVER MEMBRANES

Cultures of Swiss 313 cells in roller bottles were washed twice with 

150ml of phosphate buffered saline at room temperature. The cells were then 

harvested at 4°C  by scrapping into ice cold PBS containing 5mM MgCl2 , ImM 

EGTA, 1 mg of bacitracin/ml, 10|ig of aprotinin/ml,1mg of soybean trypsin 

inhibitor/ml and SOpM phenylmethanesulfonyl fluoride. All subsequent steps were 

carried out at 4°C. The cells were pelleted by centrifugation at 750g for 10 min 

and resuspended at 5 x 10®/ml in solution A containing SOmM HEPES, 5mM 

MgCl2 , ImM EGTA, Im g of bacitracin/ml, lOpg of aprotinin/ml, Img of soyabean 

trypsin inhibitor/ml and SOpM phenylmethanesulfonyl fluoride, adjusted to pH

7.4 with NaOH at 4°C. Cells were then disrupted using a Dounce homogenizer (A 

pestle; 75 strokes). The homogenate was centrifuged at 500g for 10 min to remove 

nuclear material and intact cells, and the supernatant was centrifuged again at 

30,000g for 30 min. The resulting pellet, representing a membrane enriched 

preparation, was resuspended at a protein concentration of 4mg/ml in solution B 

containing 0.25M sucrose, 20mM HEPES and Spg/ml phenylmethanesulfonyl 

fluoride adjusted to pH 8 and stored in liquid nitrogen.

Rat liver membranes were prepared by Polytron homogenization of minced 

rat liver in solution B at 4°C. All subsequent steps were carried out at 4°C. The 

homgenate was centrifuged at 8000g for 10 min and the pellet discarded. The 

supernatant was centrifuged at 40,000g for 30 min and the pellet containing the 

membranes resuspended in solution B at a protein concentration of 4mg/ml, prior 

to storage in liquid nitrogen.

2.10.4. [3H] v a s o p r e s s in  AND ‘•2 5 |.g r p  BINDING TO MEMBRANES

Binding assays were carried out in a total volume of lOOpI in binding 

medium containing 30mM HEPES 5mM MgCl2 adjusted to pH 8 with NaOH. The
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assays contained 100|ig of membrane protein plus [^Hjvasopressin at various 

concentrations together with additions of other reagents specified in the figure 

legends. Non-specific binding was determined in the presence of 1000 fold excess 

cold vasopressin and represented 15-30% of the total binding. The membranes 

were incubated for 15 min at 37°C. These conditions provided equilibrium binding. 

Binding reactions were terminated by rapid filtration on GF/B glass fibre filters 

(Whatman, 1 |im pore size) at 4°C. Each filter was washed 4 times with 5ml of ice 

cold PBS using a Millipore filtration apparatus. Before the addition of membranes 

the filters were presoaked for 24 h in 5% polyethylenimine at 4°C. Radioactivity 

was determined in a Beckman p-counter. Binding of 0.5nM ^^^l-G R P in the 

presence of increasing concentrations of antagonists was carried out essentially as 

described for [^H]vasopressin except that the binding medium was adjusted to pH

7.4 and 25iig of membrane protein was used per condition. Non-specific binding 

was determined in the presence of 1000 fold excess cold bombesin and represented 

5-10% of the total binding. Radioactivity was determined in a Beckman y-counter.

2.11. ANALYSIS OF TOTAL INOSITOL PHOSPHATES

2.11.1. FROM PERMEABILIZED SWISS 3T3 CELLS

Cultures of Swiss 3T3 cells in 33mm dishes were labeled for 16-18 h in 1 

ml of DMEM medium containing 20 pCi of [2-3H]inositol. The following procedure 

was then performed at 37°C. The cultures were washed twice with 'K solution' 

comprising 120mM KCI, 30mM NaCI, 2.5mM MgCl2 , ImM K2 H PO 4 , lOmM 

piperazine-N,N'-bis-[2-ethanesulfonic acid], 2mM EGTA, 0.5mM CaCl2 and KOH 

(to give pH 7.2). The cells were permeabilized in 1 ml of K solution' containing 

ImM ATP, 20mM LiCI, Streptolysin O at 0.4 U/ml plus additional components as 

indicated in the figure legends for a total of 10 min. The reaction was stopped by 

adding 1 ml of 6% HCIO4 (w/v). After 30 min at 4°C the acid extract was removed 

from the dish and neutralized with 1 M KOH containing 25mM 4-(2-hydoxythyl)- 

1 -piperazineethanesulphonic acid (HEPES), 20mM EDTA and 0.01% phenol red. 

Precipitated KCIO4 was removed by centrifugation. Analysis of total inositol 

phosphates was by anion exchange column chromatography (Morris et al., 1988). 

Samples were diluted in 10 ml with water and then loaded onto 1ml of Dowex AG1- 

X8 (100-200 mesh, HCOO" form) in Bio-Rad Econo-columns. After washes with 

3 X  10ml H2 O and 2 X 10ml of SOmM NH4 COOH, 5mM Na2 B4 0 7  the inositol 

phosphates were eluted with 6ml of 1M NH4COOH/O.IM HCOOH. A 1ml aliquot of 

eluate was counted in 10ml of Picofluor.
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2.11.2 FROM TRANSFECTED INTACT COS-1 CELLS

One day after transfection of COS-1 cells (see below for transfection 

experiments), the medium was replaced with DMEM supplemented with 10% fetal 

bovine serum and 5|iGi/ml of [2-^H]inositol. After 24h the cells were washed 

twice in DMEM and incubated for 5 min in 1ml DMEM containing 20mM LiCI. The 

ceils were then stimulated with AIF'4  in the presence or absence of 20|iM AntD by 

adding these factors directiy to the dishes for 20 min. The AIF"4 was made freshly 

for each experiment by adding various concentrations of AICI3 to 1M NaF to give a 

finai concentration oflOmM NaF. The reaction was stopped by replacing the 

medium with 1 ml of ice cold 3% HCIO4 and incubating at 4°C for a further 30 

min. Subsequently the acid extract was removed, neutraiised and the inositol 

phosphate production was determined as described above.

2.12. MAXI PREPARATIONS OF PLASMID DNA FOR TRANSFECTION

Plasmid containing bacteria were grown overnight at 37^0  in L-broth 

(ICRF standard medium) in the presence of ampicillin (100|j,g/ml). Bacteria were 

harvested by centrifugation at 3000 r.p.m. for 15 min in a Sorvall GS3 rotor at 

4 OC. The pellet was resuspended in 10 ml of buffer PI (lOOpg/ml RNAses= A, 

SOmM Tris-HCI, lOmM EDTA pH 8). The bacteria were lysed by the addition of 10 

ml of buffer P2 (200mM NaOH, 1% SDS) and gently mixed for 5 min at room 

temperature. Protein was then precipitated by the addition of 10 ml of buffer P3 

(2.55M potassium acetate, pH 4.8) and the resulting mixture immediately and 

gently mixed. After centrifugation at 16,000 rpm for 30 min in a Sorvall GSA 

rotor, the supernatant was removed and centrifuged again at 16,000 rpm for 10 

min. The supernatant was then applied to a QUIAGEN-tip 500 column which had 

been equilibrated with 10 ml of buffer QBT (750 mM NaCI, 50mM MOPS, 15% 

ethanol, pH 7, 0.15% Triton X-100) and allowed to enterby gravity. The column 

was washed with 30 mi of buffer GO (1 M NaCI, 50mM MOPS, 15% ethanol, pH 7). 

The DNA was eluted with 15 ml of buffer OF (1.25 M NaCI, 50mM MOPS, 15% 

ethanol, pH 8.2) and then precipitated with 15 ml isopropanol at room 

temperature prioir to centrifugation at 16,000 rpm for 30 min at 4°C . After 

washing with 70% ethanol, the DNA was air dried for 5 min and redissolved in a 

suitable volume of water. Yields of DNA from this method ranged from 200-600|ig.

2.13. TRANSIENT TRANSFECTION OF COS-1 CELLS

Transfection experiments werecarried out on cultures of COS-1 cells in 30 

mm dishes at 2 x 10^ cells /dish and incubated at 37°C for approximately 24 h
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oruntil they were 50-60% confluent. cDNA for G^q (Strathmann and Simon, 

1990) which had been subcloned into a pOMV expression vector which contains the 

SV40 replication origin and human cytomegalovirus promotor and enhancer 

sequences (Foecking and Hofstetter, 1986) were used. 2pg of DNA (either pCMV or 

pCMVGocq) was made upto lOOpI DMEM and then mixed with lOpI of lipofectin 

(Bethesda Research Laboratories). After incubating for 15 min at room 

temperature to allow the DNA to complex with the lipofectin agent, the mixture was 

made up to 1ml with DMEM. Cells were washed twice with DMEM and the 1 ml of 

DNA/lipofectin mixtures added to the dishes. After 5h at 37°C, 1ml of 20% fetal 

calf serum in DMEM was added to each dish. Transfection efficiency was assessed at 

48h by lysing cells from one dish transfected with either pOMV or pCMVGaq in 

200pl of 2 X SDS sample buffer SDS-PAGE and Western blotting with a specific 

affinity purified Gaq antibody (as described in section 2.5.2.).

2.14. 03 EXOENZYME PRETREATMENT OF SWISS 3T3 CELLS

Swiss 3T3 cells were seeded at a density of 1x10$ per 30 mm dish in 2 ml 

of DMEM supplemented with 10% foetal bovine serum. At 72 h, recombinant 03 

exoenzyme at a final concentration of 7.5 pg/ml or diluent was added to the 

medium. After being cultured for a further 48 h the cells were washed twice with 

DMEM and then incubated in DMEM : Waymouths (1:1, vohvol) in the presence or 

absence of 03 exoenzyme at 15 pg/ml for 24 h.This protocol has previously been 

shown to ADP ribosylate rho p21 in intact Swiss 3T3 cells, as shown by the fact 

that cell homogenates from 03 exoenzyme-treated cells contain markedly reduced 

levels of native rho p21 available for 32p_/\[)p ribosylation by externally added 

03 exoenzyme (data not shown) (Kumagai et al., 1993a; Yamamoto et al., 1993).

2.15. DOWN-REGULATION OF PKC IN SWISS 3T3 CELLS

Phorbol ester-sensitive PKOs are down regulated in Swiss 3T3 cells by 

prolonged pretreatment with PDB (Oollins and Rozengurt, 1984; Rodriguez-Pena 

and Rozengurt, 1984). In the present study confluent and quiescent cultures were 

pretreated with 800nM PDB for 48 h in conditioned medium which was depleted of 

growth-promoting activity.

2.16. CELL-FREE KINASE ASSAY IN SWISS 313 CELLS

Confluent and quiescent cultures of Swiss 3T3 cells were washed twice in 

DMEM and then incubated in the presence or absence of lOnM bombesin for 10 min
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at 37°C. The cells were then lysed and the lysates immunoprecipitated with anti

mouse IgG agarose-linked mAbs directed against phosphotyrosine (Py72) for 4 h. 

The immunoprecipitates were washed three times with lysis buffer and twice with 

50 mM HEPES, pH 7.4 , 0.1 mM EDTA, 0.01% Brij, 75 mM NaCI (kinase buffer) 

and resuspended in 20 pi of this buffer. Kinase reactions were initiated by addition 

of 10 mM MgCl2 and 100 pM [y-^^P] ATP (20 pCi) and performed in a total 

volume of 30 pi at 30°C for 20 min. The immunpoprecipitates were then washed 

three times with lysis buffer and analyzed by SDS-PAGE followed by 

autoradiography.

2.17. PHOSPHOLIPASE B TREATMENT OF LYSOPHOSPHATIDIC ACID 

AND SERUM

LPA and lysophosphatidates bound to albumin in serum are inactivated by 

phospholipase B (Tigyi and Miledi, 1992; Koschel and Tas, 1993). Here, lOOpI of 

a 500pM LPA stock solution dissolved in phosphate buffered saline /0.01% bovine 

serum albumin (wt:vol) or lOOpI of FBS were incubated with or without lOOiU of 

phospholipase B for 2 h at 37°C. The phospholipase B treated LPA or FBS were then 

immediately used in the Ca^+ mobilization or colony assays as indicated in the 

figures. In control experiments the activity of phospholipase B was destroyed by 

heating to 75°C for 1 hour prior to the 2 h incubation with LPA or serum.

2.18. LIQUID GROWTH ASSAY IN SOLO CELL LINES

SOLO cells, 3-5 days post-passage, were spun down at 2000 rpm for 30 s, 

washed and resuspended in HITESA. Cells were then aliquoted at a density of 5 x 10^ 

cells in 1 ml HITESA in the presence or absence of antagonists/inhibitors in 

triplicate. At various times, cell number was determined using a Coulter Counter, 

after cell clumps were disaggregated by passing the cell suspension 5 times 

through a 19 and subsequently 21 guage needle.

2.19. CLONOGENIC ASSAY IN SCLC CELL LINES

SCLC cells, 3-5 days post-passage, were spun down at 2000 rpm for 30 s, 

washed and resuspended in HITESA. Cells were then disaggregated into essentially 

single cell suspension by two passes through a 19 gauge needle sand then through a 

20 |im pore size nylon gauze. Viability was judged by trypan blue exclusion ona 

standard haemocytometer. Cell number was determined using a Coulter Counter.
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10^ viable cells were mixed with HITESA containing 0.3% agarose and agonist at 

the concentrations indicated, and layered over a solid base of 0.5% agarose in 

HITESA with agonist at the samew concentration, in 33 mm Nunc petri dishes. The 

cultures were incubated in a humidifed atmosphere containing 10% CO2 at 37°C 

for 21 days before staining with the vital stain nitro-blue tétrazolium (1 mg/ml 

water; 200pl/dish). Colonies of > 120 pm diameter (16 cells) were counted using 

a microscope (x4 lens).

2.20. MATERIALS

Bombesin, vasopressin, ATP, LPA, phospholipase B (Vibrio, EC 3.1.1.4), 

albumin-agarose and agarose-linked anti-mouse igG were obtained from Sigma 

Chemical Co., St. Louis, MO. GTPyS and GDPpS were from Boehringer Mannheim. 

SLO was obtained from Welcome Diagnostics, U.K. Agarose-linked anti Tyr(P) mAb 

was purchased from Oncogene Science Inc. Anti-Tyr(P) mAb, clone Py72, was 

obtained from the hybridoma development unit, ICRF, London, U.K. Py20 anti- 

Tyr(P) mAb and the mAb directed against paxillin (mAbIGS) were from ICN, High 

Wycombe, U.K. 4G-10 anti-Tyr(P) mAb, mAb 2A7 directed against p12sFA K  

were from TCS Biologicals LTD., Buckingham, U.K. Anti-pi2 5 ^AK mAb for 

Western blotting was obtained from AFFINITI Research Products Ltd., Nottingham, 

U.K. AntD and AntG were from Bachem Fine Chemicals. 8 -arginine [phenyl-3,4,5- 

^H{n}] vasopressin (O.SCi/mmol) was from Du-Pont New England Nuclear. 

125|_sheep anti-mouse IgG (50 mCi/mg), [y-^^P] ATP, carrier-free [^^P ]P i, 

[a-32p]dCTP (5000Ci/mmol), 1 2 5 |.g rp  (2000 Ci/mmol; IC i = 37 GBg), [2- 

^Hj-inositol (18.8 Ci/mmol; 1Ci=37GBq), [^HJ-thymidine and recombinant BB 

homodimer PDGF were from Amersham, U. K. Fura-2 tetraacetoxymethyl ester, 

tyrphostin and forskolin were from Calbiochem. IBMX was purchased from Aldrich 

Chemical Co. Dowex resin (AG 1-X8, 100-2000 mesh) was from Bio Rad. The 

pfosDI plasmid containing the 0.7kb Sali/Pst-I v-fos fragment was a generous gift 

from Dr D Bentley, ICRF. The vectors, pCMV and pCMVGaq were the kind donation of 

Dr Melvin I Simon (Division of Biology, California Institute of Technology, 

Pasadena, CA91125). Fetal bovine serum was purchased from GIBCO BRL and in 

SCLC experiments diluted with HITESA to the amounts indicated. Recombinant 

human HGF was generously provided by Dr. E. Gherardi and recombinant human 

SCF was purchased from Biotechnology Products Ltd, UK. Agarose was purchased 

from SeaKem, Rockland, ME. All other reagents used were of the purest grade 

available.
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CHAPTER 3

G TPyS STIMULATES TYROSINE PHOSPHORYLATION OF p 1 2 S F A K  ^ND  

PAXILLIN IN PERMEABILIZED SWISS 3 7 3  CELLS: ROLE OF rhO  p 2 1

Tyrosine phosphorylation has recently been implicated in the intracellular 

signaling of neuropeptides that act as potent cellular growth factors through 

receptors with seven transmembrane helices (Force et al., 1991; Leeb-Lundberg 

and Song, 1991; Zachary et al., 1991a; Huckle et al., 1992; Rozengurt, 1992; 

Zachary and Rozengurt, 1992; Zachary et al., 1992). Bombesin and other 

mitogenic neuropeptides stimulate tyrosine phosphorylation of multiple proteins 

in Swiss 3T3 cells, a useful model system for the elucidation of signal transduction 

pathways leading to cell proliferation (Rozengurt, 1986). The tyrosine 

phosphorylated proteins include broad bands of Mr 110,000-130,000 and Mr

70,000-80,000 (Leeb-Lundberg and Song, 1991; Zachary et al., 1991a; 

Zachary et al., 1991b). The focal adhesion associated protein p125FAKl ^ novel 

cytosolic tyrosine kinase which lacks Src homology domains 2 and 3 (Hanks et al., 

1992; Schaller et al., 1992b), has been identified as a prominent tyrosine- 

phosphorylated protein migrating within the Mr 110,000-130,000 band 

stimulated by neuropeptides in Swiss 3T3 cells (Zachary et al., 1992; Sinnett- 

Smith et al., 1993). Paxillin, another focal adhesion associated protein (Turner et 

al., 1990; Turner, 1991) has been shown to comprise the Mr 70,000-80,000 

tyrosine-phosphorylated protein band stimulated by neuropeptides in these cells 

(Zachary et al., 1993). The rapidity of neuropeptide-stimulated tyrosine 

phosphorylation is consistent with p12sFAK and paxillin functioning in a 

neuropeptide-activated tyrosine kinase pathway.

Recent evidence demonstrates that a variety of other agents that modulate 

cell growth and differentiation including platelet-derived growth factor (Rankin 

and Rozengurt, 1994), the bioactive lipid LPA (Kumagai et al., 1993b; Hordijk 

et al., 1994; Seufferlein and Rozengurt, 1994a), sphingosine (Seufferlein and 

Rozengurt, 1994b), tumour promoting phorbol esters (Sinnett-Smith et al., 

1993), extracellular matrix proteins (Burridge et al., 1992; Guan and 

Shalloway, 1992; Kornberg et al., 1992; Lipfert et al., 1992; Vuori and 

Ruoslahti, 1993) and transforming variants of ppGO^''^ (Kanner et al., 1990; 

Guan and Shalloway, 1992), induce coordinated tyrosine phosphorylation of 

p i 2 5 FAK and paxillin. In all cases, the induction of tyrosine phosphorylation of
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these proteins required the integrity of the actin cytoskeleton (Lipfert et al., 

1992; Sinnett-Smith et al., 1993; Rankin and Rozengurt, 1994; Seufferlein and 

Rozengurt, 1994b; Seufferlein and Rozengurt, 1994a). These findings support the 

existence of a tyrosine kinase pathway involving p125^AK paxillin, but the 

components of this signal transduction pathway and their upstream and downstream 

interactions have not been fully identified.

Cell permeabilization has provided a useful approach to study protein 

phosphorylation and also to introduce guanine nucleotides to assess the contribution 

of G proteins in signal transduction in Swiss 3T3 cells (Erusalimsky et al., 1988; 

Murphy and Rozengurt, 1992; SeckI et al., 1995). However, tyrosine 

phosphorylation of p125^AK and paxillin has not been demonstrated in any 

permeabilized cell preparation. In the present study, we show that the non- 

hydrolyzable GTP analogue, GTPyS, induced tyrosine phosphorylation of multiple 

proteins including p125^A^^ and paxillin in SLO permeabilized Swiss 3T3 cells. 

Our results suggest that rho p21 mediates this process.

3.1. GTPyS STIMULATES TYROSINE PHOSPHORYLATION OF MULTIPLE 

SUBSTRATES INCLUDING P12SFAK AND PAXILLIN IN 

PERMEABILIZED SWISS 3T3 CELLS.

To determine whether GTPyS could stimulate tyrosine phosphorylation of 

proteins in permeabilized Swiss 3T3 cells, quiescent cultures of these cells were 

permeabilized with 0.4iU/ml SLO for 1 min and then incubated in the presence or 

absence of 5|iM GTPyS for an additional 1.5 min. Lysates of the permeabilized cells 

were immunoprecipitated with a specific anti Tyr(P) mAb, and the 

immunoprecipitates analysed by Western blotting using a mixture of Py20/4G-10 

anti Tyr(P) mAbs. Fig 3.1.1 (A, left) shows that GTPyS stimulated tyrosine 

phosphorylation of a group of bands migrating with an apparent Mr 110,000-

130,000 and 70,000-80,000. Additional experiments showed that the optimal 

SLO concentration for this purpose was 0.4iU/ml and that GTPyS did not stimulate 

tyrosine phosphorylation in intact cells (data not shown). In 10 independent 

experiments, a 1.5 min exposure to 5pM GTPyS stim ulated tyrosine 

phosphorylation of the Mr 110,000-130,000 band by 4.5 ± 0.2 (S.E.) fold above 

basal levels. In contrast, addition of 5|iM ATPyS instead of GTPyS failed to 

stimulate tyrosine phosphorylation in permeabilized cells (data not shown).

The pattern of tyrosine phosphorylation induced by GTPyS in permeabilized 

Swiss 3T3 cells was identical to that previously shown to be induced by bombesin 

and other agents (see introduction for details) in intact cells. These stimuli are 

known to increase tyrosine phosphorylation of p125^AK which migrates within
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the Mr 110,000-130,000, and paxillin which corresponds to the Mr 70,000-

80,000 band. We therefore examined whether GTPyS also stimulates tyrosine 

phosphorylation of these proteins. Accordingly, lysates of permeabilized Swiss 3T3 

cells stimulated with 5|iM GTPyS were immunoprecipitated with either anti 

p i 2 5 FAK or paxillin mAbs and the resulting immunoprecipitates were Western 

blotted with anti Tyr(P) mAbs. As shown in Fig. 3.1.1 A GTPyS markedly 

stimulated tyrosine phosphorylation of both p125^AK (5 + 2 fold) and paxillin (4 

± 1.2 fold) in permeabilized cells.

Tyrosine phosphorylation was a rapid consequence of the addition of GTPyS 

to permeabilized Swiss 3T3 cells. Fig. 3.1.IB  demonstrates an increase in tyrosine 

phosphorylation of the Mr 110,000-130,000 group of bands after 45 s. 

Maximum tyrosine phosphorylation of this band was reached after 1.5 min of 

incubation with GTPyS. Tyrosine phosphorylation of the Mr 70,000-80,000 

band, corresponding to paxillin, was delayed by 30 s, reaching a maximum 2 min 

after addition of GTPyS (Fig. 3.1.IB). GTPyS stimulated tyrosine phosphorylation 

of both the Mr 110,000-130,000 and Mr 70,000-80,000 bands in a dose 

dependent fashion with an identical EC5 0  of 2.5pM. Maximum tyrosine 

phosphorylation was achieved at 5|iM GTPyS (Fig. 3.1.1C).

Addition of GDPps inhibited tyrosine phosphorylation of both the Mr

110,000-130,000 and Mr 70,000-80,000 bands induced by 5 pM GTPyS in a 

dose dependent manner with an IG50 of lOOpM (Fig. 3.1.2). Increasing the 

concentration of GTPyS to 500pM almost completely reversed (90%) the 

inhibitory effect of 250pM GDPpS, a concentration which reduced tyrosine 

phosphorylation stimulated by 5pM GTPyS by 75% (Fig. 3.1.2, insert). These 

results suggest that a G protein is involved in tyrosine phosphorylation stimulated 

by GTPyS in permeabilized Swiss 3T3 cells.
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Fig. 3.1.1 A. Identification of proteins which are tyrosine 

phosphorylated by GTPyS in permeabilized Swiss 3T3 cells. C o n flu en t  

and quiescent cultures of Swiss 3T3 cells in 33 mm dishes were washed twice in DMEM 

and then incubated in permeabilization solution containing 0.4iU/ml of SLO for 1 min. The 

incubation was continued for a further 1.5 min in the presence or absence of SpM GTPyS 

as described in 'Materials and Methods'. The cultures were then lysed and the lysates 

immunoprecipitated with either the anti-Tyr(P) mAb Py72 (left; PY), or p 125^ ^^  

mAb2A7 (middle; FAK), or anti-paxillin mAb165 (right; PAX). The immunoprecipitates 

were analyzed by immunoblotting with a 1:1 mixture of 4G-10 and Py20 anti-Tyr(P) 

mAbs. Autoradiographs shown are representative of at least 2 independent experiments.

3.1.1 B. Time course GTPyS stimulated tyrosine phosphorylation. 

Cultures of Swiss 3T3 cells in 33 mm dishes were washed twice in DMEM and 

permeabilized with 0.4iU/ml of SLO for 1 min prior to addition of 5|iM GTPyS. The 

cultures were then lysed and immunoprecipitates of tyrosine phosphorylated proteins 

were analyzed by anti-Tyr(P) immunoblotting. Scanning densitometry of both the Mr

110,000-130,000 (circles) and Mr 70,000-80,000 (triangles) bands is shown. Each 

point is representative of 3 independent experiments ± S.E. and is expressed as a 

percentage of the maximum response.

3. 1 . 10 .  Dose response of GTPyS induced tyrosine phosphorylation.

Cultures of Swiss 3T3 cells were permeabilized for 1 min and incubated in the presence 

or absence of increasing concentrations of GTPyS for a further 1.5 min before lysis.

Scanning densitometry of both the Mr 110,000-130,000 (circles) and Mr 70,000-

80,000 (triangles) bands is shown. Each point is representative of 3 independent 

experiments and is expressed as a percentage of the maximum response. For clarity, 

only the error bars (S.E.) for the Mr 110,000-130,000 band are shown.

Fig. 3.1.2. Effect of GDPps on tyrosine phosphorylation stimulated by 

GTPyS. Cultures of Swiss 3T3 cells in 33 mm dishes were washed twice in DMEM and 

permeabilized with 0.4iU/ml of SLO in the presence or absence of increasing 

concentrations of GDPpS. After 1 min SpM GTPyS was added to the dishes and the 

incubation continued for a further 1.5 min. The cultures were then lysed and 

immunoprecipitates of tyrosine phosphorylated proteins were analyzed by anti-Tyr(P) 

immunoblotting. Scanning densitometry of both the Mr 110,000-130,000 (circles) and 

Mr 70,000-80,000 (triangles) bands is shown. Each point is representative of 3 

independent experiments and is expressed as a percentage of the maximum response. For 

clarity, only the error bands (S.E.) for the Mr 110,000-130,000 are shown. Inset: 

parallel cultures were permeabilized in the presence (lane 2) or absence (lane 3) of 

250pM GDPps for 1 min prior to addition of 500|iM GTPyS. Lane 1 shows the effect of 

250|iM GDPpS alone. An autoradiograph of a representative experiment is shown.
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3.2. ROLE OF PKC AND CA2+ IN GTPyS INDUCED TYROSINE 

PHOSPHORYLATION

GTPyS is known to stimulate the activation of heterotrimeric G proteins and 

consequently PIP2 -PLC thereby elevating DAG leading to activation of PKC in Swiss 

3T3 cells (Erusalimsky et al., 1988). It is also known that activated PKC can 

induce tyrosine phosphorylation of the Mr 110,000-130,000 and Mr 70,000-

80,000 bands including the proteins p12sFAK and paxillin (Sinnett-Smith et al.,

1993). Consequently, we determined whether PKC could be involved in the 

downstream signalling of tyrosine phosphorylation stimulated by GTPyS. The 

staurosporine-related compound, GF109203X, is a selective inhibitor of PKC in 

Swiss 3T3 cells at concentrations which have no effect on cAMP-dependent kinase 

or on PDGF, EGF, and insulin receptor tyrosine kinases (Toullec et al., 1991). Fig. 

3.2A (left) shows that a 1 h pretreatment with 3.5|iM GF109203X had no effect on 

tyrosine phosphorylation stimulated by GTPyS in permeabilized Swiss 3T3 cells. 

This suggested that PKC did not mediate GTPyS stim ulated tyrosine 

phosphorylation. In order to further substantiate this result, phorbol ester- 

sensitive PKCs were downregulated by prolonged pretreatment with PDB. As shown 

in Fig. 3A tyrosine phosphorylation induced by GTPyS was not inhibited by PDB 

pretreatment. Furthermore, stimulation of permeabilized Swiss 3T3 cells with 

200nM PDB only induced tyrosine phosphorylation after 4 min of incubation (data 

not shown). These results indicated that PKC was not involved in tyrosine 

phosphorylation induced by GTPyS.

The induction of tyrosine phosphorylation in some cell systems has been 

shown to be dependent on Ca2+ oscillations (Huckle et al., 1992; Pelletier et al., 

1992). Permeabilization provides a convenient procedure to examine directly the 

effects of increasing concentrations of Ca2+ on tyrosine phosphorylation. Cells 

were permeabilized for 1 min in permeabilization solution containing increasing 

concentrations of Ca^+ and then incubated in the presence or absence of 5|iM 

G TPyS for 1.5 min prior to lysis. Fig. 3.2B shows that increasing Ca^ + 

concentrations did not induce any significant tyrosine phosphorylation in the 

absence of GTPyS. This was true even at 6pM Ca2+, a concentration known to 

directly activate PIPg-PLC in permeabilized Swiss 3T3 cells (Murphy and 

Rozengurt, 1992). Furthermore, raising the Ca2+ concentration up to 600nM had 

no effect on the ability of GTPyS to stimulate tyrosine phosphorylation of the Mr

110,000-130,000 band in permeabilized Swiss 3T3 cells. Interestingly, at 6pM 

Ca2+, some inhibition of GTPyS stimulated tyrosine phosphorylation was seen. 

Thus, increasing Ca2+ concentrations do not directly stimulate tyrosine
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phosphorylation or affect GTPyS induced tyrosine phosphorylation in 

permeabilized Swiss 3T3 cells.

Fig.3.2. PTO

Figure 3.2. Panel A: Role of PKC in GTPyS stimulated tyrosine  

phosphorylation. Cultures of Swiss 3T3 cells in 33 mm dishes were washed twice in 

DMEM and incubated in the absence or presence of 3.5|iM GF109203X for 1h. The cells 

were then permeabilized with SLO in the absence or presence (GF) of 3.5|xM GF109203X 

for 1 min and the incubation was continued with (+) or without (-) addition of 5 |iM GTPyS 

for a further 1.5 min or 200nM PDB for a further 4 min. Parallel dishes were pretreated 

either in the absence or presence (PDB) of 800nM PDB for 40 h prior to permeabilization 

and stimulation with (+) or without (-) 5 |iM GTPyS or 200nM PDB. The cultures were 

then lysed and immunoprecipitates of tyrosine phosphorylated proteins were analyzed by 

anti-Tyr(P) immunoblotting. An autoradiograph of a representative experiment is shown.

In parallel cultures, both pretreatment with 3.5pM GF109203X and PDB completely 

blocked tyrosine phosphorylation induced by 200nM PDB in intact cells (data not shown). 

Panel B: Effect of Ca2+ concentration on tyrosine phosphorylation 

either resting or GTPyS stimulated permeabilized Swiss 3T3 cells. 

Cultures of Swiss 3T3 cells in 33 mm dishes were washed twice in DMEM and 

permeabilized with SLO in the presence or absence of increasing concentrations of Ca^"^ 

as described in 'Materials and Methods'. After 1 min 5pM GTPyS was (solid bars) or was 

not (open bars) added for a further 1.5 min. The cultures were then lysed and 

immunoprecipitates of tyrosine phosphorylated proteins were analyzed by anti-Tyr(P) 

immunoblotting. The bar graph shown represents scanning densitometry from 

autoradiographs of tyrosine phosphorylated proteins migrating with an apparent Mr

110,000-130,000 and is expressed as a percentage of the maximum response of 3 

independent experiments ± S.E.

in



CD

Tyrosine Phosphorylation
(% of maximum response)

■0
7s

O
3 -0 - 4

z  ®  U

o' .
3

o

T)
a
CD

I I

I +

+  ■

Mr.x 10"3
G)
00

CO
O)

lO
O
0

1

-n
CQ

CO
k )



113

3.3. EFFECT OF [MQ2+] AND AIF'4  ON TYROSINE PHOSPHORYLATION 

INDUCED BY GTPyS.

GTPyS stimulated activation of both heterotrimeric G proteins and small 

GTP binding proteins is dependent on Mg2+ concentration. Thus millimoiar 

concentrations of Mg2+ are required for GTPyS to bind and activate heterotrimeric 

G proteins (Blank et al., 1991). In marked contrast, nanomolar concentrations of 

Mg2+ are required for GTPyS to bind and activate small GTP binding proteins 

(Knaus et al., 1992; Mistou et al., 1992). The effect of various concentrations of 

Mg2+ on GTPyS stimulated tyrosine phosphorylation was tested utilizing a two 

stage procedure. During the first stage cultures were permeabilized for 1 min in 

modified permeabilization soiution containing increasing concentrations of free 

Mg2+ in the presence or absence of 5pM GTPyS. Since this soiution did not contain 

ATP, tyrosine kinase activity was blocked. In the second stage, the modified 

permeabilization solution was exchanged for standard permeabilization solution, 

which contained both ATP and Mg2+ to allow the kinase reaction to occur. After a 

further 1.5 min, the cells were lysed and analysed for protein tyrosine 

phosphorylation. Table 1 shows that even in the absence of exogenously added 

Mg2+, GTPyS stimulated tyrosine phosphorylation of the Mr 110,000-130,000 

band by 4.6 foid. Further increasing the Mg^+ concentration did not significantly 

change the stimulation of tyrosine phosphorylation by GTPyS, although both the 

basal and GTPyS stimulated tyrosine phosphoryiation increased. Interestingly, 30 

pM AIF'4  which has been shown to activate heterotrimeric but not small GTP 

binding proteins (Kahn, 1991), was only weakly able to stimulate tyrosine 

phosphorylation in permeabilized Swiss 3T3 cells (1.8 ± 0.3 fold. Table 3.3). 

These results suggested that tyrosine phosphorylation stimulated by GTPyS was 

largely mediated by a small GTP binding protein(s).
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Table 3.3. Effect of M g 2 +  concentration and AIF" 4  on GTPyS-induced 

tyrosine phosphorylation in permeabilized Swiss 3T3 ceils

Addition [M g 2 + ] |iM Mr 110,000-130,000 tyrosine 
phosphorylation (fold stimulation)

GTPyS^ 0^ 4.7 ± 0.7

GTPyS 0.6 4.6 ± 0.8

GTPyS 6 4.8 ± 0.6

GTPyS 600 5.3 ± 0.3

GTPyS 600 0 5.0 ± 1.4

A IF '4 ^ 1560^ 1.8 ± 0.3

A IF '4 ^ 6000*^ 1.7 ± 0.2

Cultures of Swiss 3T3 cells in 33 mm dishes were washed twice in DMEM and 

permeabilized with SLO for 1 min in modified permeabilization solution containing 

increasing concentrations of free magnesium as indicated in the presence or absence of 

5p.M GTPyS. The permeabilization solution was then exchanged for standard 

permeabilization solution, which contained no GTPyS but contained both ATP and Mg^+ to 

aliow the kinase reaction to occur. After a further 1.5 min, the cells were lysed and 

Immunoprecipitates of tyrosine phosphorylated proteins were analyzed by anti-Tyr(P) 

immunoblotting. Scanning densitometry of 2 independent experiments was used to 

calculate the fold increase in tyrosine phosphorylation of the Mr 110,000-130,000 band 

± the range.

^Cultures of Swiss 3T3 cells were permeabilized with SLO in standard or 

modified permeabilization solution containing 2.5mM MgCl2  (corresponding to 1.56 mM 

Mg2+) or 7mM MgCl2 (corresponding to 6mM Mg2+), respectively for 1 min. The  

incubation was continued for a further 2 min in the presence or absence of 30|iM AIF'4  

prior to iysis and analysis of tyrosine phosphorylated proteins as described above. 

Scanning densitometry of at least 3 independent experiments was used to calculate the 

fold increase in tyrosine phosphorylation of the Mr 110,000-130,000 band ± the SE. 

When permeabilized cells were stimulated with 300|iM AIF'4  (lOmM NaF) instead of 

30^M A IF'4(10m M  NaF) no additional increase in tyrosine phosphorylation was seen.
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3.4. INVOLVEMENT OF rhop21 IN GTPyS STIMULATED TYROSINE 

PHOSPHORYLATION

Rhop2^, a member of the Ras small G protein superfamily, has been 

implicated in mitogen-induced actin stress fibers and focal adhesions (Ridley and 

Hall , 1992; Miura et al., 1993), the distinct sites in the plasma membrane 

where p125^AK and paxillin are localized (Turner et al., 1990; Turner, 1991 ; 

Hanks et al., 1992; Schaller et al., 1992b). The Clostridium botulinum 

exoenzyme, 03 ADP-ribosyltransferase, has been shown to ADP ribosylate the 

A s n ^ l of rhop2^ and thereby prevents its interaction with downstream targets 

(Aktories et al., 1987; Sekine et al., 1989; Nemoto et al., 1991). To assess the 

role of rhop2^ in GTPyS stimulated tyrosine phosphorylation, cultures of Swiss 

3T3 cells were treated with 03 exoenzyme using a protocol that resulted in ADP 

ribosylation of rhop2^ (see section 2.14). Pretreatment with 03 exoenzyme 

markedly inhibited tyrosine phosphorylation of both the Mr 110,000-130,000 

(60% reduction) and 70,000-80,000 (67% reduction) group of bands 

stimulated by GTPyS (Fig. 3.4.1, upper panel). Furthermore, 03 pretreatment 

inhibited GTPyS stimulated tyrosine phosphorylation of p12sFAK and paxillin by 

70% (Fig.3.4 .1, middle and lower panels, respectively). These results suggest 

that rhop2^ mediates the effect of GTPyS and consequently, that rhop2^ lies 

upstream of tyrosine phosphorylation.

To obtain further evidence that rhop2^ was the small GTP binding protein 

involved in tyrosine phosphorylation stimulated by GTPyS, we synthesized a 

peptide which corresponded to the effector domain of r/?op21 (r/?op21 ^

This approach was based on previous work demonstrating that amino acid residues 

within rhop2 l '* ^ ’ 44  are necessary for actin reorganization (Self et al., 1993) 

and that an effector domain peptide of rasp21 (ra sp 21  ̂7 -44 ) blocks the 

interaction of ra s p 21 with rafp74  (Warner et al., 1993). Cells were 

permeabilized in the presence or absence of 20|iM rhop2117-44 peptide for 1 

min and then exposed to 5pM GTPyS for a further 1.5 min. Fig. 3.4.2 (upper 

panel) shows that tyrosine phosphorylation of both the Mr 110,000-130,000 and

70,000-80,000 bands induced by GTPyS was completely inhibited by rhop2 l'*^" 

44. In contrast, addition of rasp21 ^ 7-44 ^t 20pM, did not affect GTPyS 

stimulated tyrosine phosphorylation. Importantly, Fig. 3.4.2 also demonstrates 

that 20|iM of rhop21 ^ 7-44 could specifically inhibit p12sFAK (middle) and 

paxillin (lower) tyrosine phosphorylation induced by GTPyS. However, addition of 

an identical concentration of rasp21  ̂^"44 failed to inhibit p125^AK and paxillin 

tyrosine phosphorylation stimulated by GTPyS. The inhibitory effect of 
rhop2117-44 was dose dependent with an IO50 of IpM  (Fig. 3.4.2 Bottom panel).
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These results provide additional evidence that rhop2^ mediates the stimulatory 

effect of GTPyS on tyrosine phosphorylation.

We verified that the effector peptides were not inhibiting bombesin- 

stimulated tyrosine phosphorylation in a cell-free kinase assay. Confluent and 

quiescent cultures of Swiss 3T3 cells were incubated in the presence or absence of 

10nM bombesin for 10 min, a concentration and time known to induce maximum 

tyrosine phosphorylation (Zachary et al., 1991b). The cells were then lysed and 

the lysates immunoprecipitated with anti-mouse IgG agarose-linked mAbs directed 

against phosphotyrosine (Py72) for 4 h. A cell-free in vitro kinase assay was 

performed in the presence or absence of either 20)liM r/?op21  ̂7 -4 4  Q  ̂

rasp2117-44 peptides. Neither peptide affected basal or bombesin-stimulated 

phosphorylation of proteins in this kinase assay (data not shown).



117

F ig . 3 .4 .1

CO
■o

200

X  96 
■

68 ' -

p12S''^ 'L4

Paxillin —i

C3 Toxin 

GTPyS

+  -  +

+ +



Tyrosine Phosphorylation 
(% of maximum response)

ro G) 00 o

Q .
CD

o

J3
Û)
(0

"0
0)
X

I *
ro Mr.x 10"3

o>
CO

CO
O)

ros
1

cp

CO

ko

■



119

Fig. 3.4.1. Role of rfïop21 as a m ediator of GTPyS s tim u la ted  

ty ro s in e  phospho ry la tion : e ffec t o f C3 exoenzym e pretrea tm ent.

Swiss 313 cells in 33 mm dishes were incubated in DMEM supplemented with 10% fetal 

bovine serum in the presence (+) or absence (-) of C3 exoenzyme for 48 h at 7.5|i.g/ml 

as described in 'Materials and Methods'. The cells were then washed twice with DMEM 

and treated for a further 24 h with 15^ig/ml C3 exoenzyme in DMEM : Weymouth's (1:1, 

vol.vol) prior to permeabilization with SLO for 1 min and then incubation for another 1.5 

min in the presence (+) or absence (-) of 5pM GTPyS as indicated. The cultures were then 

lysed and the lysates immunoprecipitated with either anti-Tyr(P) mAb Py72 (upper), or 

anti-p1 2 sFAK rnAb2A7 (middle), or anti-paxillin mAb165 (lower). The 

immunoprecipitates were analyzed by immunoblotting with anti-Tyr(P) mAbs. An 

autoradiograph of a representative experiment is shown.

Fig. 3.4.2. Effect of rhop21  and rasp21 e ffecto r peptides on GTPyS 

s tim u la te d  ty ro s in e  p h o s p h o ry la tio n .

U p p e r  p a n e l :  I d e n t i f i c a t i o n  o f  t y r o s i n e  p f i o s p h o r y i a t e d  p r o t e i n s  w h i c h  a r e  i n h i b i t e d  b y  t h e  

r h o p 2 1  e f f e c t o r  p e p t i d e .  Cultures of Swiss 3T3 cells in 33 mm dishes were washed twice 

in DMEM and permeabilized with SLO in the presence or absence of 20|iM of either the 

fhop21^^'44 (Rho) or the rasp21^^"^^ (Ras) effector peptides for 1 min prior to 

incubation for a further 1.5 min in the presence or absence of 5p,M GTPyS. The cells were 

then lysed and the lysates immunoprecipitated with either anti-Tyr(P) mAb Py72 

(upper), or anti-pi25^^ ^  mAb2A7 (middle), or anti-paxillin mAb165 (lower). The 

immunoprecipitates were immunoblotted with anti-Tyr(P) mAbs. Autoradiographs shown 

are representative of at least 2 independent experiments.

L o w e r  p a n e l :  D o s e  r e s p o n s e  o f  r h o p 2 1  e f f e c t o r  p e p t i d e  o n  G T P y S  s t i m u i a t e d  t y r o s i n e  

p h o s p h o r y l a t i o n .  Identical cultures were permeabilized in the presence of increasing 

concentrations of the r/?op21^^‘ ^^ effector peptide (closed symbols) or 20|iM of the 

rasp21^^'^^ effector peptide (open symbols) for 1 min prior to incubation for another 

1.5 min in the presence or absence of 5pM GTPyS. The cells were then lysed and 

immunoprecipitates of tyrosine phosphorylated proteins were analysed by anti-Tyr(P) 

immunoblotting. Scanning densitometry of both the Mr 110,000-130,000 (circles) and 

Mr 70,000-80,000 (triangles) bands is shown. Each point is representative of 2 

independent experiments and is expressed as a percentage of the maximum response.
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3.5. SUMMARY AND DISCUSSION

We demonstrate for the first time that GTPyS can rapidly stimulate 

tyrosine phosphorylation of Mr 110,000-130,000 and Mr 70,000-80,000 

bands in permeabilized cells. The pattern of GTPyS induced tyrosine 

phosphorylation is similar to that recently reported for neuropeptides (Zachary et 

al., 1991a; Zachary et al., 1992; Sinnett-Smith et al., 1993; Zachary et al., 

1993) and LPA (Seufferlein and Rozengurt, 1994a) in intact cells. Indeed, GTPyS 

specifically induces tyrosine phosphorylation of the focal adhesion associated 

proteins, p lZS^AK and paxillin. Interestingly, tyrosine phosphorylation of the Mr

70,000-80,000 paxillin band lagged behind the Mr 110,000-130,000 band by 

30 s which would be consistent with previous in vitro evidence suggesting that 

paxillin is a substrate of p12sFAK (Turner et al., 1993).

GTPyS stimulated tyrosine phosphorylation could be inhibited by GDPpS in 

a dose dependent fashion. This indicates that GTPyS stimulated tyrosine 

phosphorylation is mediated by a G protein. We have previously shown that GTPyS 

can activate PIP2 -PLC in permeabilized Swiss 3T3 cells (Erusalimsky et al., 

1988; Murphy and Rozengurt, 1992). PIP2 -PLC catalyses the hydrolysis of 

inositol phospholipids into diacylglycerol and inositol 1,4,5-trisphosphate which 

activate PKC and mobilize Ca^+, respectively (Berridge, 1993). Activation of PKC 

by phorbol esters or membrane permeable diacylglycerols has been shown to 

induce tyrosine phosphorylation of p12sFAK and paxillin in intact Swiss 3T3 cells 

(Sinnett-Smith et al., 1993; Zachary et al., 1993). It was therefore possible that 

GTPyS stimulates tyrosine phosphorylation via heterotrimeric G protein mediated 

activation of PKC. In this respect, integrin-induced stimulation of p125^A K  

tyrosine phosphorylation appears to be mediated by PKC (Vuori and Ruoslahti, 

1993). In contrast, our results show that GTPyS stim ulates tyrosine 

phosphorylation of both the Mr 110,000-130,000 band and 70,000-80,000 

paxillin band through a PKC-independent pathway as judged by the fact that neither 

down-regulation nor inhibition of PKC prevented GTPyS mediated tyrosine 

phosphorylation.

In liver epithelial cells, angiotensin II increases tyrosine phosphorylation 

of cellular components, including a Mr 125,000 band, apparently through a 

Ca2+-dependent pathway (Huckle et al., 1992). It has also been reported that the 

induction of Ca^+ oscillations are required for GPIIbllla-induced tyrosine 

phosphorylation of a Mr 125,000 protein in cells expressing this integrin 

(Pelletier et al., 1992). It is likely but unproven that these Mr 125,000 bands 

are related to p125^^^. In view of these findings we tested whether Ca^+ could 

stimulate tyrosine phosphorylation in permeabilized Swiss 3T3 cells. Our results
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show that increasing the Ca^+ concentration in the absence of GTPyS, to mimic 

C a 2 + m obilization from internal stores, failed to increase tyrosine 

phosphorylation over background levels. Furthermore, the presence or absence of 

Ca2+ had little effect on GTPyS induced tyrosine phosphorylation. These results 

strongly suggest tyrosine phosphorylation occurs via a Ca^+ independent pathway 

in permeabilized Swiss 3T3 cells. This is in agreement with our previous reports 

showing that neuropeptides, LPA and sphingosine induce tyrosine phosphorylation 

via a PKC and Ca2+ independent pathway in intact Swiss 3T3 cells (Zachary et al., 

1992; Sinnett-Smith et al., 1993; Zachary et al., 1993; Rankin and Rozengurt, 

1994; Seufferlein and Rozengurt, 1994a; Seufferlein and Rozengurt, 1994b).

G T P yS  has been shown to bind and irreversibly activate both 

heterotrimeric and small GTP binding proteins. It was therefore important to 

distinguish the contribution of these two classes of G proteins in mediating GTPyS 

induced tyrosine phosphorylation. The fact that GTPyS could induce tyrosine 

phosphorylation almost to the same degree at nanomolar and millimoiar 

concentrations of Mg2+, suggests that a small GTP binding protein predominantly 

mediates GTPyS induced tyrosine phosphorylation (Blank et al., 1991; Knaus et 

al., 1992; Mistou et al., 1992). This data is supported by the fact that AIF‘ 4 , a 

direct activator of heterotrimeric G proteins (Kahn, 1991), only weakly 

stimulated tyrosine phosphorylation in permeabilized Swiss 3T3 cells.

Tyrosine phosphorylation of p125^AK and paxillin stimulated by bombesin, 

LPA and sphingosine is closely related to changes in the organisation of actin 

microfilaments induced by these ligands in Swiss 3T3 cells. Disruption of the 

cytoskeleton with cytochalsin D inhibits the ability of these agents to stimulate 

tyrosine phosphorylation (Sinnett-Smith et al., 1993; Zachary et al., 1993; 

Seufferlein and Rozengurt, 1994a; Seufferlein and Rozengurt, 1994b). 

Furthermore, both tyrosine phosphorylation and the cytoskeletal changes induced 

by LPA and bombesin require functional rhop2^ protein (Ridley and Hall , 1992; 

Kumagai et al., 1993a; Seufferlein and Rozengurt, 1994a). Consequently, it was of 

interest to determine whether rhop2^ mediated GTPyS induced tyrosine 

phosphorylation of p12sFAK and paxillin in permeabilized cells.

The Clostridium botulinum C3 exoenzyme has been shown to ADP ribosylate 

the Asn^l of rhop2^, a residue within the effector domain of this small G protein 

and thereby prevents the interaction of rhop2^ with its downstream targets 

(Aktories et al., 1987; Sekine et al., 1989; Nemoto et al., 1991). Pretreatment 

with C3 exoenzyme markedly inhibits GTPyS induced tyrosine phosphorylation of 

multiple substrates including p125^A K  and paxillin. These results strongly
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suggest that rhop2^ mediates the effect of GTPyS and consequently, that rhoç>2^ 

lies upstream of tyrosine phosphorylation.

in a separate approach to test whether rhop2^ mediates GTPyS induced 

tyrosine phosphorylation we used a synthetic peptide corresponding to the effector 

domain of rhop2^ (rA?op21 This region of rhop2^ and more recently

racp21 has been identified as necessary for actin reorganization (Self et al., 

1993; Xuemin et al., 1994). Furthermore, an effector domain peptide of rasp21 

(ras p2 1 17-44) block the ability of rasp21 to interact with ra/p74 in vitro 

(Warner et ai., 1993). We reasoned that a r/?op2117-44 peptide could interfere 

with the interaction between this smali G protein and its effector(s). The peptide 

rh o p 2 1 17-44 inhibited tyrosine phosphorylation of both the Mr 110,000-

130,000 and 70,000-80,000 bands induced by GTPyS in a dose dependent 

fashion. In contrast, rasp2l17-44 at identical concentrations did not affect 

GTPyS stimulated tyrosine phosphorylation in permeabilized Swiss 3T3 celis. 

Importantiy, rh o p 2 1 17-44 but not ra s p 2 1 17-44 could specifically inhibit 

P I2 5 FAK and paxillin tyrosine phosphoryiation induced by GTPyS. These results 

provide additional evidence that rhop2^ mediates GTPyS induced tyrosine 

phosphorylation.

In conclusion, using permeabilized Swiss 3T3 ceils the results presented in 

this chapter demonstrate for the first time that GTPyS can induce tyrosine 

phosphorylation of multipie substrates including p12sFAK and paxillin. As these 

effects can occur at nanomolar Mg^+ concentrations and are blocked by either C3 

exoenzyme or rhop2 1 17-44 peptide, we suggest that the smali GTP binding 

protein rhop2^ predominantly mediates GTPyS induced tyrosine phosphorylation.
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CHAPTER 4

T y r p h o s t in  in h ib it s  b o m b e s in  s t im u l a t io n  o f  t y r o s in e

P H O S P H O R Y LA TIO N , C-FOS EXPRESSION AND DNA SYNTHESIS IN 

S w is s  3T3 c e l l s .

Tyrosine phosphorylation is essential for the biological activity of various 

polypeptide growth factors such as PDGF (Cantley et al., 1991), but its 

significance in the action of mitogenic neuropeptides is only beginning to be 

recognised. Recently, addition of bombesin and other neuropeptides to quiescent 

Swiss 3T3 cells has been shown to increase tyrosine phosphorylation of multiple 

substrates including a group of bands migrating with an apparent Mr 110,000-

130,000 (Leeb-Lundberg and Song, 1991; Zachary et al., 1991a). Furthermore, 

neuropeptide stimulation of Swiss 3T3 cells increases tyrosine phosphorylation of 

both endogenous substrates and of exogenously added peptide tyrosine kinase 

substrates in cell-free preparations of these cells. This indicates that 

neuropeptide-stimulated tyrosine phosphorylation is due to activation of cellular 

tyrosine kinase(s) (Zachary et al., 1991b). The substrates for neuropeptide 

tyrosine phosphorylation in these cells appear to be unrelated to known targets for 

receptors endowed with intrinsic tyrosine kinase activity including GTPase 

activating protein, phosphatidylinositol 3' kinase, and phospholipase C-y 

(Meisenhelder et al., 1989; Zachary et al., 1991a). Recently, however, it was 

reported that a novel cytosolic protein tyrosine kinase, p i2 5 ^ ^ ^ ,  is a major 

substrate for bombesin-stimulated tyrosine phosphorylation in Swiss 3T3 cells 

(Zachary et al., 1992). The role of the tyrosine kinase signalling pathway in 

neuropeptide stimulated DNA synthesis remains unknown.

A series of low-molecular-weight compounds termed tyrphostins have 

recently been synthesized (Gazit et al., 1989), and shown to selectively inhibit 

both membrane bound (Lyall et al., 1989; Bilder et al., 1991) and cytosolic 

protein tyrosine kinases (O'Dell et al., 1991 ; Anafi et al., 1992). These new 

compounds thus provide useful tools to analyse the role of tyrosine kinases in 

signal transduction and are of potential therapeutic value for a wide range of 

clinical conditions including neoplasia (see section 1.8). The experiments 

presented in this chapter show that addition of tyrphostin to intact Swiss 3T3 cells 

reduces bombesin induced tyrosine phosphorylation of the Mr 110,000-130,000 

phosphotyrosyl bands and inhibits bombesin mediated c-fos expression and DNA
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synthesis. The results demonstrate that inhibitors of tyrosine kinase activity 

prevent neuropeptide mediated mitogenesis.

4.1. TYRPHOSTIN INHIBITS BOMBESIN STIMULATED TYROSINE

PHOSPHORYLATION.

To determine whether tyrphostin could inhibit the increase in protein 

tyrosine phosphorylation induced by bombesin, quiescent Swiss 3T3 cells were 

pretreated with or without 20pM tyrphostin for 18 h (Lyall et al., 1989), and 

then stimulated with 10nM bombesin for 10 min. Lysates of the cultures were 

immunoprecipitated with a specific anti Tyr(P) mAb, and the immunoprecipitates 

analysed by Western blotting using the Py20 anti Tyr(P) mAb. In accord with 

previous results (Leeb-Lundberg and Song, 1991; Zachary et al., 1991a), 

bombesin increased the tyrosine phosphorylation of a group of bands migrating 

with an apparent Mr 110,000-130,000 (Fig. 4.1.1 A) by 315% ± 50 (mean ± 

SEM; n=5). Prior treatment of the cells with tyrphostin inhibited the 

phosphorylation of the Mr 110,000-130,000 bands by 76% ± 5.7 (mean ± SEM; 

n=5). When the cells were preincubated with 20|liM tyrphostin for 3h instead of 

18h, the compound was still able to inhibit bombesin-mediated tyrosine 

phosphorylation by 58% ± 7.9 (mean ± SEM; n=5). Tyrphostin inhibited the 

stimulation of tyrosine phosphorylation of the Mr 110000-130000 bands in a 

concentration-dependent manner. The maximum effect was achieved at 20|iM 

tyrphostin and it was not further enhanced by increasing the concentration of 

tyrphostin up to 50p.M (Fig. 4.1.2).

In other experiments, cell lysates were immunoprecipitated with the mAb 

2A7 d irected aga inst p i 25^ A K (Schaller et al., 1992a) and the 

immunoprecipitates were Western blotted with anti Tyr(P) mAb. As shown in Fig. 

4.1.IB , bombesin induced a marked increase (319% ± 28; mean ± SEM; n=4) in 

the tyrosine phosphorylation of p125FAK effect also inhibited (48% ± 4.5; 

mean ± SEM; n=4) by prior exposure to 20p.M tyrphostin. In control 

experiments, addition of 20p,M tyrphostin inhibited the increase in tyrosine 

phosphorylation induced by 5ng/ml PDGF of a band migrating with an apparent Mr

170,000-190,000 (comprising the a and p PDGF receptors) by 79% ± 14 

(results not shown).

Next, we tested the specificity of tyrphostin for tyrosine kinases by 

examining the effect of this inhibitor on the activation of serine/threonine kinases 

such as PKC or PKA. In quiescent Swiss 3T3 cells, the activation of PKC by PDB can 

be monitored by the increase in the phosphorylation of 80K/MARCKS, a specific 

and prominent substrate of this kinase in intact cells (Blackshear et al., 1986;
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Rodriguez and Rozengurt, 1986; Rozengurt, 1986; Erusaiimsky et al., 1988; 

Brooks et al., 1991). Raising cAMP levels stimulates PKA activation and can be 

achieved by agents that either stimulate adenylate cyclase such as forskolin or 

inhibit cAMP phosphodiesterase including IBMX. Activation of PKA by elevated 

cellular cAMP as induced by forskoiin and iBMX stimulates the phosphorylation of 

the intermediate fiiament protein vimentin (Escribano and Rozengurt, 1988). 

Quiescent Swiss 3T3 cells were labelled for 18 h with [32p]p j |n the absence or 

presence of 20)iM tyrphostin, and stimulated with either PDB or a combination of 

forskolin and iBMX. The results showed that tyrphostin had no inhibitory effect on 

either PDB induced phosphorylation of 80K/MARCKS (Fig. 4.1.1C) or PKA- 

mediated phosphorylation of vimentin (Fig. 4.1.ID ). Thus tyrphostin, at a 

concentration that inhibited bombesin stimulated tyrosine phosphorylation, had no 

effect on the activation of either PKG or PKA in intact Swiss 3T3 cells
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Fig. 4.1.1. Tyrphostin selectively inhibits tyrosine phosphorylation  

in Swiss 3T3 cells.

A. Effect of tyrphostin on bombesin induced early tyrosine phosphorylation.

Confluent and quiescent Swiss 3T3 cells in 33mm dishes were incubated for 18 h in 

DMEM/Waymouth medium in the absence or presence of 20|iM tyrphostin (T) and then 

stimulated with lOnM bombesin (BOM) for 10 min. The cultures were lysed and the 

lysates immunoprecipitated and analysed by western blotting with anti-Tyr(P) mAb as 

described in Materials and Methods. The group of bands migrating with an apparent Mr

110,000-130,000 is shown and molecular weight markers indicated. The result shown is 

representative of 5 independent experiments.

B Tyrphostin effect on bombesin induced p 1 2 5 ^^^  tyrosine phosphorylation.

Confluent and quiescent Swiss 3T3 cells in 33mm dishes were incubated for 18 h in 

DMEM/Waymouth medium in the absence or presence of 20|iM tyrphostin (T) and then 

stimulated with lOnM bombesin (BOM). AfterlO min the cultures were lysed and the 

lysates were incubated with a mAb directed against pi 25^^*^- The Immunoprecipitates 

were analysed by Western blotting with an anti-Tyr(P) mAb as described in Materials and 

Methods. The p i25^^*^ band (FAK) is arrowed and is representative of 4 independent 

experiments.

C Tyrphostin does not affect PDB induced 80K/MARCKS phosphorylation. Confluent 

and quiescent Swiss 3T3 cells in 33mm dishes were incubated with 80pCi [^^P]P| in the 

absence or presence of 20|iM tyrphostin for 18 h and then stimulated with 10Ong/ml PDB 

for 15 min prior to lysis and SDS-PAGE electrophoresis as described in Materials and 

Methods. The 80K/MARCKS band (80K) is arrowed and is representative of 3 independent 

experiments.

D Tyrphostin does not affect forskolin stimulated vimentin phosphorylation. Swiss 

3T3 cells in 33mm dishes were incubated with 400|iCi [^^P]P| in the absence or presence 

of 20|liM tyrphostin for 18 h and were then stimulated with 25pM forskolin and SOOpM 

IBMX (FORSK) for 30 min prior to lysis and SDS-PAGE electrophoresis as described in 

Materials and Methods. The Mr 58,000 vimentin band (VIM) is arrowed and is 

reprentative of 3 independent experiments.
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Fig. 4.1.2. Tyrphostin inhibits tyrosine phosphorylation in a dose 

dependent manner in Swiss 3T3 ceils.

Confluent and quiescent Swiss 3T3 cells in 33mm dishes were incubated for 3 h in 

DMEM/Waymouth medium in the absence or presence of increasing concentrations of 

tyrphostin (T) and then stimulated with lOnM bombesin (BOM) for 10 min. The cultures 

were lysed and the lysates immunoprecipitated and analysed by western blotting with 

anti-Tyr(P) mAb as described in Materials and Methods. Scanning densitometry of the 

Mr 110,000-130,000 bands was performed and the results plotted as a percentage of 

the maximum response. Each point represents the mean of 3 independent experiments ±

S.E..



129

4.2. TYRPHOSTIN DOES NOT BLOCK BOMBESIN BINDING TO ITS 

RECEPTOR OR BOMBESIN STIMULATED CA2+ MOBILIZATION AND 

80K/MARCKS PHOSPHORYLATION.

In order to exclude any effect of tyrphostin on bombesin/GRP receptor 

binding, quiescent Swiss 3T3 cells were preincubated with or without 20|iM 

tyrphostin and then incubated with increasing concentrations of '*25|-g r p  for 30 

min. Fig. 2A shows the specific "*25|.g r p  binding to Swiss 3T3 cells as a function 

of the concentration of radiolabelled ligand. Scatchard analysis of these data (Fig. 

4.2A inset) indicated the presence of high affinity receptor sites of K j = 0.6 x 10" 

^M . Tyrphostin pretreatment did not alter either the total number of sites or the 

apparent affinity for 125|_GRp

Next we examined the effect of tyrphostin on bombesin stimulated Ca2+ 

m o b iliza tion  and 80K/MARCKS phosphorylation. As shown in Fig. 4.28, 

pretreatment with 20pM tyrphostin did not prevent the rapid increase in [Ca^+jj 

induced by bombesin. In contrast, Ca2+ mobilization stimulated by PDGF 

(5ng/ml), was inhibited by 56% using an identical concentration of tyrphostin. 

Furthermore, the increase in 80K/MARCKS phosphorylation induced by bombesin 

was not prevented by prior exposure to tyrphostin, whilst PDGF stimulated 

80K/MARCKS phosphorylation was blocked by this tyrosine kinase inhibitor (Fig. 

4.2C). Thus, tyrphostin, at a concentration which inhibited bombesin induced 

tyrosine phosphorylation in intact Swiss 3T3 cells, did not affect bombesin 

receptor binding, bombesin induced Ca2+ mobilization or PKC activation.
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Fig. 4.2. Effect of tyrphostin on '•2 5 | .q r p  binding, Ca^ +

m obiiization and 80K/MARCKS phosphoryiation.

A Tyrphostin does not affect the specific binding of to Swiss 373 ceils.

Confluent and quiescent Swiss 3T3 cells in 33mm dishes were incubated in 

DMEM/Waymouth medium with (open circles) or without 20pM tyrphostin (closed 

circles) for 3 h prior to incubation with increasing concentrations of ^^^l-GRP for 30 

min at 37^0. Specific binding was determined as described in Materials and Methods. 

Inset: Scatchard plot of the same data. Treatment with 20pM tyrphostin for 18 h 

instead of 3 h also failed to inhibit specific binding of ^^^l-GRP.

B: Effect of tyrphostin on the increase in [Ca^'^Ji induced by bombesin or PDGF.

Confluent and quiescent Swiss 373 cells in 90mm dishes were incubated for 18 h in

DMEM/Waymouth medium in the absence or presence of 20pM tyrphostin, loaded with 

fura-2 and then stimulated with lOnM bombesin (BOM) or 5ng/ml PDGF. Intracellular 

Ca2+ was measured as described in Materials and Methods.

0: Effect of tyrphostin on bombesin and PDGF induced SOK/MARCKS 

phosphoryiation. Confluent and quiescent Swiss 373 cells in 33mm dishes were 

incubated with 80|xCi [32p]Pj jp the absence or presence of 20|xM tyrphostin (7) for 18 h 

and then stimulated with either lOnM bombesin (BOM) or 7.5ng/ml PDGF for 15 min prior 

to lysis and SDS-PAGE electrophoresis as described in Materials and Methods. The 

80K/MARCKS band is arrowed and control unstimulated lanes with or without tyrphostin 

are also shown. Scanning densitometry of the 80K/MARCKS band was normalised by 

scanning a lower band which was unaffected by the various treatments. Thus, PDGF 

induced phosphorylation of 80K/MARCKS was inhibited by 71% by pretreatment with 

tyrphostin In contrast bombesin induced 80K/MARCKS phosphorylation was not 

significantly inhibited (10%) by tyrphostin pretreatment.

4.3. BOMBESIN STIMULATED C-FOS EXPRESSION IS INHIBITED BY

TYRPHOSTIN.

Bombesin causes a striking induction of c-fos mRNA expression in Swiss 

373 cells through multiple pathways that act in a synergistic fashion (Rozengurt 

and Sinnett-Smith, 1988; Mehmet et al., 1989; Mehmet et al., 1990a). We 

therefore examined whether bombesin is able to induce the expression of c-fos in 

tyrphostin-treated cells, as an indication that tyrosine phosphoylation may be 

implicated in bombesin-mediated signalling of early nuclear events. Quiescent 

cells were incubated for 18 h with or without 20)iM tyrphostin prior to 

stimulation with lOnM bombesin. Expression of c-fos mRNA which is maximal 30
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min after addition of bombesin (Rozengurt and Sinnett-Smith, 1988), was 

inhibited by 52% ± 10 (mean ± SEM; n=4) in the tyrphostin pretreated cells 

(Fig. 4.3, upper and middle panels). Pretreatment with tyrphostin did not alter 

the time-course of c-fos expression induced by bombesin (Fig. 4.3, lower panel). 

Tyrphostin also inhibited the increase in c-fos expression by PDGF but did not 

alter c-fos induction by PDB (results not shown).

Fig. 4.3. PTO

Fig. 4.3. Tyrphostin inhibits bombesin stim ulated c-fos induction.

Confluent and quiescent Swiss 313 cells in 90mm dishes were incubated for 18 h in 

DMEMA/Vaymouth medium in the absence or presence of 20fiM tyrphostin (T) and then 

stimulated with 1GnM bombesin (BOM) for the times indicated. Total RNA was extracted 

and analysed by Northern hybridisation as described in Materials and Methods. U p p er  

p ane l Northern blot showing the effect of tyrphostin on the induction of c-fos by 

bombesin at 0 and 30 min. An 188 probe shows the relative amount of RNA loaded on the 

gel. M iddle panel The bar graph shows the mean of 4 independent experiments ± SEM of 

the effect of tyrphostin (black) on c-fos induction by bombesin (hatched). Low er panel 

Time course of c-fos induction by bombesin in control (open circles) or in tyrphostin- 

treated cells (closed circles). Results are expressed as a percentage of the maximum 

response observed with bombesin alone at 30 min. Scanning densitometry was used to 

quantitate mRNA levels which were normalised using the 18S probe data. In control 

experiments the induction of c-fos by 7.5 ng/ml PDGF at 30 min was inhibited by 85%  

(mean of 2 independent experiments) by pretreatment with 20|iM tyrphostin. In contrast 

tyrphostin had no effect on 100ng/ml PDB induction of c-fos in 3 independent 

experiments (data not shown).
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4.4. TYRPHOSTIN INHIBITS BOMBESIN MEDIATED DNA SYNTHESIS.

The preceding results prompted us to determine whether tyrphostin could 

inhibit bombesin mediated mitogenesis. Quiescent Swiss 3T3 cells were stimulated 

with increasing concentrations of bombesin in the presence of [^H]-thymidine and 

with or without 20|iM tyrphostin. The incorporation of radiolabelled precursor 

was measured after 40 h of incubation. As shown in Fig. 4.4.1 A, tyrphostin 

inhibited [^H]-thymidine incorporation even at the highest concentration of 

bombesin tested (lOnM). In 13 independent experiments, 20p,M tyrphostin 

inhibited the stimulation of DNA synthesis induced by lOnM bombesin by 50% ±

3.4. The ability of tyrphostin to inhibit [^HJ-thymidine incorporation in cells 

stimulated by bombesin was reversible. Confluent and quiescent Swiss 3T3 cells 

were incubated with 20|iM tyrphostin and stimulated with bombesin. After 24 h, 

the cells were washed 5 times in DMEM and then incubated for a further 24 h in 

media taken from untreated confluent and quiescent parallel cultures. The cells 

were then restimulated with bombesin and showed the same degree of [^H ]- 

thymidine incorporation as parallel cultures of cells which had not previously 

been exposed to tyrphostin (results not shown).

In order to ensure that the inhibitory effect of tyrphostin was not due to a 

decrease in the transport and/or phosphorylation of [^H]-thymidine, bombesin 

stimulated DNA synthesis with or without tyrphostin was also determined by 

autoradiography of labelled nuclei. As shown in Fig. 4.4.1 B, tyrphostin reduced the 

proportion of labelled nuclei at all concentrations of bombesin tested.

Tyrphostin inhibited bombesin induced DNA synthesis in a concentration 

dependent fashion, with an IC50  of 20|iM (Fig. 4.4.2, left), a concentration that 

reduced bombesin stimulated tyrosine phosphorylation of the Mr 110,000-

130,000 band (Fig. 4.1.1 A). In parallel cultures, [^H j-thym idine incorporation 

stimulated by PDGF was inhibited markedly by similar concentrations of 

tyrphostin. In contrast, DNA synthesis induced by PDB and insulin was unaffected 

by tyrphostin even at 30pM (Fig. 4.4.2, right).

Bombesin stimulated [^Hj-thymidine incorporation in the absence or 

presence of tyrphostin was also assessed at different times after the addition of the 

peptide. Fig. 4.4.3 shows that tyrphostin markedly decreased the rate of entry into 

S phase in cells stimulated by bombesin. Consequently, at 24 h and 30 h the 

inhibition of DNA synthesis by tyrphostin was more pronounced than that produced 

after 40 h of incubation (91% and 78% respectively).
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Fig. 4.4.1. Dose-response curves for the effects of bombesin on DNA 

synthesis in the presence or absence of tyrphostin. Confluent and 

quiescent cultures of Swiss 3T3 cells in 33mm dishes were stimulated with increasing 

concentrations of bombesin in the abscence (open circles) or presence of 20^iM tyrphostin 

(closed circles). [^Hj-thymidine incorporation was measured at 40 h either by 

incorporation into acid-insoluble material (panel A) or by autoradiography of labelled 

nuclei (panel B). Each point represents the mean of 3 independent experiments done in 

duplicate ± SEM. For autoradiography 5-10 fields each containing about 300 nuclei were 

counted for every dish. The total numbers of cells counted per field were similar in the 

cultures incubated with or without tyrphostin.
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Fig. 4.4.2. Dose-response curves for the effect of tyrphostin on 

bombesin induced DNA synthesis. Left Confluent and quiescent Swiss 3T3 cells 

in 33mm dishes were stimulated with 10nM bombesin (closed circles). Right Parallel 

cultures were stimulated with 5ng/ml PDGF (open circles) or 100ng/ml PDB + insulin 

1|ig/ml (closed squares). All cultures were incubated in the presence of [^HJ-thymidine 

with increasing concentrations of tyrphostin for 40 h as described in Materials and 

Methods. Each point represents the mean of 5 independent experiments performed in 

duplicate ± SEM.
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Fig. 4.4.3, Time-course of bombesin stimulated DNA synthesis in the 

absence or presence of tyrphostin. Confluent and quiescent Swiss 3T3 cells in 

33mm dishes were stimulated with bombesin either in the abscence (open circles) or 

presence of 20^iM tyrphostin (closed circles) and [^H]-thymidine incorporation was 

measured at 2 h intervals from 22-32 hours and again at 46-48 h by incorporation into 

acid-insoluble material. All other details were as described in Materials and Methods.
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4.5. SUMMARY AND DISCUSSION

Peptides of the bombesin family act through receptors that are coupled to a 

GTP-binding protein(s) and lack intrinsic tyrosine kinase activity (Erusaiimsky 

et ai., 1988; Battey et al., 1990; Coffer et al., 1990; Sinnett-Smith et ai., 1990; 

Spindel et al., 1990). Recently however, bombesin and other neuropeptides have 

been shown to rapidly increase tyrosine phosphorylation of multiple substrates in 

intact quiescent Swiss 3T3 ceils including a group of bands of Mr 110,000-

130.000 (Leeb-Lundberg and Song, 1991; Zachary et al., 1991a; Zachary et al., 

1991b), a component of which which is the cytosolic tyrosine kinase p 1 2 5 ^^^  

(Zachary et ai., 1992). These results demonstrate that neuropeptides acting 

through receptors linked to GTP-binding proteins increase tyrosine 

phosphoryiation of protein substrates in intact cells. Despite the importance of 

tyrosine phosphoryiation in the action of polypeptide growth factors and non

receptor oncogenes, the role of tyrosine kinase activation in neuropeptide 

mitogenic signalling remains unknown.

The tyrphostins are a series of synthetic tyrosine kinase inhibitors (Gazit 

et ai., 1989) that block the kinase of the EGF receptor both in vitro and in intact 

cells (Yaish et al., 1988; Lyall et al., 1989). These compounds have also been 

shown to inhibit the tyrosine kinase activity of the PDGF receptor (Bilder et ai.,

1991). In contrast tyrphostins inhibit the tyrosine kinase of the insulin receptor 

only at high concentrations (Yaish et al., 1988). Accordingly, tyrphostins prevent 

EGF and PDGF-stimulated DNA synthesis and cell proliferation. The compounds also 

inhibit the activity of soluble tyrosine kinases, including pp6QC-src and abl 

(O'Dell et al., 1991; Anafi et al., 1992) and have been shown to selectively inhibit 

individual tyrosine kinases (Anafi et al., 1992) (see section 1.8). These studies 

show that tyrphostins serve as selective inhibitors of the action of growth factors 

that bind to receptors endowed with intrinsic tyrosine kinase activity. Recent 

findings implicating tyrosine phosphorylation in the action of neuropeptides 

(Leeb-Lundberg and Song, 1991; Zachary et al., 1991a; Zachary et al., 1991b; 

Zachary et al., 1992) prompted us to determine whether tyrphostins could also 

provide a tool to define the contribution of the tyrosine phosphorylation pathway in 

bombesin-stimulated mitogenesis.

The data demonstrate that treatment of intact Swiss 3T3 cells with 

tyrphostin markedly inhibited the early stimulation by bombesin of tyrosine 

phosphoryiation of a broad band migrating with an apparent Mr 110,000-

130.000 in anti-Tyr(P) immunoprecipitates. This was accompained by a 

reduction in tyrosine phosphorylation of the cytosolic tyrosine kinase p12sFAK 

We examined the specificity of tyrphostin to inhibit tyrosine phosphorylation
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rather than other early phosphorylation events mediated by serine/threonine 

protein kinases. The tyrphostins were previously shown to inhibit purified enzyme 

preparations of PKC and PKA at concentrations that were 10-fold higher than those 

required to inhibit ppOO^^'^rc (O'Dell et al., 1991). We investigated the 

selectivity of tyrphostin in intact Swiss 313 cells by measuring the PKC-mediated 

phosphorylation of SOK/MARCKS (Blackshear et al., 1986; Rodriguez and 

Rozengurt, 1986; Rozengurt, 1986; Zachary et al., 1986; Erusaiimsky et al., 

1988; Brooks et al., 1991) and the PKA-mediated phosphorylation of vimentin 

(Escribano and Rozengurt, 1988). Neither the increase in the phosphorylation of 

80K/MARCKS following exposure to PDB nor that of vimentin induced by forskolin 

and IBMX stimulation were inhibited by pretreatment of the cells with tyrphostin. 

The fact that similar or even higher concentrations of tyrphostin did not inhibit 

DNA synthesis stimulated by PDB and insulin provided further evidence that 

tyrphostin did not inhibit PKC in intact cells. This later fact also suggests that 

tyrphostin is unlikely to inhibit MAPK activation as this is downstream of PKC in 

the signalling pathway elicited by bombesin or PDB in Swiss 3T3 cells (Pang et 

al., 1993). These results indicate that tyrphostin, at the concentration used in this 

study, selectively inhibits bombesin stimulated tyrosine phosphorylation without 

affecting PKC or PKA in intact Swiss 3T3 cells.

The possibility that tyrphostin could interfere with proximal steps in the 

action of bombesin was also examined. Tyrphostin did not change either the total 

number of sites or the apparent affinity of the bombesin/GRP receptor. 

Furthermore, tyrphostin did not interfere with the activation of phospholipase C 

and subsequent mobilization of Ca^+ from the intracellular stores and activation of 

PKC. In contrast, tyrphostin under identical conditions markedly inhibited PDGF 

stimulation of the same spectrum of responses. These results are consistent with 

the existence of two different pathways leading to the activation of distinct isoforms 

of phospholipase C. Thus, polypeptide growth factor receptors directly activate 

phospholipase C-y by tyrosine phosphorylation at specific sites (Kim et al., 1991; 

Sultzman et al., 1991) whereas neuropeptide receptors activate phospholipase C-p 

via G-proteins of the Gq family (Blank et al., 1991; Shenker et al., 1991; Smrcka 

et al., 1991; Taylor et al., 1991; Berstein et al., 1992b). Interestingly, a recent 

report using retinal rod cells has shown that tyrphostin at similar concentrations 

to those used in this study, inhibits the GTPase activity of transducin, which like 

Gq is a heterotrimeric G protein (Wolbring et al., 1994). This suggests that 

tyrphostin could have non-specific effects leading to activation of G-proteins. 

However, the data presented here shows that tyrphostin has no significant effect on 

the ability of Gq to mediate Ca^+ mobilization or PKC activation before or after 

bombesin stimulation. The results therefore suggest that tyrphostin provides a
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useful tool with which to dissect the contribution of tyrosine phosphorylation to 

mitogenic signalling by bombesin in Swiss 3T3 cells.

The increase in c-fos transcription leading to the accumulation of c-fos 

mRNA is mediated by multiply cis-acting sequences and transcription factors 

(reviewed in (Treisman, 1992)). In line with this complexity, several 

independent signals including PKC activation and Ca^+ mobilization are involved in 

the stimulation of c-fos expression by bombesin (Rozengurt and Sinnett-Smith, 

1988; Mehmet et al., 1989; Mehmet et al., 1990a). Here, we show that 

tyrphostin inhibited the induction of c-fos mRNA by bombesin. These results 

suggest that tyrosine phosphorylation is also a signalling pathway leading to 

enhanced c-fos expression in bombesin-treated cells.

Addition of bombesin to quiescent Swiss 3T3 cells stimulates DNA synthesis 

in the absence of other factors (Rozengurt and Sinnett-Smith, 1983). The ability 

of bombesin to act as a sole mitogen for these cells has been ascribed to the 

stimulation by this peptide of multiple signalling pathways that synergistically 

lead to DNA synthesis (Rozengurt, 1986; Rozengurt, 1991). If the stimulation of 

tyrosine phosphorylation by bombesin is one of the signalling events leading to DNA 

synthesis, it would be expected that its inhibition should Interfere with the DNA 

synthetic response. The results presented here indicate that tyrphostin markedly 

inhibits bombesin mediated mitogenesis in Swiss 3T3 cells. This inhibitory effect 

was verified both by measurements of [^HJ-thymidine incorporation into acid 

precipitable material and autoradiography of [^HJ-thymidine labelled nuclei. The 

inhibition was dose dependent and it was not reversed even at high concentrations of 

bombesin. These results show that tyrphostin inhibits bombesin-stimulated DNA 

synthesis in Swiss 3T3 cells .

Interestingly, a recent report has shown that tyrphostin inhibits 

topoisomerase I (Aflalo et al., 1994). This raises the possibility that tyrphostin 

could non-specifically inhibit DNA synthesis induced by many agents. However, 

data presented here shows that concentrations of tyrphostin which block DNA 

synthesis induced by bombesin or PDGF have no effect on PDB and insulin 

stimulated DNA synthesis. It therefore seems unlikely that tyrphostin, at the 

concentrations used, inhibits topoisomerase I in Swiss 3T3 cells.

In conclusion, the results presented In this chapter support the notion that 

tyrosine phosphorylation plays a role in the mitogenic response elicited by 

bombesin. This work has now been substantiated by others, who have also shown 

that tyrosine phosphorylation may be important in the mitogenic signalling 

pathways elicited by different neuropeptides e.g. from bradykinin/vasopressin 

receptors in Swiss 3T3 cells (Kiehne and Rozengurt, 1994) and endothelin 1 in 

rat mesangial cells (Simonson and Herman, 1993).
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CHAPTER 5

S u b s t a n c e  P r e l a t e d  a n t a g o n is ts  in h ib it  v a s o p r e s s in  a n d
BOMBESIN BUT NOT G T P y S  STIMULATED INOSITOL PHOSPHATE  

PRODUCTION IN SWISS 3T3 CELLS

Neuropeptides including vasopressin and bombesin, or its mammalian 

homologue GRP, act as potent cellular growth factors and have been implicated in a 

variety of normal and abnormal biological processes including development and 

tumorigenesis (Zachary et al., 1987b; Sethi et al., 1992a). Bombesin, GRP and 

vasopressin are potent mitogens for quiescent Swiss 3T3 cells, a useful model for 

the elucidation of signal transduction pathways (Rozengurt, 1993). The binding of 

bombesin or vasopressin to their receptors causes activation of pertussis toxin- 

insensitive guanine nucleotide-binding regulatory proteins (G proteins), probably 

of the Gq subfamily (reviewed in (Rozengurt, 1992; Sternweis and Smrcka,

1992)). Recently, activated G«q has been shown to stimulate phosphatidyl inositol 

specific phospholipase C-p (PIP2 -PLC-P) (reviewed in (Rozengurt, 1992; 

Sternweis and Smrcka, 1992)). This results in the rapid hydrolysis of 

phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-trisphosphate and 

diacylglycerol which cause Ca2+ mobilization and protein kinase 0  (PKG) 

activation, respectively (Heslop et al., 1986; Zachary et al., 1986; Zachary et al., 

1987a; Erusaiimsky et al., 1988; Nanberg and Rozengurt, 1988; Erusaiimsky and 

Rozengurt, 1989; Berridge, 1993). M ultiple neuropeptides, including 

vasopressin and bombesin, have also been implicated as autocrine and paracrine 

growth factors for small cell lung cancer (SOLO) (Rozengurt, 1993). 

Consequently, there is a great interest in developing inhibitors of neuropeptide 

action, which have a broader spectrum than specific receptor antagonists or 

monoclonal antibodies directed against neuropeptides (Well et al., 1993).

Substance P (SP) analogues were initially synthesized to develop specific 

SP antagonists. Strikingly, the synthetic SP analogues, AntD and AntG (see table 1 

for sequences), were found to inhibit the action of a broad range of neuropeptides 

structurally unrelated to SP, including vasopressin and bombesin in Swiss 3T3 

cells [Zachary, 1985 #21; Sinnett-Smith, 1990 #114; Mendosa, 1986 #157; 

Erusaiimsky, 1988 #30; Zachary, 1991 #13; Rozengurt, 1988 #121; Well, 

1988 #152]. More recently, the effects of AntD and AntG was examined on SCLC 

proliferation, and both inhibited the growth of SCLC cell lines in liquid culture.
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soft agar and as xenografts in nude mice (Woll and Rozengurt, 1990; Langdon et 

al., 1992; Sethi et al., 1992a). This suggests that these antagonists may be useful 

antiproliferative agents in the treatment of SCLC . Consequently, it is important to 

understand their mechanism of action.

Several previous reports have shown that SP in common with a number of 

other hydrophobic peptides, are capable of crossing or inserting into the ceil 

membrane of intact cells. SP, at micromoiar concentrations, directly promotes G 

protein activation of PIP2 -PLC, without acting on the receptor, in both intact cells 

and in reconstituted lipid vesicles (Mousli et al., 1989; Aridor et al., 1990; 

Higashijima et al., 1990). At present, it is unclear whether AntD and AntG, which 

like SP are also hydrophobic (see table 5), act at a common point distal to the 

neuropeptide receptors, such as the G protein, or act directly on the receptors to 

prevent ligand binding.

Table 5. Comparison of the amino acid sequences of SP, AntD, AntG, 

bombesin and vasopressin.

Bombesin pG iu-G ln -A rg-Leu-G ly-A sn-G in -T rp -A ia -V a l-G ly-H is-Leu-M et-N H 2
I------------------------------------ 1

Vasopressin C ys-Tyr-P he-G ln-A sn-C ys-P ro-A rg-G ly-N H 2

Substance P Arg-P ro-Lys-P ro-G ln-G ln-Phe-P he-G ly-Leu-IV Ie t-N H 2

Antagonist D D A rg -P ro-Lys-P ro-D P he-G ln-D Trp-Leu-Leu-N H 2

Antagonist G_______________________________Arg-DTrp-M ePhe-D Trp-Leu-M et-N H 2

In this chapter, the effect of these antagonists on neuropeptide- or GTPyS- 

stimulated inositol phosphate production in permeabilized Swiss 313 ceils is 

examined. We have also assessed the effect of the antagonists on ligand binding in 

intact cells and membrane preparations. The results suggest that SP analogues AntD 

and AntG block the action of vasopressin and bombesin at the receptor level, rather 

than inhibiting G protein-stimulated inositol phosphate production.
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5 .1 . D IFFER EN TIA L EFFECT OF A N T D  ON N EU RO PEPTID E A N D  G TP yS

STIM U LA TED  INO SITO L PHOSPHATE GENERATION IN PERM EABLIZED  

S W IS S  3T 3  C E L L S .

The preceding raised the possibility that AntD and AntG could insert

into membranes and directly inhibit G proteins activation of P IP2 -PLG. In order to 

test this possibility, we employed cell permeabilization, a useful approach to 

introduce cell impermeable guanine nucleotide analogues into the cytosol to assess 

the contribution of G proteins in the generation of biological responses. Thus, 

G TP yS  can directly activate heterotrimeric G proteins to drive inositol phosphate 

production.

We initially investigated the effects of increasing concentrations of AntD on 

vasopressin, bombesin or GTPyS stimulated inositol phosphate production in 

permeabilized cells. Quiescent Swiss 3T3 cells labeled with [2-3|H]inositol were 

permeabilized with streptolysin O in the presence of increasing concentrations of 

AntD together with either 10nM vasopressin, 3nM bombesin or IpM GTPyS. The 

increase in inositol phosphate production stimulated by these agents in the absence 

of antagonist was similar. AntD inhibited vasopressin and bombesin stimulated 
inositol phosphate production in a dose dependent fashion with an IC50 of 0.75|iM 

and 2|iM respectively (Fig. 5.1.1). In marked contrast, AntD upto lOpM, had no 

effect on the production of inositol phosphate stimulated by GTPyS (Fig. 5.1.1).

Next, we examined the effect of AntD on the stimulation of inositol 

phosphate production induced by increasing concentrations of vasopressin, 

bombesin or GTPyS. Accordingly, quiescent cultures of Swiss 3T3 cells labeled 

with [2-3 H]inositol were permeabilized and stimulated for 10 min with 

increasing concentrations of vasopressin, bombesin or GTPyS in the presence or 

absence of AntD. Fig. 2 shows that addition of 5|liM  or lOpM AntD caused a dramatic 

rightward shift of the vasopressin dose response curve, resulting in a 25 fold 
(4nM-100nM) and 250 fold (4nM-1000nM) increase in EC50 respective ly. 

Similarly, lOpM AntD caused a large shift in the bombesin dose response curve 
with a 40 fold (1nM-40nM) increase in EC5 0 . Furthermore, the ability of AntD to 

inhibit vasopressin or bombesin stimulated inositol phosphate production was 

reversed by addition of high concentrations of these agonists. In contrast, lOpM 

AntD had no significant effect on GTPyS stimulated inositol phosphate production 
(EC50  0.3|iM; Fig. 5.1.2). In other experiments using AntD at 20|iM, the EC50 

value at which GTPyS stimulated inositol phosphate production increased only 

slightly from 0.3|iM to 0.5|iM (data not shown). These results indicate that AntD 

at concentrations up to lOpM has no significant effect on the ability of GTPyS to 

stimulate inositol phosphate production but markedly inhibits the stimulation of
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inositol phosphates by vasopressin and bombesin. Furthermore, the effect of AntD 

can be overcome in a competitive fashion by increasing concentrations of 

vasopressin or bombesin.

Fig. 5.1.1.
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Fig. 5.1.1. Dose response curves for the effects of AntD on 

vasopressin, bombesin or GTPyS induced inositol phosphate 

production in permeabilized cells. Confluent and quiescent cultures of Swiss 

3T3 cells in 33mm dishes were labelled with 20^Ci/ml [2-^H] inositol for 16-18 h. The 

cells were then permeabilized with streptolysin O as described under "Experimental 

Procedures" and incubated for 10 min with increasing concentrations of AntD in the 

absence (open circles) or presence of lOnM vasopressin (closed circles), 3nM bombesin 

(squares), or 1|iM GTPyS (triangles). Extraction and analysis of total inositol phosphates 

was as described. Values represent the mean of at least 2 independent experiments done 

in triplicate ± S.E.
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Fig. 5.1.2.
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Fig. 5.1.2. Dose response curves for the effect of vasopressin, 

bombesin or GTPyS stimulated inositol phosphate production in the 

absence or presence of AntD in permeabilized cells. Confluent and 

quiescent cultures of Swiss 3T3 cells in 33mm dishes were labelled with 20}xCi/ml [2- 

^H] inositol for 16-18 h. The cells were then permeabilized with streptolysin O as 

described under "Experimental Procedures" and incubated for 10 min with increasing 

concentrations of vasopressin, bombesin or GTPyS in the absence (open circles) or 

presence of lOjiM AntD (closed circles) or SpM AntD (closed triangles; vasopressin 

only). Each point represents the mean of at least 2 independent experiments performed in 

triplicate ± S.E.
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5.2. ANTG INHIBITS VASOPRESSIN BUT NOT GTPyS STIMULATION OF 

INOSITOL PHOSPHATE IN PERMEABLIZED SWISS 3T3 CELLS.

To assess whether other SP related broad spectrum neuropeptide 

antagonists have a similar mechanism of action, we examined whether AntG (Woll 

and Rozengurt, 1990) can also distinguish between inositol phosphates generated 

in response to vasopressin or GTP^S. Quiescent Swiss 3T3 cells labeled with [2- 

^Hjinositoi were permeabilized with streptolysin O in the presence of increasing 

concentrations of AntG together with either lOnM vasopressin or IpM  GTPyS. Fig.

5.2.1 shows that AntG inhibited vasopressin induced inositol phosphate production 

with an IC50  of IpM. Previous studies have shown that AntG inhibits the action of 

bombesin less potently than AntD (Woll and Rozengurt, 1990). In accord with 

this, we demonstrated that AntG was also able to inhibit 3nM bombesin induced 

inositoi phosphate generation with an IC50  of 14|iM (data not shown). However, 

AntG even upto 20|iM had little effect on the ability of IpM  GTPyS to stimulate 

inositol phosphate production (Fig. 5.2.1).

We also assessed the effect of 20|liM AntG on the stimulation of inositol 

phosphate production induced by increasing concentrations of vasopressin or 

GTPyS. Fig. 5.2.2 left shows that addition of 20|iM AntG produced a striking 

displacement in the dose response curve of vasopressin, the EC50  increasing by 

160 fold from 5nM to 800nM. In contrast, 20pM AntG had no effect on the dose 

response of GTPyS induced inositoi phosphate production (Fig. 5.2.2 right). These 

results indicate that AntG, like AntD, potently and reversibly inhibited vasopressin 

induced inositol phosphate production without affecting the stimulation of inositol 

phosphates by GTPyS.
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Fig. 5.2.1.
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Fig. 5.2.1. Dose response curves for the effects of AntG on 

vasopressin, bombesin or GTPyS induced inositol phosphate 

production in permeabilized cells. Confluent and quiescent cultures of Swiss 

3T3 ceiis in 33mm dishes were labeiied with 20|iCi/mi [2-^H] inositol for 16-18 h. The 

cells were then permeabilized with streptoiysin O as described under "Expérimentai 

Procedures" and incubated for 10 min with increasing concentrations of AntG in the 

absence (triangies) or presence of lOnM vasopressin (circles), or 1|iM GTPyS (squares). 

Extraction and analysis of total inositol phosphates was as described. Values represent 

the mean of at least 2 independent experiments done in triplicate ± S.E.
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Fig. 5.2.2. Dose response curves for the effect of vasopressin or 

G TPyS stimulated inositol phosphate production in the presence or 

absence of AntG in permeabilized cells. Confluent and quiescent cultures of 

Swiss 3T3 cells in 33mm dishes were labelled with 20|iCi/ml [2-^H] inositol for 16-18 

h. The cells were then permeabilized with streptolysin O as described under 

"Experimental Procedures" and incubated for 10 min with increasing concentrations of 

vasopressin or GTPyS in the presence (closed circles) or absence of 20|iM AntG (open 

circles). Each point represents the mean of at least 2 independent experiments performed 

in triplicate ± S.E.
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5.3. ANTD COMPETITIVELY BLOCKS THE BINDING OF VASOPRESSIN IN 

SWISS 3T3 CELLS.

The preceding results prompted us to examine the ability of the antagonists 

to inhibit [^Hjvasopressin binding to its receptor. We initially studied this in 

intact Swiss 313 cells at 4°C , a temperature known to inhibit receptor 

internalization and ligand degradation. In preliminary experiments, the binding of 

lOnM [^Hjvasopressin was completely abolished by 10pM AntD (data not shown), 

a concentration shown in Fig. 2 to completely block inositol phosphate production 

stimulated by 10nM vasopressin in permeablized cells. A more detailed binding 

analysis was performed using SpM AntD, a concentration of antagonist that allowed 

the determination of specific [^H]vasopressin binding even at the highest 

concentration of ligand used. Fig. 5 shows that addition of SpM AntD caused a 

rightward shift in the dose response of [^HJvasopressin binding. Scatchard 

analysis (Fig. 5.3, inset), shows that the affinity of vasopressin receptors was 

reduced in the presence of SpM AntD by 12 fold (K j = 2.6nM to Kd = 31 nM). 

Furthermore, AntD had no effect on the number of receptor sites (1 x 10^ 

receptors/ce ll).

Fig. 5 .3 .

T3
C
3  ^  
O  (0

I I
Q)

a  o
(0
CÜ

>

X
CO

(/)
JQ)
O
E

CO

15

10

5

0 100

[Vasopressin] nM



150

Fig. 5.3. Dose response curves and Scatchard of [^ H ]v a s o p re s s in  

binding to Swiss 3T3 cells in the presence or absence of AntD.

Swiss 3T3 cells in 33 mm dishes were incubated with increasing concentrations of 

[^H]vasopressin in the presence (closed circles) or absence (open circles) of 5)xM AntD 

at 4°C  for 1h. Specific binding was determined as described under "Experimental 

Procedures". Time course experiments revealed that saturation binding occurs after 30 

min. Bound [^H]vasopressin is expressed as fmoles/10® cells. I n s e t ,  Scatchard plot of 

the same data.

5.4. ANTD AND ANTG COMPETITIVELY BLOCK THE BINDING OF 

VASOPRESSIN IN RAT LIVER AND SWISS 3T3 MEMBRANES

G(xq has been identified as the G protein that couples the vasopressin 

receptor in liver membranes to the activation of PIP2 -PLG-P (Gutowski et al., 

1991). We therefore examined the effect of AntD on vasopressin binding to rat 

liver membranes. These membranes were incubated for 15 min with O.SnM 

[^Hjvasopressin in the presence of increasing concentrations of AntD. The 

antagonist inhibited O.SnM [^HJvasopressin binding in a concentration dependent 

fashion with an IC50 of 0.7p,M (Fig. 5.4.; Panel A). These experiments were 

repeated in Swiss 3T3 membranes where AntD inhibited O.SnM [^HJvasopressin 

binding with an IC50 of 1.8|iM (Fig. 5.4; Panel B). AntG also showed a dose 

dependent inhibition of O.SnM [^Hjvasopressin binding in both rat liver and Swiss 

3T3 membranes, the IC50 values were 3.5pM and 2.2pM respectively (data not 

shown). Thus, AntD and AntG inhibit vasopressin binding in rat liver and Swiss 

3T3 membranes. In additional experiments Swiss 3T3 membranes were incubated 

with O.SnM ^^^l-GRP in the presence of increasing concentrations of AntD. In 

accord with previous results (Sinnett-Smith et al., 1990), AntD inhibited O.SnM 

1 2 5 |-g rp  binding with an IC50 of 1 p.M (data not shown).

Scatchard analysis in Swiss 3T3 membranes (Fig. 5.4; Panel C) reveals 

that the affinity of vasopressin receptors are reduced in the presence of SpM AntD 

by 3.6 fold (Kd = 0.97nM to Kd = 3.5nM). Furthermore, AntD had no effect on the 

number of receptor sites. Thus, while AntD appears less potent in the membrane 

assay than in intact Swiss 3T3 cells, this data confirms that AntD reduces the 

affinity of vasopressin receptors without affecting receptor number.
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Fig. 5.4.
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Fig. 5.4. Effect of AntD on H]vasopressin binding to rat liver or

Swiss 3T3 membranes. P a n e l  A ,  rat liver membranes (lOO^ig of protein) were 

incubated at 37®C for 15 min in 100|il of binding medium containing increasing 

concentrations of AntD in the presence of O.SnM [^Hjvasopressin. The reactions were 

terminated and specific binding was determined as described under "Experimental 

Procedures". Each point represents the mean of triplicate determinations. P a n e l  B ,  Swiss 

3T3 membranes (lOOpg of protein) were incubated at 37°C  for 15 min in lOOpI of 

binding medium containing increasing concentrations of AntD in the presence of O.SnM 

[^Hjvasopressin. The reactions were terminated and specific binding was determined as 

described under "Experimental Procedures". P a n e l  C ,  Swiss 3T3 membranes (lOOpg of 

protein) in lOOpI of binding medium were incubated with increasing concentrations of 

[^H]vasopressin at 37°C  for 15 min in the presence (closed circles) or absence (open 

circles) of SpM AntD. The reactions were terminated and specific binding was determined 

as described under "Experimental Procedures". Scatchard analysis of the data is shown: 

bound [^Hjvasopressin is expressed as fmol/IOOpg of membrane protein. Each point 

represents the mean of triplicate determinations
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5.5. ANTD DOES NOT EFFECT AIF 4 STIMULATED TOTAL INOSITOL

PHOSPHATE PRODUCTION IN COS-1 CELLS TRANSFECTED WITH Gaq

In order to demonstrate that non-receptor-mediated G-protein-dependent 

PLC activation in whole cells is insensitive to AntD, COS-1 cells were transfected 

with either pCMV, or pCMVGocq and incubated for 24 h. The cells were then 

incubated with [2-3H]inositol for a further 24 h prior to stimulation with 

various concentrations of AIF"4 in the presence or absence of 20|iM AntD. After 20 

min the reaction was stopped and total inositol phosphate analysed. AIF’ 4 

stimulation of 008-1 cells transfected with Gocq produced a > 2.8 fold increase in 

inositol phosphates (Fig. 5.5). This response was unaffected by treatment with 

20|llM  AntD and remained constant over an AIF"4 concentration range of 3|iM to 

30|iM. In contrast, COS-1 cells transfected with pCMV, responded poorly to AIF’ 4 

even at 300|iM. AntD alone had no affect on COS-1 cells. We verified that Gaq 

expression in COS-1 cells transfected with pCMVGaq was increased by >18 fold as 

compared to COS-1 cells transfected with pCMV (Fig.5.5, inset). These results 

show that 20|iM AntD, a concentration that produced marked inhibition of 

vasopressin or bombesin induced inositol phosphate production in Swiss 3T3 cells, 

has no effect on AIF’ 4 induced inositol phosphates in COS-1 cells transfected with 

Goq-

Fig. 5.5. AntD does not inhibit AIF~4 stim ulated inositol phosphate 

production in COS-1 cells transfected with G a q -  COS -1 cells in 33mm 

dishes were transfected with either pCMV or pCMVGaq and then labelled with 5|xCi/ml of

[2-^H]inositol as described under "Experimental Procedures". 48 h after transfection the 

cultures were stimulated with 3|iM or 30pM AIF’ 4  in the presence or absence of 20pM  

AntD, as indicated. Preliminary studies revealed that maximal inositol phosphate 

production was induced by 300|iM  AIF’4 . Consequently, the values shown are a 

percentage of the inositol phosphate produced by 300 pM AIF’ 4  stimulated COS-1 cells 

transfected with pCM VG aq. Each value represents the mean of at least 2  independent

experiments with triplicate determinations ± SEM. I n s e t ,  Parallel cultures of COS-1 cells 

transfected with either pCMV (lane 1) or pCM VGaq (lane 2) were western blotted with an 

affinity purified anti G^q antibody as described under "Experimental Procedures". The Mr 

44,000 Gaq band is indicated by an arrow. In 3 independent experiments assessed by 

scanning densitometry, Gaq expression was increased 18.3 ± 0.6 fold (mean ± SEM) 

above control values.
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5.6. SUMMARY AND DISCUSSION

SP related analogues, AntD and AntG, unlike classical antagonists block the 

action of multiple neuropeptides. Furthermore, they inhibit the growth of SOLC in 

vitro and in vivo. Consequently, it is important to define their mechanism of action. 

It was previously known that hydrophobic peptides including SP and mastoparan 

are capable of passing through or inserting into intact membranes to directly 

stimulate heterotrimeric G proteins (Mousli et al., 1989; Aridor et al., 1990; 

Higashijima et al., 1990), a common link in the signal transduction pathway of 

multiple neuropeptides. Indeed, biophysical data presented here, revealed that the 

SP analogues AntD and AntG, which are also hydrophobic, insert into a lipid layer. 

It was thus conceivable that AntD and AntG could act at the level of the G protein 

rather than inhibiting a range of different neuropeptide receptors. The 

experiments presented here were therefore designed to distinguish between these 

alternative mechanisms.

Previous results have demonstrated that SP analogues blocked inositol 

(1,4,5) trisphosphate-medlated C a ^ f mobilization induced by vasopressin and 

bombesin in either Swiss 3T3 cells or SOLO cell lines (Woll and Rozengurt, 

1988a; Woll and Rozengurt, 1990) In the present study we demonstrate that AntD 

markedly Inhibited both vasopressin or bombesin stimulated inositol phosphate 

generation in permeabilized Swiss 3T3 cells. Similarly, AntG inhibited 

vasopressin induced inositol phosphate production. The inhibitory effect of the 

antagonists could be overcome by increasing concentrations of vasopressin or 

bombesin. We exploited this cell permeabilization procedure to determine the 

effect of the antagonists on the cell-impermeable guanine nucleotide analogue 

GTPyS, which is known to activate heterotrimeric G proteins. The results 

demonstrated that GTPyS stimulated inositol phosphate production was unaffected 

by concentrations of AntD or AntG which completely blocked the action of 

vasopressin or bombesin. These findings strongly suggest that AntD and AntG do not 

act by inhibiting G protein activation of PIP2 -PLC. This interpretation is further 

substantiated by the finding that AntD, at the concentrations used in this study, had 

no affect on G^q function as assessed by inositol phosphate production in Gaq 

transfected COS-1 cells stimulated by AIF‘ 4 , a direct activator of G proteins in 

intact cells.

The preceding findings raise the possibility that the broad spectrum 

antagonists may prevent ligand binding to the receptor. In the present study we 

demonstrate that AntD inhibited the binding of [^Hjvasopressin in a dose dependent 

and competitive fashion in Swiss 3T3 cells incubated at 4°C. These conditions were 

selected to exclude the possibility that the antagonists block a step distal to
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receptor binding (i.e. internalization, degradation and recycling). While it is 

therefore difficult to compare these results, with the effect of AntD on the dose 

response of vasopressin induced inositol phosphate generation in permeabilized 

cells at 37OC, the pattern of inhibition seen is similar. In fact, similar results of 

[^Hjvasopressin binding were also obtained for both AntD and AntG in membrane 

preparations of Swiss 3T3 cells. Furthermore, Scatchard analysis demonstrated 

that AntD increased the Kq of [^Hjvasopressin binding without affecting receptor 

number in both intact cells and the membrane preparations. While it is thought 

that the vasopressin receptor signals via G^q in Swiss 3T3 cells, this has only 

been conclusively shown to be the case in rat liver membranes (Gutowski et al.,

1991). When the experiments were repeated in rat liver membranes, AntD and 

AntG were also shown to inhibit [^HJvasopressin binding in a concentration- 

dependent fashion. In addition, AntD was shown to compete with "*25|.g r p  binding 

to Swiss 3T3 membranes indicating that the inhibitory action of this antagonist on 

ligand binding is not restricted to one neuropeptide. These results provide further 

evidence that the site of action of the antagonists lies within the receptor protein 

rather than at the level of the G protein.

The conclusion that AntD and AntG compete with vasopressin and bombesin 

binding to their corresponding receptors is surprising in view of the lack of 

structural similarity between these agonists and antagonists. Classic antagonists 

compete at the same site as ligand for receptor binding and are thus specific to one 

ligand. These antagonists have been employed to analyse hormone function, ligand 

receptor interaction, receptor diversity, and in the treatment of many diseases.

The SP analogues described here constitute a different family of antagonists. It is 

plausible that the residues in the receptor that recognize these antagonists differ 

from those that bind the peptide agonist. This possibility is consistent with recent 

data using chimaeric SP receptors (Fong et al., 1993; Gather et al., 1993), 

demonstrating that SP analogues including AntG, act through residues that differ 

from those required for ligand recognition. Whether or not this is also applicable 

to the inhibitory action of AntD and AntG against the vasopressin and bombesin 

receptors, warrants further experimental work.
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C H A P T E R  6

L Y S O P H O S P H A T ID IC  A C ID  D E P LE TE D  S E R U M , H E P A T O C Y T E  

G R O W T H  F A C T O R  A N D  S TE M  C E L L  G R O W T H  F A C T O R  
S TIM U L A TE  C O LO N Y G RO W TH O F SOLO C ELLS TH R O U G H  A  

C A LC IU M  IN D E P E N D E N T PA TH W A Y

Lung cancer is the most common fatal malignancy in the developed world. 

SCLC constitutes 25% of all pulmonary cancers and follows an aggressive clinical 

course. In spite of initial sensitivity to radio and chemotherapy, the 2-year 

survival of patients with SCLC remains very low (Smyth et al., 1986). Thus novel 

therapeutic strategies are urgently required, and these will most likely arise from 

a better understanding of the factors and signalling pathways that stimulate the 

proliferation of SCLC.

SCLC is characterized by the ability to secrete a variety of hormonal 

neuropeptides including GRP, vasopressin, cholecystokinin, and neurotensin 

(Sorenson et al., 1981; Wood et al., 1981; Gazdar and Carney, 1984; Goedert et 

al., 1984; Sausville et al., 1985; Bepler et al., 1988). Among these, GRP has been 

shown to act as an autocrine growth factor for certain SCLC cell lines (Cuttitta et 

al., 1985; Carney et al., 1987; Mahmoud et al., 1991). Furthermore, a variety of 

neuropeptides including those secreted by SCLC induce rapid mobilization of Ca^+ 

from internal stores of SCLC cell lines (Woll and Rozengurt, 1989; Bunn et al., 

1990; Sethi and Rozengurt, 1991c) and promote clonal growth of these cells in 

semisolid medium (Sethi and Rozengurt, 1991c; Sethi and Rozengurt, 1992; Sethi 

et al., 1993). Consequently, the emerging view is that SCLC growth appears to be 

regulated by multiple autocrine and paracrine circuits involving Ca2+ mobilizing 

neuropeptides. Another class of growth factor, the polypeptide growth factors, have 

been implicated in the proliferation of several cancers (Rozengurt, 1994). Indeed, 

receptors for the polypeptide factors HGF and SC F (Hibi et al., 1991; Sekido et al., 

1991; Turner et al., 1992; Rygaard et al., 1993; Sekido et al., 1993) have been 

demonstrated on many different SCLC cell lines but their role as growth promoting 

agents for SCLC has not been defined.

While the response of individual SCLC cell lines to a range of neuropeptides 

is heterogenous, serum has been shown to stimulate the mobilization of Ca^+ and 

colony growth of most SCLC cell lines examined (Carney et al., 1987; Bunn et al.,

1992). The role of Ca2+ mobilization and the identity of growth factor(s) in
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serum which induce SCLC growth remain unknown. Recently, the bioactive lipid 

LPA has been shown to be one of the major lysophospholipids in serum to stimulate 

growth and to promote differentiation in a variety of cell lines (reviewed in 

(Carney et al., 1987; Bunn et al., 1992; Moolenaar, 1994)). LPA binds to a 

putative receptor which activates heterotrimeric G proteins leading to the 

s tim u la tion  of P IP2 -PLC. This results in the rapid hydrolysis of 

phosphotidylinositol 4,5-bisphosphate into inositol 1,4,5-trisphosphate and 

diacylglycerol which cause Ca%+ mobilization and PKC activation, respectively 

(Carney et al., 1987; Bunn et al., 1992; Van der Bend et al., 1992; Moolenaar, 

1994). It remains unknown whether LPA is also responsible for serum induced 

Ca2+ mobilization and growth in SCLC.

In the present study we demonstrate that LPA accounts for the ability of 

serum to mobilize calcium In SCLC cell lines. However, LPA neither stimulated 

colony formation nor mediated serum induced colony growth of SCLC cells. This 

suggested that rapid Ca^+ mobilization was not required for serum induced growth 

of SCLC. We therefore searched for growth factors that could stimulate colony 

growth without inducing Ca^+ mobilization. Here we report that the polypeptide 

growth factors HGF and SCF, stimulate colony growth of SCLC cell lines through a 

Ca^+-independent pathway.

6.1. SERUM AND LPA STIMULATE C a 2+MOBILIZATION IN SCLC CELL

LINES; CROSS-DESENSITIZATION AND EFFECT OF PHOSPHOLIPASE B 

PRETREATMENT

Fresh serum induces rapid Ca^+ mobilization in multiple SCLC cell lines. 

As shown in Fig. 6.1.1 A, addition of increasing amounts of FBS caused a dose 

dependent increase in [Ca^+jj in the H-510, H-345 and H-69 cells with an EC5 0  

of 0.03%, 0.02% and 0.05% (voLvol), respectively. The maximum increase in 

[Ca2+]j was achieved by addition of 0.5% FBS in H-510 and H-69 cell lines and 

1% in the H-345 cell line. Since LPA has been identified as one of the major 

components in serum capable of mobilizing Ca^+ in rat glioma C6 cells (Koschel 

and Tas, 1993), we reasoned that LPA may also stimulate Ca^+ mobilization in 

SCLC cell lines. As shown in Fig 6.1.IB , LPA like serum stimulated a dose 

dependent increase in [Ca^+jj in the H-510, H-345 and H-69 cells with an EC5 0  

of 18nM, 22nM and 20nM, respectively. LPA induced a maximum increase in 

[C a2+]j at a concentration of 200nM in all SCLC cell lines. Furthermore, the 

maximum amount of Ca^+ mobilization achieved with LPA was almost identical to 

the amount released by serum.
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If LPA was the major factor in serum responsible for mobilizing Ca2+, 

then both LPA and serum should exhibit cross desensitization in the Ca^ + 

mobilization assay. Accordingly, addition of 200nM LPA to H-510, H-345 and H- 

69 cells, a concentration which induced maximum Ca^+ mobilization, markedly 

attenuated the subsequent response to 1% serum (Fig 6.1.2A). Similarly, when 

cells were maximally stimulated with FBS the subsequent Ca^+ response to LPA 

was inhibited (Fig. 6.1.28). Importantly, treatment with either LPA and or FBS 

did not block the subsequent response of cells to neuropeptide, indicating that the 

mobilizable Ca^+ pool was not depleted after the initial stimulation with either 

LPA or FBS (data not shown). These results clearly demonstrate heterologous 

desensitization between LPA and serum in SCLC cell lines and suggest that LPA 

mediates the Ca^+ mobilizing effects of serum in these cells.

To substantiate the notion that LPA was the major factor in serum to 

stimulate Ca^+ mobilization in the SCLC cell lines, we next examined the effect of 

phospholipase B pretreatment on either LPA or serum. Phospholipase B has been 

shown to inactivate LPA by hydrolyzing the ester bond-linking fatty acid to the 1- 

position of the glycerol backbone of lysophospholipids (Tigyi and Miledi, 1992; 

Koschel and Tas, 1993). LPA or serum were pretreated in the presence or absence 

of lOOiU/ml of phospholipase B for 2 h (Tigyi and Miledi, 1992; Koschel and Tas,

1993). The results shown in Fig. 6.1.3A revealed that the ability of LPA to induce 

Ca^+ mobilization could be inactivated by pretreating LPA with phospholipase B. 

We verified that this enzyme also inactivated LPA in assays of Ca^+ mobilization 

and tyrosine phosphorylation using Swiss 3T3 cells (results not shown). 

Crucially, incubation of serum with phospholipase B markedly reduced the ability 

of the phospholipase B-treated serum to induce Ca^+ mobilization in the H-510, 

H-345 and H-69 SCLC cell lines (Fig. 6.1.3B). Treatment of serum or LPA with 

heat inactivated phospholipase B did not affect the ability of either serum or LPA to 

induce Ca^+ mobilization. In addition, phospholipase B pretreatment of various 

neuropeptides did not inhibit their ability to subsequently stimulate Ca^ + 

mobilization in these SCLC lines (data not shown). These results indicated that LPA 

was likely to be the dominant factor in serum contributing to Ca^+ mobilization in 

the SCLC cell lines examined.
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Fig. 6.1.1. Dose response curves for the effects of FBS and LPA on 

C a2+  m obiliza tion in the SCLC cell lines H-510, H-345 and H-69.
A F B S  i n d u c e s  a  d o s e  d e p e n d e n t  i n c r e a s e  i n  [ C a ^ - * ' ] j  The H-510 (left) H-345 (middle) 

and H-69 (right) SCLC cell lines were cultured in HITESA for 3-5 days. Aliquots of 4-5 x 

10® cells were washed and incubated in 10 ml fresh HITESA medium for 2 h at 37°C and 

then loaded with 1|iM fura-2/AME for 5 min. The cells were washed and resuspended in 2 

ml of electroyte solution in a quartz cuvette and fluorescence was monitored in a 

spectrophotometer as described in "Materials and Methods." Basal and peak [Ca^'*']j were 

determined at each FBS amount added to calculate the A [Ca^+]j.

B. L P A  i n d u c e s  a  d o s e  d e p e n d e n t  i n c r e a s e  i n  [ C a ^ ' ^ ] j  The H-510 (left) H-345 

(middle) and H-69 (right) SCLC cell lines were preloaded with fura 2/A ME and 

fluorescence was monitored as previously described. Basal and peak [Ca^+]i were 

determined at each LPA concentration added to calculate the A [Ca^+Jj.

In all cases, each point is representive of at least 3 independent experiments.
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Fig. 6.1.2. Cross desensitization between LPA and PCS in Ca^ + 

m ob iliza tion  assays in the SCLC cell lines H-510, H-345 and H-69.

A. T r e a t m e n t  w i t h  L P A  p r e v e n t s  s u b s e q u e n t  F B S  s t i m u l a t e d  m o b i l i z a t i o n  The 

H-510 (left) H-345 (middle) and H-69 (right) SCLC cell lines were initially stimulated 

with 200nM LPA. Following a 2 min recovery period (arrow) the cells were challenged 

with 1% FBS.

B T r e a t m e n t  w i t h  F B S  p r e v e n t s  s u b s e q u e n t  L P A  s t i m u l a t e d  C a ^ - ^  m o b i l i z a t i o n  The 

H-510 (left) H-345 (middle) and H-69 (right) SCLC cell lines were initially stimulated 

with 1% FBS. Following a 2 min recovery period (arrow) the cells were challenged with 

200nM LPA.

[Ca^'*']i values were determined as described in "Materials and Methods". In all cases, 

each bar is representive of at least 3 independent experiments. Values are expressed as a 

percentage of the maximum increase in [Ca^+]j Induced by the first stimulating agent 

compared to the second agent.
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Fig. 6.1.3. Effect of phospholipase B treatm ent on LPA (panel A) or 

serum (panel B) induced Ca^+ m obilization in the SCLC cell lines H- 
510, H-345 and H-69. [Ca^ + ]i values were determined as described in 

"Materials and Methods". Panel A: The H-510 (left), the H-345 (middle) and the H-69 

(right) cells were stimulated with either 200nM LPA or 200nM LPA which had been 

treated with lOOiU phospholipase B. Panel B: The same cell lines were stimulated with 

either 1% FBS or 1% FBS which had been treated with lOOiU phospholipase B.

Basal and peak [Ca^'*']i were determined for 200nM LPA or 1% FBS with and without 

phospholipase B pretreatment to calculate the A [Ca^+]i. Shown is a representative 

experiment of 3 independent experiments.



162

6.2. DIFFERENTIAL STIMULATION OF COLONY FORMATION BY SERUM AND 

LPA

It has previously been shown that neuropeptides which stimulate Ca^ + 

mobilization also induce colony formation in SCLC cell lines (Sethi and Rozengurt, 

1991b; Sethi and Rozengurt, 1992; Sethi et al., 1993). Fig.6.2A shows that 

serum stimulated the growth of the H-510, H-345 and H-69 small cell lines in a 

dose dependent fashion with an EC50 of 0.6%, 1.5%, and 3% FBS, respectively. In 

marked contrast, LPA at either 25 nM, a concentration similar to that required to 

produce half-maximum Ca^+ mobilization, or 2 p.M, a concentration 10-fold 

higher than that needed to induce maximum Ca^+ mobilization failed to either 

stimulate or inhibit colony formation in all three of the SCLC cell lines examined 

(Table 6.2). In contrast, FBS caused a marked increase in colony formation of 

parallel cultures.

Table 6.2. Effect of LPA on the colony growth of the SCLC cell lines 

H-510, H-345 and H-69

Colonies/dish

Addition H -510 H -345 H -69

- 110 ± 14 105 ± 13 98 ± 15

LPA (25nM) 105 ± 12 95 ± 18 118 ± 12

LPA (2^iM) 118 ± 14 144 ± 20 123 ± 18

FBS (10%) 620 ± 23 714 ± 26 770 ± 32

A single cell suspension was plated in agarose medium containing HITESA at a density of 1 

x 10^ cells/dish in the absence (-) or presence of 25nM or 2^M LPA or 10% FBS (v/v 

with HITESA) and incubated for 3 weeks as described in 'Chapter 2'. Each number 

represents the mean number of colonies formed on 5 seperate dishes ± S.E. In all cases a 

representative of 3 independent experiments is shown.

Furthermore, incubation of serum with phospholipase B, under conditions 

that markedly reduced its ability to mobilize Ca^+ from internal stores, failed to 

reduce colony formation stimulated by serum. In fact, phospholipase B pretreated 

serum enhanced colony growth 2 fold as compared to untreated serum. We verified 

that both phospholipase B pretreatment of LPA and phospholipase B itself did not
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stimulate colony growth (Fig6.2B). In addition, pretreatment of neuropeptide with 

phospholipase B did not affect the subsequent ability of neuropeptide to stimulate 

colony growth (data not shown). Taken together the results demonstrated that 

serum induced colony formation in SCLC was not mediated by LPA and occurred 

through a signalling pathway independent of rapid mobilization of Ca^+ from 

internal stores.
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Fig. 6.2. Effect of FBS on colony growth in the SCLC cell lines H-510 

(upper panel), H-345 (m iddle panel) and H-69 (low er panel)

Left: A single cell suspension was plated in agarose medium containing HITESA at a 

density of 1 x I O^ cells/dish in the absence or presence of increasing percentages of FBS 

(volume: volume with HITESA) and incubated for 3 weeks as described in "Materials and 

Methods" Each point represents the mean number of colonies formed on 5 separate dishes 

± S.E. Right: Cells prepared in an identical way were incubated in the absence (0) or 

presence of 1 0 0 IU/ml of phospholipase B (P), or 1% FBS (FBS) or 1% FBS pre-treated 

with phospholipase B (FBS + P) for 3 weeks as described in "Materials and Methods".

Each bar represents the mean number of colonies formed on 5 separate dishes ± S.E.

In all cases, a representative of 3 independent experiments is shown. Where no error bar 

is visible, it lies within the symbol.
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6.3. HGF AND SCF STIMULATE COLONY GROWTH BUT DO NOT MOBILIZE 

C a2  +

The preceding results prompted us to search for defined polypeptide growth 

factors that could substitute for serum in promoting colony growth through a Ca2+ 

independent pathway. The receptors for the polypeptide growth factors, HGF and 

SCF have been shown to be expressed by many different SCLC cell lines (Hibi et al., 

1991; Sekido et al., 1991; Turner et al., 1992; Rygaard et al., 1993; Sekido et 

al., 1993) but their effects on SCLC [Ca^+Jj and colony growth have not been 

explored. We initially examined the ability of these growth factors to induce Ca^+ 

mobilization. Fig. 6.3.1 shows that 10 ng/ml of HGF or SCF, a concentration known 

to be biologically active in other cell systems, failed to stimulate an increase in 

[Ca2+]j in any of the 3 cell lines examined. In contrast, addition of LPA after HGF 

or SCF caused the expected large increase in [Ca^+Jj demonstrating that these 

factors neither induce nor interfere with Ca^+ mobilization in SCLC cell lines.

We next tested the ability of HGF and SCF to induce colony growth in the 

SCLC lines. Fig 6.3.2 shows that HGF induced a dose dependent increase in colony 

formation of the H-510, H-345 and H-69 small cell lines with an EC50  of 1.8, 

1.3 and 1 ng/ml, respectively. Maximum colony formation was achieved at a 

concentration of lOng/ml of HGF in all 3 cell lines. Similarly we found that SCF 

could induce a dose dependent increase in colony formation in the H-510 small cell 
line with an EC50  of 0.9ng/ml (Fig. 6.3.3). SCF induced maximum colony 

formation at a concentration of 3ng/ml. This effect was not confined to the H-510 

cell line, as SCF also stimulated colony formation in both the H-345 and H-69 

SCLC cell lines (Fig. 6.3.3 lower panel). Thus the polypeptide growth factors HGF 

and SCF stimulate SCLC colony growth without inducing a rapid increase in [Ca2+]j 

in the H-510, H-345 and H-69 SCLC cell lines.
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Fig. 6.3.1. Effect of HGF and SCF on Ca2+ m obilization in the SCLC 

cell lines H-510, H-345 and H-69. The H-510 (left panel), the H-345 (middle 

panel) and the H-69 (right panel) cells were stimulated consecutively with lOng/ml HGF, 

lOng/ml SCF, diluent and 200nM LPA as indicated. The tracings shown are 

representative of 2 independent experiments [Ca^+]i values were determined as 

described in “Materials and Methods".
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Fig. 6.3.2.
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Fig. 6.3.2. Effect of HGF on colony growth in the SCLC cell lines H- 

510 (upper panel), H-345 (middle panel) and H-69 (lower panel).

A single cell suspension was plated in agarose medium containing HITESA at a density of 1 

X 10^ cells/dish in the absence or presence of increasing concentrations of HGF and 

incubated for 3 weeks as described in "Materials and Methods*. Each point represents the 

mean number of colonies formed on 5 separate dishes ± S.E. In all cases, a representative 

of 3 independent experiments is shown. Where no error bar is visible, it lies within the 

symbol.
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Fig. 6.3.3. SCF stimulates colony growth in the SCLC cell lines H- 

510, H-345 and H-69. Upper panel; A single cell suspension of H-510 cells was 

plated in agarose medium containing HITESA at a density of 1 x 10^ cells/dish in the 

absence or presence of increasing concentrations of SCF and incubated for 3 weeks.

Lower panel: A single cell suspension of H-345 (left) or H-69 (right) was plated in 

agarose medium containing HITESA at a density of 1 x 10^ cells/dish in the absence or 

presence of lOng/ml (SCF) and incubated for 3 weeks. In all cases, each point represents 

the mean number of colonies formed on 5 separate dishes ± S.E. In all cases, a 

representative of 3 independent experiments is shown. Where no error bar is visible, it 

lies within the symbol.
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6.4. SUMMARY AND DISCUSSION

Serum is known to stimulate both Ca^+ mobilization and colony growth in 

many SCLC cell lines, but the factors involved remain poorly understood. LPA has 

been identified as one of the major constituents in serum that induces Ca^+ signals 

and cell proliferation or differentiation in various cell types (Tigyi and Miledi, 

1992; Koschel and Tas, 1993; Moolenaar, 1994). Here we demonstrate that LPA 

or an LPA-like molecule, is responsible for the Ca^+ mobilizing effect of serum in 

SCLC cell lines. Firstly, LPA induced Ca^+ mobilization to the same level as that 

stimulated by serum. Secondly, phospholipase B pretreatment of either LPA or 

serum destroyed the ability of these agents to stimulate Ca^+ mobilization. An 

important question that emerged from these findings is whether LPA was also 

responsible for the potent colony stimulating effect of serum in SCLC.

Several lines of evidence demonstrate that LPA is not the major growth 

factor for SCLC cell lines present in serum: 1) LPA does not stimulate colony 

growth even at concentrations 100 fold higher than those required to induce half

maximum stimulation of Ca^+ mobilization. 2) The dose response curves of serum 

induced Ca^+ mobilization were shifted more than 50 fold to the left of the dose 

response curves for colony growth. This is in marked contrast to neuropeptides 

which stimulate both Ca^+ mobilization and colony growth with identical dose 

response curves (Sethi and Rozengurt, 1991c). 3) Phospholipase B pretreatment 

to destroy lysophosphatidates including LPA, did not reduce the ability of serum to 

induce colony growth. These findings demonstrate that LPA is not the major growth 

factor for SCLC cell lines present in serum. Since our results showed that LPA 

mediates the Ca^+ mobilizing effects of serum it follows that the potent colony 

stimulating activity of serum can be dissociated from its ability to mobilize Ca^+.

An important implication of these results is that colony growth could be 

mediated by distinct signal transduction pathways in SCLC cell lines. Thus, 

neuropeptides are known to signal through receptors coupled to Gq (reviewed in 

(Rozengurt, 1992; Sternweis and Smrcka, 1992)) and thereby stimulate PIP2 - 

PLC-mediated hydrolysis of polyphosphoinositides leading to a cascade of molecular 

events including the mobilization of Ca^+ from internal stores (Berridge, 1993). 

In contrast, serum would stimulate growth of SCLC cell lines through a PIP2 -PLC- 

independent pathway. However, an alternative interpretation is that the colony 

stimulating effect of serum is not mediated by a single factor but by the interactive 

effects of multiple factors. To prove that colony growth of SCLC cell lines could be 

stimulated through a Ca^+ independent pathway it was necessary to identify defined 

factor(s) that substitute phospholipase B-treated serum in promoting colony 

growth without causing concomitant Ca^+ mobilization in SCLC cells.
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In the present study we demonstrate that HGF and SCF induce colony growth 

in SCLC cells but failed to promote Ca^+ mobilization even at concentrations that 

induced maximum proliferation. HGF also purified as an activity that induces cell 

locomotion (i.e. scatter factor), binds to c-met (Bottaro et al., 1990; Naldini et 

al., 1991), the specific receptor that mediates the growth-promoting and 

motogenic effects of HGF in endothelial and epithelial cells (Gherardi and Stoker, 

1991; Rubin et al., 1991). SCF, the gene product of the steel locus of the mouse 

(Witte, 1990), has been identified as the ligand of c-kit and acts on hematopoeitic, 

melanocyte and germ cell lineages (Metcalf and Nicola, 1991; Tsai et al., 1991). 

Interestingly, expression of c-met and c-kit has been documented in SCLC by 

different laboratories (Hibi et al., 1991; Sekido et al., 1991; Turner et al., 

1992; Rygaard et al., 1993; Sekido et al., 1993) but the effect of their ligands on 

cell growth of these cells has not been explored in detail. Our results demonstrating 

that HGF and SCF can promote colony growth, raises the possibility that these 

factors act in an autocrine manner in SCLC. Indeed, SCF has been shown to be 

expressed by many SCLC cell lines (Hibi et al., 1991; Turner et al., 1992). 

Although HGF has been detected in a minority of SCLC cells, the expression of this 

factor is prominent in the lung (Yanagita et al., 1992), in fibroblasts (Rubin et 

al., 1991) and in normal bronchial epithelial cells (Tsao et al., 1993), suggesting 

a paracrine mode of action. Thus, SCLC growth may be stimulated by multiple 

autocrine and paracrine loops involving both neuropeptide and polypeptide growth 

factors that act through different intracellular signalling pathways.
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Chapter 7

E F F E C T  O F T Y R P H O S TIN  C O M B IN ED  W ITH  A S U B S TA N C E  P 

R E L A T E D  A N T A G O N IS T  ON S C L C  G R O W T H  IN L IQ U ID  

C U LTU R E

The paucity of effective treatments for SCLC has created a crucial need to 

develop new therapies for this disease. An understanding of the growth factors 

involved in SCLC proliferation and their signalling pathways may be helpful in this 

respect. Indeed, the knowledge that multiple neuropeptides, including bombesin, 

stimulate SCLC proliferation via autocrine/paracrine growth circuits, has already 

led to the development of broad spectrum neuropeptide antagonists which 

successfully block the growth of SCLC in liquid culture, semi-solid media and as 

xenografts in vivo (Woll and Rozengurt, 1990; Langdon et al., 1992; Sethi et al., 

1992b) and reviewed in (Rozengurt, 1993; Rozengurt, 1994). These antagonists 

probably act at the receptor level by inhibiting ligand binding (Chapter 5). 

Investigation of the downstream signalling events from neuropeptide receptors has 

revealed multiple pathways leading to the induction of the mitogenic response 

(Rozengurt, 1986; Rozengurt, 1993). The development of inhibitors to specific 

components of these pathways heralds a potential new era for cancer therapy 

(Gibbs and Cliff, 1994; Levitzki, 1994).

Work presented in this thesis (Chapter 4) has shown that the protein 

tyrosine kinase blocker, tyrphostin, inhibits bombesin stimulated tyrosine 

phosphorylation and mitogenesis in Swiss 3T3 cells. Tyrphostin has also been 

shown to block tyrosine phosphorylation and mitogenesis induced by other 

neuropeptides in Swiss 3T3 cells (Kiehne and Rozengurt, 1994), a useful model 

system for elucidating signal transduction pathways (Rozengurt, 1993). It is 

therefore conceivable that tyrphostin may inhibit the growth promoting activity of 

bombesin and many other calcium mobilizing neuropeptides in SCLC cell lines. In 

this chapter data is presented showing the effect on SCLC growth of tyrphostin 

alone or in combination with the SP broad spectrum neuropeptide antagonist AntG.

7.1 TYRPHOSTIN INHIBITS THE GROWTH OF SCLC IN VITRO

It has previously been shown that bombesin induces colony formation in 

the H-345 SCLC cell line above basal levels in a dose dependent manner with a



171

maximum effect at 10nM (Sethi et a!., 1992b). Fig.7,1.1 shows that 5p.M 

tyrphostin completely supressed colony formation in response to 30nM bombesin. 

The inhibition was selective as 5pM tyrphostin had no effect on the number of 

background colonies formed in the absence of added neuropeptide. This result is in 

clear agreement with the data presented in section 4.4 demonstrating that similar 

concentrations of tyrphostin can inhibit bombesin stimulated DNA synthesis in 

Swiss 3T3 cells. Raising the tyrphostin concentration above 5pM resulted in an 

increasing inhibition of both background and bombesin stimulated (Fig. 7.1.1). The 

IC50 in the presence of bombesin was 5pM . To insure this effect was not confined 

to one SCLC cell line and one neuropeptide we tested whether tyrphostin could 

inhibit lOnM bradykinin or 50nM galanin, concentrations known to stimulate 

maximal colony growth in the H-69 and H-510 SCLC cell lines, respectively 

(Sethi and Rozengurt, 1991a; Sethi et al., 1992b). As shown in Fig. 7.1.1 

tyrphostin inhibited both basal and neuropeptide stimulated colony formation in 

the H-69 and H-510 SCLC cell lines in a similar fashion to that seen with 

bombesin in the H-345 SCLC cell line. These data demonstrate that tyrphostin can 

inhibit neuropeptide stimulated growth in semi-solid medium of the H-345, H-69 

and H-510 SCLC cell lines.

Semi-solid media provides more stringent conditions for SCLC growth than 

liquid culture and it was therefore possible that tyrphostin may not inhibit liquid 

culture growth. Fig 7.1.2 demonstrates that tyrphostin inhibits liquid culture 

(HITESA) growth of the H-69, H-345 and H-510 SCLC lines in a dose dependent 

fashion with an IC50 of 7pM, 7p.M and 70pM respectively. Thus, tyrphostin 

inhibits growth of the H-69 and H-345 SCLC cell lines to a similar degree in 

liquid culture and colony assays, but is less potent in liquid culture compared to 

semi-solid media in the H-510 SCLC cell line. This comparative resistance of the 

H-510 cell line to inhibitors has previously been seen with the SP analogue 

antagonists (unpublished results of P Woll and T Sethi).

Next the effect of time was assessed on the ability of various concentrations 

of tyrphostin given on day 0 to inhibit liquid culture growth of the H-69 SCLC cell 

line. Cells grown in HITESA in the absence of inhibitors have previously been 

shown to grow slowly for the first 2-3 days (lag period), before entering an 

exponentially increasing rate of growth (log phase), and then stop at 12-15 days 

(plateau period) presumably when the media has been depleted of essential 

constituents to support growth (Woll and Rozengurt, 1990). Fig. 7.1.3 

demonstrates that increasing concentrations of tyrphostin progressively prolong 

the lag period and reduce the total number of cells which reach the plateau phase. 

Furthermore, concentrations of tyrphostin at or above 50|iM not only completely 

inhibited growth but also reduced the numbers of H-69 cells from the original day
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0 values (Fig. 7.1.3). However, at lower concentrations there is little effect of 

tyrphostin on the slope of the log phase indicating that those cells entering log 

phase growth proliferate as rapidly as the control cells. The effect of tyrphostin on 

the time course of H-345 and H-510 growth in liquid culture was similar (data 

not shown and see Fig 7.2). Interestingly, this pattern of growth curve inhibition 

by tyrphostin (i.e a prolonged lag period with a reduced number of cells reaching a 

plateau but with a similar log phase growth rate compared to control cells) has 

previously been demonstrated with SP analogue broad spectrum antagonists in 

SCLC cell lines (Woll and Rozengurt, 1990).
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Fig 7.1.1. Effect of tyrphostin on neuropeptide stimulated colony 

formation in the H-345, H-69 and H-510 SCLC cell lines. A single cell 

suspension was plated in agarose medium containing HITESA at a density of 1 x 10^ 

cells/dish in the absence (solid bars) or presence (hatched bars) SOnM bombesin (H- 

345), or lOnM bradykinin (H-69), or SOnM galanin (H-510) with or without increasing 

concentrations of tyrphostin and incubated for 3 weeks as described in "Materials and 

Methods". Each point represents the mean number of colonies formed on 5 separate dishes 

± S.E. In all cases, a representative of at least 2 independent experiments is shown. 

Where no error bar is visible, it lies within the symbol.
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Fig. 7.1.2.
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Fig. 7.1.2. Effect of tyrphostin on liquid culture growth of H-69, H- 

345 and H-510 SCLC cell lines. Cells were Incubated at a density of 0.5 x 10^ 

cells in 1 ml HITESA in the absence or presence of increasing concentrations of tyrphostin 

as indicated. The cells were counted after 8-10 days when the control cells were in log 

phase growth. Each point represents the mean of 3 determinations. In all cases, a 

representative of at least 2 independent experiments is shown. The S.E. bars lie within 

the symbols and are therefore not visible.
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Fig. 7.1.3.
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Fig. 7.1.3. Time course of tyrphostin effect on liquid cuiture growth 

of H-69 SCLC celis. Cells were incubated at a density of 0.5 x 10  ̂ cells in 1 ml 

HITESA in the absence (open circles) or presence of increasing concentrations of 

tyrphostin up to SG îM (closed circles) as indicated in the figure inset. Each point 

represents the mean of 3 determinations. In all cases, a representative of at least 2 

independent experiments is shown. The S.E. bars mostly lie within the symbols and are 

not shown for clarity.



176

7.2 COMBINED EFFECTS OF TYRPHOSTIN AND THE SP BROAD SPECTRUM 

NEUROPEPTIDE ANTAGONIST ANTG ON SCLC GROWTH IN LIQUID CULTURE

The SP analogue, AntG, acts by inhibiting neuropeptide binding to its 

receptor while tyrphostin inhibits the downstream tyrosine phosphorylation 

induced by the activated receptor in Swiss 3T3 cells. In view of these independent 

sites of action we tested whether tyrphostin could potentiate the inhibitory effect of 

of AntG on SCLC growth. Accordingly, H-69, H-345 and H-510 cells were 

incubated in HITESA in the absence or presence of suboptimal inhibitory 

concentrations of AntG or tyrphostin or combined AntG and tyrphostin, added as a 

single dose at the beginning of the experiment. Fig. 7.2 demonstrates that in all 

three SCLC cell lines tested, the combination of AntG with tyrphostin significantly 

prolonged the lag phase period compared to the use of either agent alone or to 

control cells unexposed to the inhibitors. Little change was seen in the slope of the 

log phase of growth in keeping with previous results using AntG or tyrphostin on 

their own. Strikingly, the number of cells reaching plateau phase in all 3 cell lines 

treated with combined AntG and tyrphostin was synergistically reduced compared to 

either agent alone or control cells.

Fig. 7.2. PTC

Fig. 7.2. Combined effects of suboptimal inhibitory concentrations of 

tyrphostin and AntG on H-69, H-345 and H-510 SCLC cell growth.

Cells were incubated at a density of 0.5 x 10^ cells in 1 ml HITESA in the absence 

(open circles) or presence of AntG (squares), tyrphostin (triangles) or combined 

AntG and tyrphostin (closed circles) at the concentrations indicated in the figure 

insets. Each point represents the mean of 3 determinations. In all cases, a 

representative of at least 2 independent experiments is shown. The S.E. bars 

mostly lie within the symbols and are not shown for clarity.



177

Fig. 7.2.

in
o

0)
n

E
3  
C

Ü

H-69

O Control 
■ AntGS^M 
A Tyr 5pM 
#  GT

. H-345

O Control 
■ AntG 2^M 
A Tyr 7.5 
•  GT

■ H-510

O Control 
■ AntG 30pM 
A  Tyr 30pM 
#  GT

10 15 20

Days



178

7.3 SUMMARY AND DISCUSSION

The development of novel therapies for SCLC is urgently required. Since 

this tumour has been shown to proliferate in response to multiple neuropeptides in 

an autocrine/paracrine fashion, one approach has been the use broad spectrum 

neuropeptide receptor antagonists (Woll and Rozengurt, 1990; Langdon et al., 

1992; Sethi et al., 1992b). However, as we learn more about the downstream 

signalling events leading from the activated neuropeptide receptor to the nucleus 

where DNA synthesis occurs, new targets are becoming apparent for SCLC therapy.

We have recently shown in Swiss 3T3 cells that tyrosine phosphorylation 

is important in bombesin mediated mitogenesis in Swiss 3T3 cells using the 

tyrosine kinase inhibitor tyrphostin (Chapter 4). The results presented here show 

that tyrphostin inhibits neuropeptide stimulated colony growth of 3 SCLC cell lines 

in a dose dependent fashion and also inhibited background colony formation. The 

inhibitory effect of tyrphostin on the growth of the SCLC cell lines was also 

examined in liquid culture which is a less stringent assay than the semi-solid 

media colony assay. Tyrphostin was similarly potent in inhibiting the growth of the 

H-69 and H-345 SCLC cell lines in liquid and semi-solid media, but the H-510 

cell line appeared more resistant to the effects of tyrphostin in liquid culture. The 

inhibitory effect of tyrphostin on SCLC growth could merely reflect a delay in 

entry of the cells into their proliferative phase. However, time course studies 

revealed that tyrphostin not only prolonged the lag phase before the cells started to 

proliferate but also reduced the total numbers of cells reaching the plateau stage of 

the growth curve. Furthermore, tyrphostin at or above 50p.M actually reduced cell 

counts with time implying that this agent may be inducing cell death in H-69 SCLC 

cells.

AntG and tyrphostin inhibit neuropeptide induced mitogenesis in Swiss 3T3 

cells via different mechanisms and it is plausible that these agents may behave in a 

similar fashion in SCLC lines. We therefore investigated the combined effect of 

these agents to inhibit SCLC growth. The results demonstrate that when AntG and 

tyrphostin are combined, each at suboptimal inhibitory concentrations, there is a 

marked prolongation of the entry of cells into log phase growth. Interestingly, the 

total number of cells achieving plateau phase is synergisitically reduced in the 

presence of both inhibitors in all 3 SCLC cell lines examined. These data indicate 

for the first time that AntG and tyrphostin may act synergistically to block SCLC 

growth. It is important to recognise that tyrphostin may have other sites of action 

than merely the neuropeptide induced tyrosine phosphorylation signalling pathway. 

For example, the results presented in Chapter 6 have shown that the polypeptide 

growth factors HGF and SCF can stimulate growth of these SCLC lines possibly via
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an autocrine/paracrine pathway. It is therefore conceivable that tyrphostin maybe 

inhibiting the tyrosine kinase domain of the HGF or SCF receptors thus blocking 

downstream signalling from these receptors as well as from neuropeptide 

receptors. In addition, recent data have shown that tyrphostins can inhibit 

topoisomerase I which could result in blocked entry of cells into 8 phase of the cell 

cycle (Aflalo et al., 1994). Clearly, further work is warranted to elucidate the 

mechanism(s) of action of tyrphostin in SCLC cells alone and in conjunction with 

SP analogue broad spectrum antagonists.

Tyrphostin has been used by others in vivo without toxicity (Yoneda et al., 

1991; Levitzki, 1992). It is therefore conceivable that the use of tyrphostin may 

allow reduced doses of SP analogue antagonist to be administered without loss of 

effect. This could potentially reduce toxicity seen at high doses of SP analogue 

antagonists in animal experiments (Langdon et al., 1992). The effect of tyrphostin 

and AntG in vivo requires urgent investigation.

In conclusion, the data presented here demonstrate for the first time that 

tyrphostin inhibits SCLC growth in vitro. Furthermore, the combination of 

suboptimal inhibitory concentrations of tyrphostin and the broad spectrum 

neuropeptide antagonist AntG synergistically inhibit SCLC proliferation in vitro.
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C H A P T E R  8

S U M M A R Y  AND FU TU R E  P E R S P E C TIV E S

Neuropeptides including bombesin and its mammalian homologue gastrin 

releasing peptide, stimulate proliferation and are implicated as growth factors in a 

variety of biological processes, including autocrine and paracrine growth of SCLC 

(Rozengurt, 1993). This disease is common, has no effective treatment and is 

consequently almost uniformly fatal (Smyth et al., 1986). Therefore, an 

understanding of how neuropeptides such as bombesin, can signal cell proliferation 

may reveal new therapeutic targets for this disease. The Swiss 3T3 cell line has 

proved immensely useful in delineating signalling pathways for a variety of growth 

factors including several neuropeptide and polypeptide factors (Rozengurt, 1993). 

Furthermore, much of what has been learnt in this system has subsequently been 

shown to occur in other cell lines, including human SCLC cell lines (Rozengurt, 

1994) .

Neuropeptides bind to seven transmembrane domain receptors which lack 

intrinsic tyrosine kinase activity and activate second messenger pathways via 

heterotrimeric G proteins. In contrast, polypeptide growth factor receptors rely 

on tyrosine phosphorylation achieved through an intrinsic tyrosine kinase domain 

to couple to their signalling pathways. Recently, it has been shown that 

neuropeptide receptors can also rapidly stimulate tyrosine phosphorylation of a 

number of substrates including the focal adhesion associated proteins, p i 2 5 ^ ^ ^  (a 

novel cytoplasmic tyrosine kinase) and paxillin (Zachary et al., 1991a; Sinnett- 

Smith et al., 1993; Zachary et al., 1993; Leeb-Lundberg et al., 1994). 

Furthermore, there is some evidence suggesting that paxillin which migrates with 

an apparent Mr of 70,000-80,000 may be a substrate of plZS^AK (Turner et al.,

1993). Indeed, tyrosine phosphorylation of paxillin is always slightly delayed 

compared to that of p125^^K  following neuropeptide stimulation in Swiss 3T3 

cells (Rozengurt, 1995). Interestingly, these proteins also undergo such 

coordinate tyrosine phosphorylated in response to other factors including LPA 

(Kumagai et al., 1993b; Hordijk et al., 1994; Seufferlein and Rozengurt, 1994a), 

PDGF (Rankin and Rozengurt, 1994), sphingosine ; (Seufferlein and Rozengurt, 

1994b), tumour promoting phorbol esters (Sinnett-Smith et aL, 1993), 

extracellular matrix proteins (Burridge et al., 1992; Guan and Shalloway, 1992; 

Kornberg et al., 1992; Lipfert et al., 1992; Vuori and Ruoslahti, 1993) and 

transforming variants of ppGQsrc (Kanner et al., 1990; Guan and Shalloway,
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1992). In all cases, the induction of tyrosine phosphorylation of these proteins 

required the integrity of the actin cytoskeleton (Lipfert et al., 1992; Sinnett- 

Smith et al., 1993; Rankin and Rozengurt, 1994; Seufferlein and Rozengurt, 

1994b; Seufferlein and Rozengurt, 1994a). Therefore, it is tempting to speculate 

that there may be common elements linking the tyrosine phosphorylation of 

P I2 5 FAK and paxillin with different stimuli. It was unknown 3 years ago whether 

G proteins could mediate tyrosine phosphorylation and furthermore, whether 

tyrosine phosphorylation was important in signalling mitogenesis induced by 

neuropeptides.

8.1. G-proteins and tyrosine phosphorylation

In this thesis, a permeabilized cell system was established to assess the 

role of G proteins in tyrosine phosphorylation (Chapter 3). Permeabilization 

provides a convenient way to introduce a variety of agents or change the 

intracellular environment so that the contribution of either heterotrimeric or 

small G proteins can be determined. Using this approach, evidence was obtained 

with AIF'4  or altered free magnesium concentrations that small rather than 

heterotrimeric GTP binding proteins predominantly mediate GTPyS stimulated 

tyrosine phosphorylation. The role of the small GTP binding protein rho p21 was 

then examined because: 1) this protein has been implicated in mediating 

cytoskeletal changes induced by bombesin and other factors (Ridley and Hall , 

1992) and 2) disruption of the cytoskelton with cytochalasin D inhibits tyrosine 

phosphorylation induced by bombesin and other factors (Lipfert et al., 1992; 

Sinnett-Smith et al., 1993; Rankin and Rozengurt, 1994; Seufferlein and 

Rozengurt, 1994b; Seufferlein and Rozengurt, 1994a). The fact that treatment 

with 03 exoenzyme, which specifically inactivates rho p21, markedly inhibited 

tyrosine phosphorylation of a number of proteins (including p125^AK and 

paxillin) induced by GTPyS, provided strong evidence that rho p21 mediates this 

process. Furthermore, a peptide designed to mimmick a putative effector domain of 

rho p21 based on an identical and known effector region of ras p2 1 , inhibited 

GTPyS stimulated tyrosine phosphorylation including p125^AK and paxillin in a 

dose dependent manner while the corresponding ras p21 peptide was ineffective. 

Thus several lines of evidence suggest that the small GTP binding protein rho p21 

rather than heterotrimeric G proteins predominantly mediates GTPyS stimulated 

tyrosine phosphorylation in permeabilized Swiss 3T3 cells. Interestingly, others 

have shown that inhibtion of rho p21 using C3 exoenzyme can block both bombesin 

and LPA induced tyrosine phosphorylation of similar substrates including p125^AK 

and paxillin in intact Swiss 3T3 cells (Kumagai et al., 1993a; Rankin et al..
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1994). It would therefore be interesting to know whether rho p21 may mediate 

tyrosine phosphorylation of p12SFAK and paxillin induced by a number of other 

agents including PDGF, integrins and sphingosine. Furthermore, it is unclear 

exactly what role the cytoskelelton plays in tyrosine phosphorylation; is it merely 

permissive or does it lie between rho  p21 and tyrosine phosphorylation of 

P I2 5 FAK In addition, the upstream connection between rho p21 and the receptor 

is unknown. Clearly, many additional experiments are required to address these 

and other questions.

8.2. Tyrosine phosphorylation and neuropeptide mediated mitogenesis

In chapter 4, the role of tyrosine phosphorylation in neuropeptide mediated 

mitogenesis was examined using tyrphostin. This tyrosine kinase inhibitor was 

shown to inhibit bombesin induced tyrosine phosphorylation in a dose dependent 

manner. Furthermore, tyrphostin could also inhibit p 1 2 5 ^ ^ ^  tyrosine 

phosphorylation. The specificty of tyrphostin was examined in a variety of ways:

1) tyrphostin did not inhibit the activation of the serine threonine kinases PKC or 

PKA.

2 ) tyrphostin did not inhibit bombesin binding to its receptor, or bombesin 

stimulated mobilization of Ca^+ and activation of PKC. By inference tyrphostin 
therefore did not block bombesin receptor coupling to PIP2 -PLCP via Gq

3) in contrast tyrphostin did block PDGF induced Ca2+ mobilization and PKC 

activation indicating that PDGFR coupling to PIP2 -PLCy was inhibited by this 

agent.

These results demonstrated that tyrphostin could selectively inhibit bombesin 

stimulated tyrosine phosphorylation without affecting other bombesin mediated 

processes. It was subsequently shown that tyrphostin also inhibited bombesin 

stimulated c-fos induction and DNA synthesis, processes known to be partially 

mediated by PKC. However, tyrphostin had no effect on PDB stimulated c-fos 

induction or DNA synthesis. This later fact also suggests that tyrphostin is unlikely 

to inhibit MAPK activation as this is downstream of PKC in the signalling pathway 

elicited by bombesin in Swiss 3T3 cells (Pang et al., 1993). Interestingly, the 

dose response of tyrphostin as an inhibitor of bombesin induced tyrosine 

phosphorylation and DNA synthesis were similar. Thus, chapter 4 provides 

substantial evidence that tyrosine phosphorylation is important in bombesin 

mediated mitogenesis. However, it is not possible to identify from these results 

which tyrosine phosphorylated protein(s) is involved. It would for example be 

interesting to examine the effect of selective inhibition of p125^AK on bombesin 

induced DNA synthesis. This could be achieved in a variety of ways, including the
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use of dominant negative p125^^^ transformed cells or perhaps tyrosine kinase 

inhibitors which selectively block p125^^*^. Whatever the precise mechanism, the 

results demonstrate that inhibitors of tyrosine kinase activity prevent 

neuropeptide mediated mitogenesis and may therefore be of therapeutic value for 

SCLC.

8.3. New SCLC therapy: mechanism of action of SP analogue

an tag o n is ts

Multiple neuropeptides including bombesin have been shown to stimulate 

SCLC proliferation via autocrine/paracrine growth circiuts. It is therefore 

unlikely that antagonism of any one particular neuropeptide will be of substantial 

therapeutic value in this disease. Indeed, recent trials using specific anti bombesin 

antibodies has yielded only one response in a patient who had no detectable 

bombesin receptor in their tumour, although serum GRP levels were elevated. The 

discovery that SP analogues such as AntD and AntG, which could inhibit the action of 

several different calcium mobilizing neuropeptides in Swiss 3T3 cells and block 

the growth of SCLC cells both in vitro and in vivo, has potentially provided a new 

approach. Interestingly, these SP analogues had no effect on the action of other 

growth factors such as PDGF or VIP in Swiss 3T3 cells. Since one of these SP 

analogues will soon enter phase I clinical trials an understanding of their 

mechanism of action is important.

SP itself is hydrophobic and known to pass through lipid membranes. At 

micromolar concentrations SP can directly stimulate G proteins, and so one 

plausible hypothesis could be that the SP analogue antagonists inhibit 

heterotrimeric G proteins, a common element mediating the action of many 

different neuropeptide receptors. The results presented in Chapter 5, using 

permeabilized Swiss 3T3 cells, demonstrated that the SP analogue antagonists AntD 

and AntG do not block GTPyS but reversible inhibit neuropeptide stimulated 

inositol phosphate production. The lack of effect of the SP antagonist on G protein 

activation was supported by the fact that AIF'4  stimulated accumulation of inositol 

phosphates in COS-1 cells transfected with Gaq were unaffected by the antagonists. 

Gaq is the Ga heterotrimeric subtype responsible for coupling Ca^+ mobilizing 

neuropeptides such as bombesin or vasopressin to PIP2 -PLCP and inositol 

phosphate generation. The SP analogue antagonists were subsequently shown to 

competitively inhibit ligand binding both to intact Swiss 3T3 cells and membrane 

preparations of either Swiss 3T3 or rat liver. Therefore, it is likely that the SP 

analogue antagonists act at the receptor level rather than by blocking G protein 

activation.



184

These results are strongly suggestive that the site of action of the SP 

analogue antagonists lies within the receptor or between the receptor and the G 

protein. However, they do not conclusively exclude a binding site for the 

antagonists on G proteins. One approach (the gold standard) to resolve this issue 

would involve artificial reconstitution of the system in vitro with its individual 

components. This would allow for example a test of antagonist action on ligand 

binding in the presence of receptor and ligand with or without addition of 

heterotrimeric G proteins. Another approach would be to examine the effect of 

different SP analogue antagonists on the binding and subsequent signals of several 

different neuropeptide receptors. If one found an antagonist that no longer blocked 

the binding of one neuropeptide but continued to be equally effective against other 

neuropeptides, this would strongly argue against any effect of the antagonists on a 

common distal mediator of signal transduction such as Gq.

In conclusion there is considerable evidence pointing towards the 

neuropeptide receptor as the site of action of broad spectrum neuropeptide 

antagonists. So where might the SP analogue bind in the receptor to block 

neuropeptide binding? The ligand binding site is unlikely as this is different for 

individual neuropeptide receptors. Therefore, future efforts might be best spent 

searching for sequences within the various cloned neuropeptide receptors which 

share some degree of common structural homology (Probst et al., 1992; Baldwin,

1994). These areas could then be mutated to test whether they affect the ability of 

SP analogues to inhibit ligand binding. Interestingly, recent data using chimaeric 

SP receptors (Fong et al., 1993; Gether et al., 1993), has demonstrated that SP 

analogues including AntG, act through residues that differ from those required for 

ligand recognition. Whether or not this is also applicable to the inhibitory action of 

AntD and AntG against the vasopressin and bombesin receptors, warrants further 

experimental work.

8.4. Serum and other growth factors in SCLC

Identification of factors which stimulate SCLC cell growth is relevant to the 

development of novel SCLC therapies. While the response of individual SCLC cell 

lines to a range of neuropeptides is heterogenous, serum has been shown to 

stimulate the mobilization of Ca^+ and colony growth of most SCLC cell lines 

examined (Carney et al., 1987; Bunn et al., 1992). The role of Ca^+ mobilization 

and the identity of growth factor(s) in serum which induce SCLC growth remain 

unknown. Recently, the bioactive lipid LPA has been shown to be one of the major 

lysophospholipids in serum to stimulate growth and to promote differentiation in a 

variety of cell lines (reviewed in (Moolenaar, 1994)). Two lines of evidence
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presented in Chapter 6 demonstrated that LPA is the major factor in serum to 

mobilize Ca2+ in the H-510, H-345 and H-69 SCLC cell lines:

1) both LPA and serum exhibited cross desensitization in the Ca2+ mobilization 

assay.

2) phospholipase B (inactivates LPA) pretreatment, of either LPA or serum 

prevented the ability of these agents to stimulate Ca^+ mobilization

In marked contrast, LPA, unlike serum, failed to stimulate colony formation. 

Furthermore, phospholipase B treatment of serum did not inhibit serum induced 

colony formation. It was therefore logical to search for growth factors which could 

induce colony growth through a Ca^+ independent pathway. Interestingly, two 

polypeptide growth factor receptors (c-met and c-kit) and their ligands (HGF < 

SCF, respectively) have recently been shown to be expressed by many different 

SCLC cell lines (Hibi et al., 1991; Sekido et al., 1991; Turner et al., 1992; 

Rygaard et al., 1993; Sekido et al., 1993). The role of these growth factors in 

SCLC was unknown. Both human recombinant HGF and SCF were found to increase 

colony growth, but failed to stimulate an increase in intracellular Ca%+ in the H- 

510, H-345 and H-69 SCLC cell lines. Therefore, the results indicated that LPA- 

depleted serum, hepatocyte growth factor and stem cell growth factor stimulated 

colony formation in SCLC cells through a Ca^+ independent pathway.

Several questions need to be addressed. Firstly, it would be useful to 

substantiate the fact that SCF and HGF stimulate colony formation in SCLC cells. 

Several approaches could be devised including the use of neutralizing antibodies to 

SCF or HGF or specific inhibitors of their receptors in colony assays. However, at 

the time of study such inhibitors were not readily available. Secondly, it would be 

of interest to show that these factors can stimulate receptor autophosphorylation 

and elicit second messenger pathways in the SCLC cell lines tested. This may give 

some insight as to how HGF and SCF in common with serum stimulated colony 

formation in the SCLC cells through a Ca^+ independent pathway. Interestingly, 

from the discussions in section 1.2.2 it is apparent that the SCFR, unlike the 

structurally related PDGFR, does not couple well to PIPg-PLCy in other cell lines 

and therefore probably does not induce substantial Ca^+ mobilization. These 

observations are in keeping with those obtained in Chapter 6 where SCF failed to 

induce Ca^+ mobilization in 3 SCLC cell lines. The ability of the HGFR to stimulate 

Ca2+ mobilization in various cell types is not known. Clearly, much experimental 

work remains.
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8.5. New SCLC therapy: tyrphostin with or w ithout SP anaiogue

an tag o n is ts

In Chapter 4 it was shown that tyrphostin inhibited bombesin mediated 

induction of tyrosine phosphorylation, c-fos expression and DNA synthesis. This 

raised the possibilty that tyrphostin might be useful in blocking neuropeptide 

stimulated growth in SCLC cells. Indeed in Chapter 7 tyrphostin was shown to block 

the action of bombesin in the H-345, bradykinin in the H-69 and galanin in the H- 

510 SCLC cell lines. The effect was dose dependent and not only reduced stimulated 

but also basal colony formation. In addition, tyrphostin was almost equally 

effective at inhibiting SCLC proliferation in liquid culture, a less stringent assay 

of SCLC growth.

Since tyrphostin and SP analogue antagonists have different sites of action 

in Swiss 3T3 cells (see Chapters 4 and 5) and can both inhibit SCLC growth, it was 

logical to examine the combined effects of these agents in SCLC. The results in 

Chapter 7 demonstrated that the combined use of suboptimal growth inhibitory 

concentrations of tyrphostin and the substance P analogue antagonist, AntG, could 

markedly reduce SCLC growth compared to either agent alone or control cells in 

liquid culture. Thus the use of combined signal transduction agents each at 

suboptimal doses can act together to produce a potentially effective treatment. 

Since SP analogue antagonists were found to have a narrow therapeutic: toxic ratio 

in the animal studies, an obvious advantage of the addition of tyrphostin would be a 

reduction in the dose of SP analogue required. Therefore, the combined effect of 

AntG and tyrphostin urgently needs to be examined in vivo.

TH E END
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A d d itio n  o f guanosine 5 '-3 -0 -(th io )tr ip h o s p h ate  
(G TP yS ) to  s trep to lys in  O perm eab ilized  Swiss 3T3 cells 
induced  tyro sine  phosphorylation  o f 110,000-130,000  
and 70,000-80,000 hands. S pecifica lly , G TP yS  s tim u
la ted  tyro sine  ph osphorylation o f both focal adhesion  
kinase (p l2 5 *" ^ )  and p a x illin . G TP yS  induced tyrosine  
ph ospho ry la tio n  was dose-dependent (ECoo o f 2.5 / lm )  
and reached m axim um  levels a fte r  1.5 m in  fo r the  
110,000-130,000 hand and 2 m in  fo r  the  70,000-80,000  
p a x ill in  hand . Guanosine fi'-0 -(2 -th io d ip h o 8p b a te ) in 
h ib ite d  G TP yS -induced  tyrosine  phosphory la tion  w ith  
an ICqo o f 100 pM. P ro te in  kinase C d id  no t m ediate  
G T P yS  induced  tyrosine phosphorylation . V a ry in g  the  
C a^* concen tra tion  from  0 to  6 pjM d id  not increase ty 
rosine phosphory la tion  above basal levels and did  not 
affect the a b ility  o f G TP yS  to induce tyrosine  phospho
ry la tio n . G T P yS  was able to s tim u la te  tyrosine phospho
ry la tio n  in  the  presence o f nanom olar concentrations of 
Mg^^. F u rth erm o re , 30 fxM A IFJ  on ly  w e a k ly  induced  
ty ro sine  ph ospho ry la tio n  in  perm eab ilized  cells. P re 
tre a tm e n t w ith  the C lostrid ium  bo tu linum  C3 exoen
zym e w h ich  in activa tes  p21'‘*° , m arked ly  reduced the  
a b ility  o f G TP yS  to s tim u la te  tyrosine ph osphorylation  
o f Af,. 110,000-130,000 and 70,000-80,000 hands in c lu d in g  
p l2 5 ’^'^ and p a x illin  in  perm eab ilized  Swiss 3T3 cells. 
F u rth e rm o re , a peptide o f p21'''“’ (p21'’'“’” "'*^) in h ib ite d  
G TP yS -induced  tyrosine phosphorylation  in  a dose-de
pendent m an n e r ( IC ^  1 /x m ). Th is  peptide also in h ib ite d  
ty rosine  phosphory la tion  o f p l2 5 *^ ^  and p a x illin . In  
contrast, 20 pvi p 2 1 ""*’ " ^  peptide fa iled  to in h ib it  
G TP yS -induced  tyrosine phosphorylation. U sing perm e- 
a h ilized  cells, o u r find ings dem onstrate  th a t G TPyS  
s tim ulates tyrosine  phosphorylation  o f p l2 5 *^ ^  and  
p a x illin  and th a t a fun ctiona l is im p lica ted  in  this
process.

Tyrosine phosphorylation has recently been im plicated in 
the in tra ce llu la r signaling o f neuropeptides th a t act as potent 
ce llu la r g row th  factors through receptors w ith  seven tra n s
membrane helices ( 1- 8 ). Bombesin and other m itogenic neu
ropeptides s tim u la te  tyrosine phosphorylation o f m u ltip le  pro
te ins in  Swiss 3T3 cells, a useful model system for the 
elucidation o f signal transduction  pathways leading to cell 
p ro life ra tion  (9). The tyrosine-phosphorylated proteins include

• The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
“advertisement’' in accordance with 18 U.S.C. Section 1734 solely to 
indicate this fact.

H To whom correspondence should be addressed.

broad bands of M , 110,000-130,000 and 70,000-80,000 (2, 4, 
10). The focal adhesion associated prote in  p l 2 5 " ' ^ , ^  novel 
cytosolic tyrosine kinase which lacks Src homology domains 2 
and 3 (11, 12), has been identified  as a p rom inent tyrosine- 
phosphorylated protein m igra ting  w ith in  the M,. 110,000-  
130,000 band stim u la ted  by neuropeptides in  Swiss 3T3 cells 
(6 , 13). P ax illin , another focal adhesion associated prote in  (14, 
15) has been shown to  comprise the 70,000-80,000 ty 
rosine-phosphorylated prote in  band s tim u la ted  by neuropep
tides in  these cells (16). The ra p id ity  o f neuropeptide-stim u
lated tyrosine phosphorylation is consistent w ith  p l 2S '^ ^  and 
p a x illin  functioning in  a neuropeptide-activated tyrosine k i
nase pathway.

Recent evidence demonstrates th a t a va rie ty  o f o ther agents 
th a t modulate cell grow th and d iffe ren tia tion  inc lud ing  plate- 
let-derived growth factor (17), the bioactive lip id  LPA (18-20), 
sphingosine (21), tum or prom oting phorbol esters (13), e x tra 
ce llu la r m a trix  proteins (22-26), and trans fo rm ing  va rian ts  o f 
pp60*'^ (23, 27), induce coordinated tyrosine phosphoryla tion of 
p l2 5 ^ '^  and pax illin . In  a ll cases, the induction  o f tyrosine 
phosphorylation o f these proteins required the in te g rity  o f the 
actin cytoskeleton (13, 17, 20, 21, 25). Furtherm ore , both ty ro 
sine phosphorylation and the cytoskeletal changes induced by 
LPA and bombesin require functiona l p21'''‘° p ro te in  (20, 2 8 -  
30). These findings support the existence o f a tyrosine kinase 
pathway invo lv ing  p l 2S’^ '^  and p ax illin , bu t the components of 
th is  signal transduction pathway and th e ir  upstream  and 
downstream interactions have not been fu lly  identified.

Cell perm eabilization has provided a useful approach to 
study protein phosphorylation and also to introduce guanine 
nucleotides to assess the contribu tion  o f G prote ins in  signal 
transduction in  Swiss 3T3 cells (31-33). However, tyrosine 
phosphorylation o f p l2 5 ’^''^ and p a x illin  has not been demon
strated in  any permeabilized cell preparation. In  the present 
study, we show th a t the nonhydrolyzable OTP analogue, 
GTPyS, induced tyrosine phosphorylation o f m u ltip le  proteins 
inc lud ing  pl25^*^^ and p ax illin  in  SLO perm eabilized Swiss 
3T3 cells. O ur results suggest th a t p21'‘'“ ’ p redom inan tly  me
diates th is  process.

‘ The abbreviations used are; FAK, focal adhesion kinase; anti- 
Tyr(P), anti-phosphotyrosine; C3 toxin, Clostridium botulinum C3 ex
oenzyme; DMEM, Dulbecco’s modified Eagle’s medium; GDP)3S, 
guanosine 5'-3-0-(thio)diphosphate; GTPyS, guanosine 5'-3-0-(thio)tri- 
phosphate; LPA, lysophosphatidic acid; mAh, monoclonal antibody, 
PKC, protein kinase C; PDBu, phorbol 12,13-dibutyrate; PAGE, poly
acrylamide gel electrophoresis; PIPj-PLC, phosphatidybnositol 4,5- 
bisphosphate-specific phospholipase C; SLO, streptolysin O; Py72, 
phosphotyrosine; PIPES, 1,4-piperazineethanesuifonic acid.
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EXPERIMENTAL PROCEDURES

Cell Culture—Stock cultures of Swiss 3T3 fibroblasts were main
tained in DM EM  supplemented with 10% fetal bovine serum in a 
humidified atmosphere containing 10% CO, and 90% air at 37 °C. For 
experimental purposes, cells were plated in 33-mm Nunc Petri dishes at 
10° cells/dish in DM EM  containing 10% fetal bovine serum and used 
after 6 - 8  days when the cells were confluent and quiescent.

Streptolysin 0-Permeabilization of Cells—Previous studies have 
shown that the pore size induced by SLO depends on both the concen
tration and length of exposure to the agent (34). In our own preliminary 
studies, cultures of Swiss 3T3 cells in 33-mm dishes were labeled for 5 
h in 1 ml of DM EM  containing [°H]uridine (1 pCi/ml; 1 pM) to label the 
UTP pool The dishes were then washed in DM EM  twice prior to 
incubating with increasing concentrations (0.05-2.4 units/ml) of SLO 
dissolved in permeabilization solution (see following section) for 10 min 
at 37 °C. Maximum labeled UTP release occurred at 0.4 units/ml SLO. 
In further experiments we demonstrated that maximum release of 
labeled UTP occurred after a 1-min exposure to 0.4 unit/ml SLO (data 
not shown).

Tyrosine Phosphorylation in Permeabilized Cells—Confluent and 
quiescent cultures of Swiss 3T3 cells in 33-mm dishes were washed 
twice in DM EM  prior to incubation in permeabilization solution at 
37 °C. This comprised 120 mM KOI, 30 mM NaCl, 2.5 mM MgCl,, 1 mw 
KjHPO^, 10 mM PIPES, 2 mM EGTA, 0.5 mM CaCl%, KOH (to give pH 
7.2), 1 mM ATP, and SLO at 0.4 unit/ml in the presence or absence of 
various compounds. One min later the cells were stimulated by addition 
of GTPyS at the concentrations indicated in the figure legends. The 
incubation was terminated after a further 1.5 min unless otherwise 
specified by cell lysis at 4 °C in 1 ml of a solution containing 10 mM 
Tris/HCl, pH 7.6, 5 mM EDTA, 50 mM NaCL 30 mM sodium pyrophos
phate, 50 mM NaF, 100 pM Na^VO^, 50 pM phenylmethylsulfonyl fluo
ride, and 0.5% Triton X-100 (lysis buffer). In  experiments where the 
concentration of free calcium in the permeabilization solution was in
creased this was achieved by increasing the total amount of CaClj 
added without altering the EGTA concentration and the free calcium 
concentration calculated as described previously (35). In experiments 
where permeabilized cells were stimulated with 30 pM AIFJ this was 
made up freshly to give a final concentration of 30 p.M AlCl, and 10 mM 
NaF (36).

Magnesium Dose Response in Permeabilized Cells—Confluent and 
quiescent cultures of Swiss 3T3 cells in 33-mm dishes were washed 
twice in DM EM  prior to incubation in modified permeabilization solu
tion at 37 °C lacking ATP and MgCl^ and containing 2 mM EDTA with 
or without 5 pM GTPyS. Increasing volumes of a 1 M solution of MgClj 
was added to the modified permeabilization solution to give the indi
cated free magnesium concentration. The free magnesium concentra
tion was calculated using the following equation:. =

X H + [EDTAW([Mg"*)f_ -t- + (GTPW
+ Kctp/m»)1- The equilibrium constants used were Kedta/m* 

= 1 pM and = 60 pM (37). After 1 min the solution was
exchanged for standard permeabUization solution to allow the kinase 
reaction to occur and the incubation was continued for a further 1.5 
min. The cells were then lysed as described above.

Immunoprécipitations— Lysates were centrifuged at 15,000 x  g for 
20 min and the supernatants were incubated for 4 h at 4 °C with 
anti-mouse IgG agarose-linked mAbs directed against phosphotyrosine 
(Py72), pl25*'°^ (mAh 2A7), or paxillin (mAh 165) as invested. The 
immunopredpitates were washed 3 times with lysis buffer and further 
analyzed by SDS-PAGE and Western blotting. Cells from parallel cul
tures treated in an identical fashion were suspended by trypsinization 
and counted using a Coulter counter to ensure equal numbers of cells 
per condition.

Western Blotting—Immunopredpitates were fractionated by SDS- 
PAGE and the proteins were then transferred to Immobilon mem
branes. Membranes were blocked using 5% non-fat dried milk in phos
phate-buffered saline, pH 7.2, and incubated for 3-5 h in phosphate- 
buffered saline containing 0.05% Tween 20 and 1 pg/ml of both Py20 
and 4G-10 anti-Tyr(P) mAbs. Immunoreactive bands were visualized 
using "°I-labeled sheep anti-mouse IgG followed by autoradiography. 
Autoradiograms were scanned using an LKB Ultrascan XL densitom
eter, and labeled bands were quantified using the Ultrascan XL inter
nal integrator. The values expressed represent percentages of the max
imal increase above control values.

SDS-Polyacrylamide Gel Electrophoresis— Slab gel electrophoresis 
was performed essentially according to the method of Laemmli (38). 
Specifically, the slab gels were 1.5-mm thick with 1.5 cm of a 4% 
acrylamide stacking gel and 12 cm of 8% acrylamide resolving gel.

Samples (100 pJ) were electrophoresed at 20 V  for 30 min, then run 
overnight at 50 V  and finally at 150 V  for 30 min before terminating the 
run. Radioactivity was detected at -7 0  '0  using Fqji x-ray film with 
exposure times of 12-72 h.

Down-regulation of PKC—Phorbol ester-sensitive PKCs are down- 
regulated in Swiss 3T3 cells by prolonged pretreatment with PDBu (39, 
40). In the present study confluent and quiescent cultures were pre
treated with 800 nM PDBu for 48 h in conditioned medium which was 
depleted of growth promoting activity.

Preparation of Recombinant C3 Exoenzyme—T te  03 exoenzyme gene 
(41) was modified by polymerase chain reaction-mediated site-directed 
mutagenesis to produce a recombinant C3 exoenzyme that lacks the 
signal peptide and has the dipeptide Met-Ala attached to Ser of the 
mature exoenzyme. Polymerase rhain reaction was performed with the 
cloned gene as the template and with the synthetic oligonucleotides 
(5'-ACTGTTCATATGGOTAGCTATGCAGATACTTTCACA-3' and 5'- 
TTATTGGATCCTATTAnTAAATATCATTGCTGTAA-3') as primers. 
The amplified fragment was cleaved with Ndel and fiam H l and ligated 
with a pET-3a vector (42). After confirming the DNA sequence, the 
recombinant plasmid, pE7T-3,^C3, was introduced into Escherichia coli 
BL21 (DE3)pLyBE and expressed (41-43).

C3 Exoenzyme Pretreatment of Cells—Swiss 3T3 cells were seeded at 
a density of 1 X 10® per 30-mm dish in 2 ml of DM EM  supplemented 
with 10% fetal bovine serum. At 72 h, recombinant 03  exoenzyme at a 
final concentration of 7.5 pg/ml or diluent was added to the medium. 
After being cultured for a further 48 h the cells were washed twice with  
DMEM and then incubated in DMEMiWaymouth’s (1:1, v/v) in the 
presence or absence of C3 exoenzyme at 15 pg/ml for 24 h. This protocol 
h a s  previously been shown to ADP-ribosylate p21'*° in intact Swiss 3T3 
cells, as shown by the fact that cell homogenates from 03  exoenzyme- 
treated cells contain markedly reduced levels of native p21'*^ available 
for [°^lADP-ribosylation by externally added 03 exoenzyme (data not 
shown) (29, 44).

Cell-free Kinase Assay— Oonfluent and quiescent cultures of Swiss 
3T3 cells were washed twice in DM EM  and then incubated in the 
presence or absence of 10 nM bombesin for 10 min at 37 “0. The cells 
were then lysed and the lysates immunoprecipitated with anti-mouse 
IgG agarose-linked mAbs directed against Py72 for 4 h. The immuno- 
precipitates were washed three times with lysis buffer and twice with 
50 mM HEPES, pH 7.4, 0.1 mM EDTA, 0.01% Brÿ, 75 mM NaOl (kinase 
buffer) and resuspended in 20 pi of this buffer. Kinase reactions were 
initiated by addition of 10 mM MgOl, and 100 pM [y-**PJATP (20 pCi) 
and performed in a total volume of 30 pi at 30 °C for 20 min. The 
immunopredpitates were then washed three times with lysis buffer and 
analyzed by SDS-PAGE followed by autoradiography.

Materials—Bombesin and agarose-linked anti-mouse TgG were ob
tained from Sigma. Anti-Tyr(P) mAh, clone Py72, was obtained from the 
hybridoma development unit. Imperial Cancer Research Fund, London, 
United Kingdom. Py20 anti-Tyr(P) mAh and the mAh directed against 
paxillin (mAh 165) were from ICN, High Wycombe, UK. 4G-10 anti- 
Tyr(P) mAh and mAh 2A7 directed against pl25"'*^ were from TCS 
Biologicals LTD., Buckingham, UK. Anti-pl25°^**^ mAh for Western 
blotting was obtained from A F F IN IT I Research Products Ltd., Notting
ham, UK. *” 1-Sheep anti-mouse IgG (50 mCi/mg) and [y-°^P)ATP were 
from Amersham, UK. SLO was obtained from Welcome Diagnostics, 
UK. All other reagents used were of the purest grade available.

RESULTS

GTPyS Stim ulates Tyrosine Phosphorylation o f M u ltip le  
Substrates In c lud in g  p l2 5 ^ ^  and P a x illin  in  Perm eabilized  
Swiss 3T3 Cells—To determ ine w hether GTPyS could s tim u 
late tyrosine phosphorylation o f proteins in  perm eabilized 
Swiss 3T3 cells, quiescent cu ltures o f these cells were perm e
abilized w ith  0.4 rU /m l SLO for 1 m in  and then incubated in  
the presence or absence o f 5 pM GTPyS fo r an add itiona l 1.5 
m in. Lysates o f the permeabiUzed cells were im m unoprec ip i
ta ted  w ith  a specific a n ti-T y r(M m A b , and the im m unoprecip i- 
tates analyzed by W e s te rn ^ l^ t t ln g lk in g  a m ix tu re  o f Py20/ 
4G-10 anti-Tyr(P ) m A b s /^ ig . \A,^4efl, shows th a t GTPyS 
stim u la ted  tyrosine phosphorylation o f a group o f bands m i
g ra ting  w ith  an a p p a re n t% ^ 110,000-130,000 and 70,000- 
80,000. A dd itiona l experiments showed th a t the optim a l SLO 
concentration fo r th is  purpose was 0.4 lU /m l and th a t GTPyS 
did not s tim ulate tyrosine phosphorylation in  in ta c t cells (data 
not shown). In  10 independent experiments, a 1.5-m in exposure
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Fig. 1. A, identification of proteins which are tyrosine phosphoryl- 
ated by GTPyS in penneabihzed Swiss 3T3 cells. Confluent and quies
cent cultures of Swiss 3T3 cells in 33-mm dishes were washed twice in 
DM EM  and then incubated in permeabilization solution containing 0.4 
lU/m l SLO for 1 min. The incubation was continued for a further 1.5 
min in the presence or absence of 5 p.M GTPyS as described under 
“Experimental Procedures." The cultures were then lysed and the ly
sates immunoprecipitated with the anti-Tyr(P) mAh Py72 (left, PY), 
pl25''‘̂  mAb2A7 (middle, FAK), or anti-pazUlin mAh 165 (right. PAX). 
The immunoprecipitates were analyzed by immunoblotting with a 1:1 
mixture of 4G-10 and Py20 anti-TyifP) mAbs. Autoradiographs shown 
are representative of at least two independent experiments. B, time 
course GTPyS-stimulated tyrosine phosphorylation. Cultures of Swiss 
3T3 cells in 33-mm dishes were washed twice in DMEM and permeabi
lized with 0.4 lU/ml SLO for 1 min prior to addition of 5 /zm GTPyS. The 
cultures were then lysed and immunoprecipitates of tyrosine-phospho
rylated proteins were analyzed by anti-TyriP) immunoblotting. Scan
ning densitometry of both the M , 110,000-130,000 (circles) and 70,000- 
80,000 (triangles) bands is shown. Each point is representative of three 
mdependent experiments ± S.E. and is expressed as a percentage of the 
maximum response. C, dose response of GTPyS-induced tyrosine phos
phorylation. Cultures of Swiss 3T3 cells were permeabilized for 1 min 
and incubated in the presence or absence of increasing concentrations of 
GTPyS for a further 1.5 min before lysis. Scanning densitometry of both 
the M, 110,000-130,000 (circles) and 70,000-80,000 (triangles) bands 
is shown. Each point is representative of three independent experi
ments and is expressed as a percentage of the maximum response. For 
clarity, only the error bars (S.E.) for the M , 110,000-130,000 band are 
shown.

to 5 fxM GTPyS s tim u la ted  tyrosine phosphorylation o f the 
110,000-130,000 band by 4.5 ± 0.2 (S.E.)-fold above basal 
levels. In  contrast, addition o f 5 /j.m ATPyS instead o f GTPyS 
fa iled to s tim u la te  tyrosine phosphorylation in  permeabilized 
cells (data not shown).

Fig. 2. Effect of GDPpS on tyrosine phosphorylation s tim u
lated by GTPyS. Cultures of Swiss 3T3 cells in 33-mm dishes were 
washed twice in DMEM and permeabilized with 0.4 lU/ml SLO in the 
presence or absence of increasing concentrations of GDPgS. After 1 min 
5 nM GTPyS was added to the dishes and the incubation continued for 
a further 1.5 min. The cultures were then lysed and immunoprecipi
tates of tyrosine-phosphorylated proteins were analyzed by anti-Tyr(P) 
immunoblotting. Scanning densitometry of both the M, 110,000- 
130,000 (circles) and 70,000-80,000 (triangles) bands is shown. Each 
point is representative of three independent experiments and is ex
pressed as a percentage of the maximum response. For clarity, only the 
error bands (S.E.) for the Af, 110,000-130,000 are shown. Inset, parallel 
cultures were permeabilized in the presence (lane 2) or absence (lane 3) 
of 250 piM GDPgS for 1 min prior to addition of 500 GTPyS. Lane 1 
shows the effect of 250 p.M GDPgS alone. An autoradiograph of a 
representative experiment is shown.

The patte rn  o f tyrosine phosphorylation induced by GTPyS 
in  permeabilized Swiss 3T3 cells was identical to th a t p rev i
ously shown to be induced by bombesin and other agents (see 
In troduction  fo r details) in  in tac t cells. These s tim u li are 
known to increase tyrosine phosphorylation o f p l2 5 *^ ^ , w hich 
m igrates w ith in  the 110,000-130,000, and p a x illin  w hich 
corresponds to the M , 70,000-80,000 band. We therefore ex
amined whether GTPyS also stim u la tes tyrosine phosphoryla
tion  o f these proteins. Accordingly, lysates o f perm eabilized 
Swiss 3T3 cells stim u la ted  w ith  5 p.M CîTPyS were im m unopre
c ip ita ted w ith  e ithe r a n ti-p l2 5 ’^ '^  or pax illin  mAbs and the 
resu lting  im m unoprecip itates were Western blotted w ith  an ti- 
TyrfP ) mAbs. As shown in  Fig. LA, GTPyS m arked ly s tim u 
lated tyrosine phosphorylation o f both p l2 5 '^ '^  (5 ±  2-fold) and 
p ax illin  (4 ±  1.2-fold) in  permeabilized cells.

Tyrosine phosphorylation was a rap id  consequence o f the 
addition o f GTPyS to perm eabilized Swiss 3T3 cells. Fig. LB 
demonstrates an increase in  tyrosine phosphorylation o f the M ,
110.000-130,000 group o f bands a fte r 45 s. M axim um  tyrosine 
phosphorylation o f th is  band was reached a fte r 1.5 m in  of 
incubation w ith  GTPyS. Tyrosine phosphorylation o f the A f,
70.000-80,000 band, corresponding to p ax illin , was delayed by 
30 s, reaching a m axim um  2 m in  a fte r addition o f GTPyS (Fig. 
LB). GTPyS stim ulated tyrosine phosphorylation o f both the A f,
110.000-130,000 and 70,000-80,000 bands in  a dose-depen
dent fashion w ith  an identica l ECgo o f 2.5 pM. M axim um  ty ro 
sine phosphorylation was achieved a t 5 p.M GTPyS (Fig. IC).

A dd ition  o f GDP^S inh ib ited  tyrosine phosphorylation of 
both the Af, 110,000-130,000 and 70,000-80,000 bands in 
duced by Sj^ifcGTPyS in  a dose-dependent manner w ith  an IC 50 
o f 100 u if{F ig . 2 )^ c re a s in g  the concentration o f GTPyS to 500 
/J.M a lm o s t-G em ^ te ly  reversed (90%) the in h ib ito ry  effect of 
250 p.M GDPpS, a concentration which reduced tyrosine phos
phoryla tion stim ulated by 5 p.M GTPyS by 75% (Fig. 2, inset). 
These results suggest th a t a G prote in  is involved in  tyrosine 
phosphorylation s tim u la ted  by GTPyS in  permeabilized Swiss 
3T3 cells.

Role o f PKC and on GTPyS-induced Tyrosine Phospho-
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Fig. 3. Panel A, role of PKC in GTPyS-stimulated tyrosine phospho
rylation, Cultures of Swiss 3T3 cells in 33-nun dishes were washed 
twice in DM EM and incubated in the absence or presence of 3.5 p.M 
GF109203X for 1 h. The cells were then penneabihzed with SLO in the 
absence or presence (GF) of 3.5 p.M GF109203X for 1 min and the 
incubation was continued with ( + ) or without ( - )  addition of 5 p.M 
GTPyS for a further 1.5 min or 200 nM PDBu for a further 4 min. 
Parallel dishes were pretreated either in the absence or presence 
(PDBu) of 800 n M  PDBu for 40 h prior to permeabilization and stimu
lation with ( + ) or without ( - )  5 >im GTPyS or 200 nM PDBu. The 
cultures were then lysed and immunoprecipitates of tyrosine-phospho
rylated proteins were analyzed by anti-TyriP) immunoblotting. An au
toradiograph of a representative experiment is shown. In parallel cul
tures, both pretreatment with 3.5 fiM GF109203X and PDBu completely 
blocked tyrosine phosphorylation induced by 200 nM PDBu in intact 
cells (data not shown) in agreement with results pubhshed previously 
(13, 16, 20, 21). Panel B, effect of Ca^* concentration on tyrosine 
phosphorylation in either resting or GTPyS-stimulated permeabilized 
Swiss 3T3 cells. Cultures of Swiss 3T3 cells in 33-mm dishes were 
washed twice in DMEM and permeabilized with SLO in the presence or 
absence of increasing concentrations of C a'* as described under “Ex
perimental Procedures." After 1 min, 5 p.M GTPyS was (solid bars) or 
was not (open bars) added for a further 1.5 min. The cultures were then 
lysed and immunoprecipitates of tyrosine-phosphorylated proteins 
were analyzed by anti-TyifP) immunoblotting. The bar graph shown 
represents scanning densitometry from autoradiographs of tyrosine- 
phosphorylated proteins migrating with an apparent 110,000- 
130,000 and is expressed as a percentage of the maximum response of 
three independent experiments ± S.E.

The staurosporine-related compound, GF109203X, is a selec
tive  in h ib ito r o f PKC in  Swiss 3T3 cells a t concentrations w hich 
have no effect on cAMP-dependent kinase or on p la te le t-de
rived grow th factor, epiderm al g row th  factor, and insu lin  re
ceptor tyrosine kinases (45). Fig. 3A (left) shows th a t a 1-h 
pretrea tm ent w ith  3.5 p,M GF109203X had no effect on tyrosine 
phosphorylation stim u la ted  by GTPyS in  perm eabilized Swiss 
3T3 cells bu t abohshed the s lig h t effect o f PDBu. Th is  sug
gested th a t PKC did no t mediate G TPyS-stim ulated tyrosine 
phosphorylation. In  order to fu r th e r substantia te  th is  result, 
phorbol ester-sensitive PKCs were down-regulated by pro
longed pretreatm ent w ith  PDBu. As shown in  Fig. 3A, tyrosine 
phosphorylation induced by GTPyS was not inh ib ited  by PDBu 
pretreatm ent. These results indicated th a t PKC was not in 
volved in  tyrosine phosphorylation induced by GTPyS.

The induction o f tyrosine phosphorylation in  some cell sys
tems has been shown to be dependent on Ca^^ oscillations (5, 
46). Perm eabilization provides a convenient procedure to  ex
amine d irectly the effects o f increasing concentrations o f Ca^* 
on tyrosine phosphorylation. Cells were permeabilized for 1 
m in  in  perm eabilization solution w hich contained increasing 
concentrations o f Ca^* and then incubated in  the presence or 
absence o f 5 l̂m GTPyS fo r 1.5 m in  p rio r to lysis. Fig. 3B shows 
th a t increasing Ca^^ concentrations did not induce any s ign if
ican t tyrosine phosphorylation in  the absence o f GTPyS. This 
was true  even at 6 pM Ca^*, a concentration known to d irec tly  
activate PIPg-PLC in  perm eabilized Swiss 3T3 cells (32). F u r
therm ore, ra is ing the Ca®“  concentration up to 600 nM  had no 
effect on the a b ility  o f GTPyS to stim u la te  tyrosine phospho
ry la tion  o f the 110,000-130,000 band in  permeabilized 
Swiss 3T3 cells. In te resting ly , a t 6 p,M Ca^*, some in h ib it io n  o f 
GTPyS-stim ulated tyrosine phosphorylation was seen. Thus, 
increasing Ca^* concentrations do not d irectly  s tim u la te  ty ro 
sine phosphorylation or affect GTPyS-induced tyrosine phos
phoryla tion in permeabilized Swiss 3T3 cells.

Effect o f [M g ^* ] and A IF^ on Tyrosine Phosphorylation In 
duced by GTPyS—GTPyS stim u la ted  activation o f both hetero- 
tr im e ric  G proteins and sm all GTP b ind ing  proteins is depend
ent on M g^* concentration. Thus m illim o la r concentrations o f 
M g^* are required fo r GTPyS to bind and activate he terotrim - 
eric G proteins (47). In  m arked contrast, nanom olar concentra
tions o f M g^* are required fo r GTPyS to  b ind and activate 
sm all GTP b inding proteins (37, 48). The effect o f various 
concentrations o f on G TPyS-stim ulated tyrosine phos
phoryla tion was tested u tiliz in g  a two-stage procedure. D uring  
the firs t stage cu ltures were permeabilized for 1 m in  in  m odi
fied perm eabilization solution conta in ing increasing concentra
tions of free M g^* in  the presence or absence o f 5 GTPyS. 
Since th is  solution did not contain ATP, tyrosine kinase ac tiv 
i ty  was blocked. In  the second stage, the m odified perm eab ili
zation solution was exchanged fo r standard perm eabilization 
solution, which contained both ATP and M g^* to a llow  the 
kinase reaction to occur. A fte r a fu rth e r 1.5 m in , the cells vferu

ry la tio n — GTPyS is known to s tim u la te  the activation o f het- 
e ro trim e ric  G proteins and consequently PIP^-PLC thereby 
e levating diacylg lycerol leading to activation o f PKC in  Swiss ^ y s e d  and analyzed for protein tyrosine phosphory la tio ^ Table 
3T3 cells (31). I t  is also known th a t activated PKC can induce I slurws tha t even in  the absence o f exogenously added M g^"', 
tyrosine  phosphorylation o f the 110,000-130,000 and^—DTPyS stim ulated tyrosine phosphorylation o f the 
70,000-80,000 bands inc lud ing  the proteins p l2 5 ^ '^  and pax- 110,000-130,000 band by 4.6-fold. F u rthe r increasing the
i l l in  (13). Consequently, we determined whether PKC could be 
involved in the downstream signa ling  o f tyrosine phosphoryl
a tion s tim u la ted  by GTPyS. Add ition  o f 200 nM PDBu to pier- 
m eabilized cells weakly (2-fold) stim u la ted  tyrosine phospho
ry la tio n  o f the 110,000-130jQPO^hd 7^0,000-80,000 bands 
even a fte r 4 m in  o f incubatiornCFig. 3A). Indeed, shorter incu
bations w ith  PDBu produced &n_even sm aller response (data 
no t shown). Thus, tyrosine phosphorylation induced by PDBu 
was considerably slower and weaker than the effect o f GTPyS.

Mg^"" concentration did not s ign ifican tly  change the s tim u la 
tion o f tyrosine phosphorylation by GTPyS, although both the 
basal and GTPyS-stim ulated tyrosine phosphorylation in 
creased. In te resting ly , 30 p.M A IF^ w hich has been shown to 
activate heterotrim eric but not sm all GTP b ind ing  proteins 
(49), was only w eakly able to  s tim u la te  tyrosine phosphoryla
tion in  permeabilized Swiss 3T3 cells (1.8 ±  0.3 fold. Table I). 
These results suggested th a t tyrosine phosphorylation s tim u 
lated by GTPyS was large ly mediated by a sm all GTP b ind ing
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T a b le  I
Effect of Mg^* concentration and on AIF^ GTPyS-induced tyrosine 

phosphorylation in permeabilized Swiss 3T3 cells
M ,  110,000-130,000 tyrosine 

phosphorylation

GTPyS”
GTPyS
GTPyS
GTPyS
GTPyS
a i f ;*-
a i f ; ' ’

0“
0.6
6

600
6000
1560"
6000"

fold stimulation
4.7 ±  0.7
4.6 ±  0.8
4.8 ±  0.6 
5.3 ±  0.3 
5.0 ±  1.4
1.8 ±  0.3
1.7 ±  0.2

“ Cultures of Swiss 3T3 cells in 33-mm dishes were washed twice in 
DM EM  and permeabilized with SLO for 1 min in modified permeabili
zation solution containing increasing concentrations of free magnesium 
as indicated in the presence or absence of 5 pU GTPyS. The permeabi
lization solution was then exchanged for standard permeabilization 
solution, which contained no GTPyS but contained both ATP and M g'* 
to allow the kinase reaction to occur. After a further 1.5 min, the cells 
were lysed and immunoprecipitates of tyrosine-phosphorylated pro
teins were analyzed by anti-Tyr(P) immunoblotting. Scanning densi
tometry of two independent experiments was used to calculate the fold 
increase in tyrosine phosphorylation of the 110,000-130,000 band *  
the range.

" Cultures of Swiss 3T3 cells were permeabilized with SLO in stand
ard or modified permeabilization solution containing 2.5 mM MgCl^ 
(corresponding to 1.56 mM M g '*) or 7 mM M gCl, (corresponding to 6 mM 
M g '*), respectively, for 1 min. The incubation was continued for a 
further 2 min in the presence or absence of 30 pM AIF^ prior to lysis and 
analysis of tyrosine-phosphorylated proteins as described above. Scan
ning densitometry of at least three independent experiments was used 
to calculate the fold increase in tyrosine phosphorylation of the Af, 
110,000-130,000 band ± the S.E. When permeabilized cells were stim
ulated with 300 fiM AIFJ (lOmMNaF) instead of 30 *iM AIF^ (lOmMNaF) 
no additional increase in tyrosme phosphorylation was seen. A

protein(s).
Involvem ent o f  p 2 r ^ °  in  G TPyS-stim ulated Tyrosine Phos

pho ry la tion — p21'’*°, a member o f the Ras sm all G protein 
superfam ily, has been im plicated in  m itogen-induced actin 
stress fibers and focal adhesions (28, 50), the d is tin c t sites in  
the plasma membrane where p l2 5 ^ ^  and p ax illin  are local
ized ( I I ,  12, 14,15). The C lostrid ium  botu linum  exoenzyme, C3 
AD P-ribosyltransferase, has been shown to ADP-ribosylate the 
Asn"** o f p2 r '* °  and thereby prevents its  in teraction  w ith  down
stream  targets (41, 51, 52). To assess the role o f p 2 r '* °  in  
G TPyS-stim ulated tyrosine phosphorylation, cu ltures o f Swiss 
3T3 cells were treated w ith  C3 exoenzyme using a protocol th a t 
resulted in  ADP-ribosyla tion o f p21'’'‘° (see “E xperim enta l Pro
cedures” ). P re trea tm ent w ith  C3 exoenzyme m arkedly in h ib 
ited  tyrosine phosphorylation o f both the 110,000-130,000 
(60% reduction) and 7O,OOO_pB0;O6O~(67% reduction) group of 
bands s tim u la ted  by G T P yô W g . A ,^ p e rp a n e l) . Furtherm ore, 
C3 p retrea tm ent in h ib ite o '^T ^y S -s tim u la te d  tyrosine phos
phory la tion  o f p l2 5 *^ ^  and p a x illin  by 70% (Fig. 4, m idd le  and 
lower panels, respectively). These results suggest th a t p 2 r ' “ ’ 
predom inantly  mediates the effect o f GTPyS and consequently, 
th a t p2 r ' “° lies upstream  o f tyrosine phosphorylation.

To obtain fu rth e r evidence th a t p 2 1”'" ' was involved in  tyro
sine phosphorylation stim u la ted  by GTPyS, we synthesized a 
peptide corresponding to the effector domain o f p2 r ' “ ’ 
( p 2 r ' ‘° ” ” '*'‘ ). Th is  approach was based on previous w ork dem
onstra ting  th a t am ino acid residues w ith in  p2 r ' “ ’*’ "'*^ are 
necessary for actin reorganization (53) and th a t an effector 
domain peptide o f p21”“  (p2 r ‘“ *^ " ‘ '‘ ) blocks the in teraction  of 
p2 r "  w ith  p74''°^(54). Cells were perm eabilized in  the pres
ence or absence o f 20 p.M peptide for 1 im jLaftd-then
exposed to 5 pM GTPyS for a fu r th e r 1.5 m i« f r ig .  SAJiop) 
shows th a t tyrosine phosphorylation o f both tW -A # f- ll6 ,0 0 0 - 
130,000 and 70,000-80,000 bands induced by GTPyS was com
ple te ly  inh ib ited  by p21'"'*°*''"'*^. In  contrast, add ition  of

m 200r

Paxillin

C3 Toxin - 
GTPyS . - + -f

Fig . 4. Role o f p21**” as a m ediator o f G TPyS-stim ulated ty ro 
sine phosphorylation; effect o f C3 exoenzyme pretreatm ent.
Swiss 3T3 cells in 33-mm dishes were incubated in DM EM  supple
mented with 10% fetal bovine serum in the presence ( + ) or absence ( - )  
of 03 exoenzyme for 48 h at 7.5 jtg/ml as described under “Experimental 
Procedures.’  The cells were then washed twice with DM EM  and treated 
for a further 24 h with 15 fig/ml 03 exoenzyme in DMEM:Waymouth’s 
(1:1, v/v) prior to permeabilization with SLO for 1 min and then incu
bation for another 1.5 min in the presence ( + ) or absence ( - )  of 5 pM 
GTPyS as indicated. The cultures were then lysed and the lysates 
immunoprecipitated with anti-Tyr(P) mAh Py72 (upper), anti-pl25’ *̂*‘ 
mAb2A7 (middle), or anti-paxillin mAh 165 (lower). The immunoprecipi
tates were analyzed by immunoblotting with anti-Tyr(P) mAbs. An 
autoradiograph of a representative experiment is shown.

p2 irc« i7-44 20 p.M did not affect G TPyS-stim ulated tyrosine
phosphorylation. Im po rtan tly , Fig. 5, top, also demonstrates 
th a t 20 pM could specifically in h ib it p l2 5 ’^ ^  (m id 
dle panel) and p ax illin  (lower panel) tyrosine phosphorylation 
induced by GTPyS. However, addition o f an identica l concen
tra tio n  o f p21" "^ ^ '* ^  fa iled to in h ib it p l2 5 ^ '^  and p a x illin  
tyrosine phosphorylation s tim ulated by GTPyS. Both 
p2 ir tu i7-44 g jjjj p2 jrAoi7-44 concentrations up to 20 pM did 
not affect tyrosine phosphorylation in  the absence o f GTPyS. 
The in h ib ito ry  effect o f p2 r ' “ ’ *’ "'*'‘ was dose dependent w ith  an 
ICgo o f 1 pM (Fig. 5, bottom). These results provide add itiona l 
evidence th a t p2 r '* °  p redom inantly mediates the s tim u la to ry  
effect o f GTPyS on tyrosine phosphorylation.

We verified th a t the effector peptides were not in h ib it in g  
bombesin-stimulated tyrosine phosphorylation i n  a cell-free 
kinase assay. Confluent and quiescent cultures o f Swiss 3T3 
cells were incubated in  the presence or absence o f 10 nM  bomb
esin fo r 10 m in, a concentration and tim e known to induce 
m axim um  tyrosine phosphorylation (10). The cells were then 
lysed and the lysates im m unoprecip itated w ith  anti-mouse IgG 
agarose-linked mAbs directed against 1^72 for 4 h. A  cell-free 
in  v itro  kinase assay was performed in  the presence or absence 
o f e ither 20 pM p21"*' ” or  p21'‘“ *’ "'*^ peptides. N e ithe r 
peptide affected basal or bombesin-stimulated phosphorylation 
o f proteins in  th is  kinase assay (data not shown).

DISCUSSION

We demonstrate for the f irs t tim e th a t GTPyS can rap id ly  
stim u la te  tyrosine phosphorylation o f M , 110,000-130,000 and
70.000-80,000 bands in  permeabilized cells. The patte rn  of 
GTPyS-induced tyrosine phosphorylation is s im ila r to th a t re
cently reported for neuropeptides (2, 6 , 13, 16) and LPA (20) in 
in tac t cells. Indeed, GTPyS specifically induces tyrosine phos
phoryla tion o f the focal adhesion associated proteins, pl25®^'^*^, 
and p ax illin . In te resting ly , tyrosine phosphorylation o f the M,.
70.000-80,000 p ax illin  band lagged behind the 110,000- 
130,000 band by 30 s w hich would be consistent w ith  previous 
in  v itro  evidence suggesting th a t p ax illin  is a substrate of 
p l2 5 ' '^  (55).
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2 0 0  I -
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GTPyS - +
I I L
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5  2 lOOiH

1 10 
[Peptide] pM

100

Fig. 5. Effect o f p21 '*° and p21"“  effector peptides on GTPyS  
stim ulated tyrosine phosphorylation. Upper panel, identification of 
tyrosine-phosphorylated proteins which are inhibited by the p2r*"  
effector peptide. Cultures of Swiss 3T3 cells in 33-mm dishes were 
washed twice in DMEM  and permeabilized with SLO in the presence or 
absence of 20 pM of either the p21'*“‘'’“"  {Rho) or the p21'‘“ ‘'’ {Ras) 
effector peptides for 1 min prior to incubation for a further 1.5 min in 
the presence or absence o(5 pM GTPyS. The cells were then lysed and 
the lysates immunoprecipitated with anti-Tyr(P) mAh Py72 {upper), 
anti-pl25'^‘̂  mAb2A7 {middle), or anti-paxiUin mAbl65 {lower). The 
immunoprecipitates were immunoblotted with anti-TyrfP) mAbs. Au
toradiographs shown are representative of at least two independent 
experiments. Lower panel, dose response of rhop21'*“ effector peptide 
on GTPyS-stimulated tyrosine phosphorylation. Identical cultures were 
permeabilized in the presence of increasing concentrations of the 
p 2 r * ° ‘'’-'“  effector peptide {closed symbols) or 20 p.M p 2 r " * ’ “"  effector 
peptide {open symbols) for 1 min prior to incubation for another 1.5 min 
in the presence or absence of 5 p.M GTPyS. The cells were then lysed and 
immunoprecipitates of tyrosine-phosphorylated proteins were analyzed 
by anti-TyrfP) immunoblotting. Scanning densitometry of both the M, 
110,000-130,000 {circles) and 70,000-80,000 {triangles) bands is 
shown. Each point is representative of two independent experiments 
and is expressed as a percentage of the maximum response.

G TPyS-stim ulated tyrosine phosphorylation could be in h ib 
ited  by GDP/lS in  a dose-dependent fashion. Th is indicates th a t 
G TPyS-stim ulated tyrosine phosphorylation is mediated by a G 
protein. We have previously shown th a t GTPyS can activate 
PIPg-PLC in  permeabilized Swiss 3T3 cells (31-33). PIP^-PLC 
catalyzes the hydrolysis o f inosito l phospholipids in to  d iacyl
g lycerol and inosito l 1,4,5-trisphosphate which activate PKC 
and mobilize C a^*, respectively (56). A ctiva tion  o f PKC by 
phorbol esters or membrane permeable diacylglycerols has 
been shown to induce tyrosine phosphorylation o f pl25'^'^’'  and 
p ax illin  in  in tac t Swiss 3T3 cells (13, 16). I t  was therefore 
possible th a t GTPyS stim ulates tyrosine phosphorylation via 
hete rotrim eric  G protein mediated activation o f PKC. In  th is 
respect, integrin -induced s tim u la tion  o f p l2 5 '^ '^  tyrosine phos
phory la tion  appears to be mediated by PKC (26). In  contrast, 
our results show th a t GTPyS stim ulates tyrosine phosphoryl

a tion o f both the 110,000-130,000 band and 70,000-80,000
p ax illin  band through a PKC-independent pathway as judged 
by the fact th a t ne ithe r down-regulation nor in h ib it io n  o f PKC 
prevented GTPyS-mediated tyrosine phosphorylation.

In  live r epithe lia l cells, angiotensin I I  increases tyrosine 
phosphorylation o f ce llu la r components, includ ing  a 125,000
band, apparently th rough a Ca*"^-dependent pathway (5). I t  
has also been reported th a t the induction o f Ca^^ oscillations 
are required for GPIIb-H Ia-induced tyrosine phosphorylation 
o f a 125,000 prote in  in  cells expressing th is in teg rin  (46). I t  
is like ly  bu t unproven th a t these 125,000 bands are related 
to  p l2 5 *^ ^ . In  view o f these findings we tested w he ther Ca^* 
could stim u la te  tyrosine phosphorylation in  permeabilized 
Swiss 3T3 cells. O ur results show th a t increasing the Ca^^ 
concentration in  the absence o f GTPyS, to m im ic Ca^^ m o b ili
zation from  in te rn a l stores, fa iled to increase tyrosine phospho
ry la tion  over background levels. Furtherm ore, the presence or 
absence o f Ca^* had lit t le  effect on GTPyS-induced tyrosine 
phosphorylation. These results strongly suggest th a t tyrosine 
phosphorylation occurs v ia  a Ca** independent pathway in  
permeabilized Swiss 3T3 cells. This is in  agreement w ith  our 
previous reports showing th a t neuropeptides, LPA, and sphin 
gosine induce tyrosine phosphorylation via a PKC- and Ca^*- 
independent pathway in  in tac t Swiss 3T3 cells (6 , 13, 16, 17, 
20, 21).

GTPyS has been shown to bind and irrevers ib ly  activate both 
heterotrim eric  and sm all GTP b ind ing  proteins. I t  was there
fore im po rtan t to assess the contribu tion  o f these two classes of 
G proteins in  m edia ting  GTPyS-induced tyrosine phosphoryl
ation. The fact th a t GTPyS could induce tyrosine phosphoryl
ation almost to the same degree a t nanomolar and m illim o la r 
concentrations o f M g^* suggests th a t a sm all GTP b ind ing  
prote in  p redom inantly mediates GTPyS-induced tyrosine phos
phoryla tion (37, 47, 48). Th is data is supported by the fact th a t 
A IF J , a d irect activator o f heterotrim eric  G proteins (49), only 
weakly s tim ulated tyrosine phosphorylation in  permeabilized 
Swiss 3T3 cells.

Tyrosine phosphorylation o f p l2 5 *^ ^  and p a x illin  s tim u la ted  
by bombesin, LPA, and sphingosine is closely re lated to 
changes in  the organization o f actin m icrofilam ents induced by 
these ligands in  Swiss 3T3 cells. D isrup tion  o f the cytoskeleton 
w ith  cytochalsin D in h ib its  the a b ility  o f these agents to s tim 
u late tyrosine phosphorylation (13, 16, 20, 21). Furtherm ore , 
both tyrosine phosphorylation and the cytoskeletal changes 
induced by LPA and bombesin require functional p21'''‘ ° p rote in  
(20, 28, 29). Consequently, i t  was o f in terest to determ ine 
w hether p 2 r '“ ’ mediated GTPyS-induced tyrosine phosphoryl
ation o f p l2 5 ‘ ‘̂' ^  and p ax illin  in  permeabilized cells.

The C. botu linum  C3 exoenzyme has been shown to ADP- 
ribosylate the Asn'”  o f p21'‘*°, a residue w ith in  the effector 
domain o f th is  small G prote in  and thereby prevents the in te r
action o f p21'‘'‘° w ith  its  do\Mistream targets (41, 51, 52). Pre
trea tm ent w ith  03 exoenzyme m arkedly inh ib its  GTPyS-in
duced tyrosine phosphorylation o f m u ltip le  substrates 
inc lud ing  p l2 5 *^ '^  and pax illin . These results suggest th a t 
p 2 r '* °  p redom inantly mediates the effect of GTPyS and conse
quently, th a t p2 r '* °  lies upstream o f tyrosine phosphorylation. 
In te resting ly , we have recently shown th a t p retrea tm ent w ith  
03  exoenzyme also inh ib its  bombesin and endothelin-induced 
tyrosine phosphorylation in  in tac t cells (30).

In  a separate approach to test whether p2K *° mediates 
GTPyS-induced tyrosine phosphorylation we used a synthetic 
peptide corresponding to the effector domain o f p2 r ' ‘“ 
( p 2 r ' ‘°*’ “ '^ ). Th is region o fp 2 r '“ ’ and more recently p21'‘“ '  has 
been identified  as necessary for actin reorganization (53, 57). 
Furtherm ore, an effector domain peptide of p21" ^  (p2 r “ ‘ ^ " ‘ '')
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can block the a b ility  o f p21" "  to  in te rac t w ith  p 7 4 '^  in  vitro  
(54). We reasoned th a t a p 2 r ' “ ” ” *^ peptide could interfere 
w ith  the in teraction  between th is  sm all G prote in  and its  ef
fectors). The peptide inh ib ited  tyrosine phospho
ry la tion  o f both the 110,000-130,000 and 70,000-80,000 
bands induced by GTPyS in  a dose-dependent fashion. In  con
tras t, p21" “ ’̂ “ '*'‘ a t identica l concentrations did not affect 
GTPyS-stim ulated tyrosine phosphorylation in  permeabilized 
Swiss 3T3 cells. Im po rtan tly , p 2 r ' “ ’ *^” '*  ̂ b u t not p 2 1 '^ * ’ “ *‘‘ 
could specifically in h ib it  p l2 5 ’^ '^  and p ax illin  tyrosine phos
phory la tion  induced by GTPyS. These results provide addi
tiona l evidence th a t p21''*° p redom inantly mediates GTPyS- 
induced tyrosine phosphorylation. The mechanism(s) lin k ing  
p2 r '* °  activation  w ith  tyrosine phosphorylation o f p l2 5 ’^ ^  and 
p a x illin  w arran ts fu r th e r investigation.

In  conclusion, using permeabiUzed Swiss 3T3 cells we dem
onstrate fo r the f irs t tim e th a t GTPyS can induce tyrosine 
phosphorylation o f m u ltip le  substrates inc lud ing  p l2 5 '^ '^  and 
p ax illin . As these effects can occur a t nanom olar Mg^^ concen
tra tions  and are blocked by e ithe r C3 exoenzyme or p21'’' ‘°*^"'‘ ‘‘ 
peptide, we suggest th a t the sm all GTP b ind ing  protein 
p 2 r ' ‘° predom inantly mediates GTPyS-induced tyrosine 
phosphorylation.

Acknowledgement—We thank Dr. S. Rankin for her help with the C3 
exoenzyme assay.
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T re a tm e n t o f quiescent Sw iss 3 T 3  cells w ith  2 0  
l [ (3 ,4 ,5 - t r ih y d r o x y p h e n y l)m e th y le n e ]p r o p a n e d in i -  
t r i le |  (ty rp h o s tin ) caused a 76%  r  eduction in  the  ty ro 
sine ph ospho ry la tio n  o f the  A f, 1 1 0 ,0 0 0 - 1 3 0 ,0 0 0  band  
induced by bom besin. T h is  w as accom panied by a 48%  
reduction  in  the ty ro s in e  ph ospho ry la tio n  o f the  cyto 
solic ty ro s in e  k inase  p i 2 5  focal adhesion k inase . 
P re in c u b a tio n  w ith  2 0  pM ty rp h o s tin  d id  not in h ib it  
e ith e r  p ro te in  k inase  A a c tiv a tio n  by fo rs k o lin  o r p ro 
te in  k inase C (P K C ) a c tiv a tio n  by ph orbo l 1 2 ,1 3 -d i
b u ty ra te  in  in ta c t Sw iss 3 T 3  cells. S im ila r ly , 2 0  pM 
ty rp h o s tin  n e ith e r  in te r fe re d  w ith  b in d in g  o f bombesin  
to its receptor no r p reven ted  bo m b esin -stim u la ted  Ca^* 
m o b iliza tio n  or P K C  a c tiv a tio n . Thus ty rp h o s tin  selec
t iv e ly  in h ib its  ty ro s in e  ph ospho ry la tio n  induced by 
bom besin in  in tac t Swiss 3 T 3  cells. C onsequently, w e  
e xam in ed  the c o n trib u tio n  o f th is  ty ro s in e  ph ospho ry l
a tion  p a th w a y  to the subsequent in ductio n  o f c-fos  and  
s tim u la tio n  o f m itogenesis by bom besin. T y rp h o s tin  
p reven ted  both c-fos  m R N A  expression and D N A  syn
thesis induced by bom besin. T h e  in co rp o ra tio n  o f [®H] 
th y m id in e  w as in h ib ite d  by ty rp h o s tin  in  a dose-de
pendent m an ner (ICso =  2 0  pM), and th is  e ffec t w as not 
reversed  even at h igh concentra tions  o f bom besin. 
These results p ro v id e  evidence th a t ty ro s in e  phos
p h o ry la tio n  is a m itogen ic  s ignal fo r  bom besin.

Neuropeptides stim u la te  D N A  synthesis and p ro life ra tion  
in cu ltured  cells and are im plicated  as grow th  factors in  a 
va rie ty  o f bio logical processes, inc lud ing  embryogenesis, tissue 
regeneration, and tum origenesis ( 1, 2). In  pa rticu la r, bom 
besin is a potent m itogen fo r quiescent Swiss 3T3 cells (3), a 
useful model fo r the e lucidation  o f signal transduction  p a th 
ways leading to  cell p ro life ra tion  (4). Bombesin and s tru c tu r
a lly  related peptides inc lud ing  m am m alian G R P ' b ind  to  
specific high a ff in ity  receptors (5 -8) and signal via ac tiva tion

* The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked “ advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact.

t  To whom all correspondence should be addressed. Tel.: 071-269- 
3455; Fax: 071-269-3094.

' The abbreviations used are: GRP, gastrin-releasing peptide; anti- 
Tyr(P), anti-phosphotyrosine; [Ca'*]„ intracellular calcium concen
tration; DMEM, Dulbecco’s modified Eagle’s medium; FAK, focal 
adhesion kinase; IB M X , 3-isobutyl-l-methylxanthine; mAh, mono
clonal antibody; PKA, protein kinase A; PKC, protein kinase C; PBS, 
phosphate-buffered saline; PDB, phorbol 12,13-dibutyrate; PDGF, 
platelet-derived growth factor; PAfîE, polyacrylamide gel electropho
resis; tyrphostin, |((3,4,5,-trihydroxyphenyl)methylene]propanedini- 
trile l; 80K/MARCKS, 80-kilodalton/myristoylated alanine-rich C k i
nase substrate.

o f G T P -b in d in g  prote ins (8-13). T h is  results in  rap id  hydrol 
ysis o f polyphosphoinositides, w ith  the consequent m obilize 
tio n  o f Ca^* and a c tiva tion  o f P K C  (14-18) leading to  phos 
p ho ry la tion  o f the p rom inent substrate 8 0 K /M A R C K S  (4, 9 
18-21). F u rth e r downstream , bombesin induces the expres 
sion o f c-fos and stim ulates D N A  synthesis via both  PKC  
dependent and -independent pathways (22-24).

Tyros ine  phosphory la tion  is essential for the bio logical 
a c tiv ity  o f various polypeptide grow th  factors such as PDGF 
(reviewed in  Ref. 25), but its  significance in  the action o f 
m itogenic neuropeptides is on ly  beginning to  be recognized. 
Recently, add ition  o f bombesin and o ther neuropeptides to  
quiescent Swiss 3T3 cells has been shown to increase tyrosine 
phosphory la tion  o f m u ltip le  substrates, inc lud ing  a group o f 
bands m igra ting  w ith  an apparent M , 110,000-130,000 (26, 
27). Fu rtherm ore , neuropeptide s tim u la tio n  o f Swiss 3T3 cells 
increases tyrosine  phosphory la tion  o f both endogenous sub
strates and o f exogenously added peptide tyrosine  kinase 
substrates in  cell-free preparations o f these cells. T h is  in d i
cates th a t neuropeptide-stim ulated tyrosine phosphoryla tion  
is due to  ac tiva tion  o f a ce llu la r tyrosine kinase (28). The 
substrates fo r neuropeptide tyrosine  phosphoryla tion in  these 
cells appear to  be unre la ted to  known targets fo r receptors 
endowed w ith  in tr in s ic  tyros ine  kinase a c tiv ity , inc lud ing  
G TP ase-activa ting  pro te in , phosphatidy linos ito l 3 '-k inase, 
and phospholipase C--y (26, 29). Recently, however, it was 
reported tha t a novel cytosolic p rote in  tyrosine  kinase, 
pl25^^*’', is a m ajor substrate fo r bom besin-stim ulated ty ro 
sine phosphory la tion  in  Swiss 3T3 cells (30). The role o f the 
tyros ine  kinase-signaling pathway in  neuropeptide-stim ulated 
D N A  synthesis remains unknow n.

A series o f low m olecular weight compounds term ed ty r 
phostins have recently been synthesized (31) and shown to 
selectively in h ib it both  m em brane-bound (32, 33) and cy to 
solic p ro te in  tyrosine  kinases (34, 35). These new compounds 
thus provide useful tools to  analyze the role o f tyrosine  kinases 
in  signal transduction  and are o f po ten tia l therapeutic value 
fo r a w ide range o f c lin ica l cond itions inc lud ing  neoplasia. In  
the present report, we show th a t add ition  o f ty rp h o s tin  to  
in tac t Swiss 3T3 cells reduces bombesin induced tyrosine 
phosphory la tion  o f the M , 110,000-130,000 phosphotyrosyl 
bands and in h ib its  bombesin mediated c-fos expression and 
D N A  synthesis. The results dem onstrate tha t in h ib ito rs  o f 
tyros ine  kinase a c tiv ity  prevent neuropeptide-m ediated m i
togenesis.

EXPERIMENTAL PROCEDURES

Cell Culture—Stock cultures of Swiss 3T3 fibroblasts were main
tained in DMEM supplemented witb 10% fetal bovine serum in a 
humidified atmosphere containing 10% CO; and 90% air at 37 °C. 
For experimental purposes, cells were plated either in 33-mm Nunc 
Petri dishes at 10* cells/dish or in 90-mm dishes at 5 x  10* cells/dish
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in D M E M  containing 10% fetal bovine serum and used after 6-8  
days when the cells were confluent and quiescent.

Immunoprécipitations—Quiescent and confluent cultures of cells 
in 33-mm dishes were washed twice with D M E M  and then incubated 
for 18 h in a 1:1 ratio of D M E M  and Waymouth medium with or 
without 20 tyrphostin (50 mM stock solution in dimethyl sulfox
ide). They were then treated with bombesin at the concentrations 
indicated in 1 ml of this medium and lysed at 4 °C in 1 ml of a 
solution containing 10 mM Tris /H C l, pH 7.6, 5 mM E D TA , 50 mM 
NaCl, 30 mM sodium pyrophosphate, 50 mM NaF, 100 ^M Na^VO,, 
50 ^M phenylmethylsulfonyl fluoride, and 0.5% Triton X-100 (lysis 
buffer). Lysates were centrifuged at 15,000 x  g for 20 min and 
precleared by incubation with albumin-agarose for 1 h at 4 °C. After 
removal of albumin-agarose by centrifugation (10 s), the supernatants 
were incubated with 1 >jg/ml of either anti-Tyr(P) mAh or mAb2A7 
(anti-pl25''''*') coupled to agarose for 3 h at 4 °C. The immunoprecip
itates were washed three times with lysis buffer and further analyzed 
by SDS-PAGE and Western blotting. Cells from parallel cultures 
treated in an identical fashion were suspended by trypsinization and 
counted using a Coulter counter to ensure equal numbers per condi
tion.

Western Blotting— Immunoprecipitates were fractionated by SDS- 
PAGE, and the proteins were then transferred to Immobilon mem
branes. Membranes were blocked using 5% non-fat dried milk in 
PBS, pH 7.2, and incubated for 3-5  h in PBS containing 0.05% 
Tween 20 and 1 Mg/ml Py20 anti-Tyr(P) mAb. Immunoreactive bands 
were visualized using ‘“ 1-labeled sheep anti-mouse IgG.

Labeling of Cells and Analysis of 80K/MARCKS and Vimentin 
Phosphorylation—Quiescent and confluent cultures in 33-mm dishes 
were washed twice in phosphate-free D M E M  and incubated at 37 °C 
with this medium containing 80 or 400 ^Ci/m l of carrier-free (̂ “P]P, 
for analysis of 80K /M A R C K S  and vimentin, respectively, in the 
presence or absence of 20 #iM tyrphostin. After 18 h, various factors 
were added for the indicated times. The cells were then either counted 
to ensure equal numbers of cells per dish or lysed in 2(K) //1/dish of 
lysis buffer supplemented with 3,5 //g/ml aprotinin and 1 /ig/ml 
leupeptin. These lysates were removed and used for analysis of 80K 
phosphorylation. For the analysis of vimentin phosphorylation fur
ther cellular debris was removed from the dishes by replacing the 
lysis buffer with fresh lysis buffer supplemented with 0.6 m KCl for 
20 min, and the cellular remnants containing the intermediate fila
ment fraction including vimentin were then scraped off the dishes 
into SDS sample buffer (150 mM T ris /H C l, pH 6.8, 10% glycerol. 5% 
SDS, 10% fi-mercaptoethanol) as described previously (36). For 
analysis of 80K /M A R C K S  phosphorylation, the lysates were boiled 
for 5 min and clarified by centrifugation for 20 min at 4 °C (20, 37). 
The supernatants were added to 8 x  SDS sample buffer and analy zed 
by SDS-PAGE.

SDS-Polyacrylamide Gel Electrophoresis—Slah gel electrophoresis 
was performed essentially according to the method of Laemmli (38). 
Specifically, the slab gels were 1.5 mm thick with 1.5 cm of a 4% 
acrylamide stacking gel and 12 cm of 8 or 10% acrylamide resolving 
gel. Samples (100 //I) were electrophoresed at 20 V for 30 min and 
then run overnight at 50 V and finally at 150 V for 30 min before 
terminating the run. Gels for 80K/M ,ARCKS and vimentin experi
ments were fixed in 25% methanol, 10% acetic acid (v/v) prior to 
drying under vacuum for 2 h at 80 °C. Radioactivity was detected at 
-7 0  °C using Fuji x-ray film with exposure times of 12-72 h.

Specific Binding of ‘“ /-G R P — Binding of ‘“ I-G R P was performed 
essentially as described previously (5). Briefly, quiescent and con
fluent cells in 33-mm dishes were washed twice in D M E M  and 
incubated at 37 °C for 3 h in a 1:1 ratio of D M E M  and Waymouth 
medium with or without 20 mM tyrphostin. This medium was then 
replaced with 1 ml of binding medium, which consisted of 1:1 D M E M  
and Waymouth media supplemented with 1 mg/ml of bovine serum 
albumin and ‘“ I-G R P at the concentrations indicated. After a 30- 
min incubation at 37 °C, the cultures were washed rapidly 5 times 
with ice-cold PBS supplemented with 1 mg/ml bovine serum albumin 
and extracted with 1 ml of 0.1 M NaOH containing 2% Na^CO, and 
1% SDS at 37 °C for 30 min. The total cell-associated radioactivity 
was determined in a LK B y -counter. Nonspecific binding, defined as 
the cell-associated radioactivity not displaced by 1 mM bombesin, was 
proportional to the concentration of ‘“ I-G R P and varied from 18% 
at the highest concentrations (5 nM) of ‘“ I-G R P  to 5% at low 
concentrations (0.05 nM). All values shown are the average of dupli
cate determinations that agree within 12%.

Assays of pHJThymidine Incorporation—Quiescent and confluent 
cells in 33-mm dishes were washed twice in D M E M  and incubated at

37 'C  in 2 ml of a 1:1 mixture of D M E M  and Waymouth medium 
containing 1 /iC i/m l [^HJthymidine with various additions as indi
cated. After 40 h, unless otherwise indicated, the incorporation of 
[^Hjthymidine into acid-precipitable material was measured as de
scribed previously (39). For autoradiography, (“H]thymidine was 
added at 5 //C i/m l, and after 40 h, the cells were fixed in formal 
saline, washed twice with cold Tris saline prior to incubation with 
cold 5% trichloroacetic acid for 2 min and subsequently for 4 min. 
Following three washes in ethanol the dishes were exposed for a week 
using squares of Kodak ARlO stripping film which was then developed 
in situ on the dishes (39). The cells were stained with Giemsa and 
both labeled and unlabeled nuclei counted (5-10 fields with an average 
of 2000 cells counted per dish).

Measurement of Intracellular Calcium— [Ca'*j, was measured with 
the fluorescent Ca'* indicator fura-2 using a modification of the 
procedure described previously (40). Quiescent cells in 90-mm dishes 
were washed twice in D M E M  and then incubated at 37 °C for 18 h 
in 5 ml of a 1:1 ratio of D M E M  and Waymouth medium with or 
without 20 //M tyrphostin. Then 1 >/M fura-2 tetraacetoxymethyl ester 
was added and the incubation continued for a further 10 min. The 
dishes were washed three times in PBS at 37 “C, the cells were then 
suspended in 2 ml of electrolyte solution containing 120 mM NaCl, 5 
mM KCl, 1.8 mM CaCL, 0.9 mM MgCL, 25 mM glucose, 16 mM 
HEPES, 6 mM Tris /H C l, and an amino acid mixture equivalent to 
D M E M , pH 7,2, by gentle scraping and transferred to a quartz 
cuvette. The suspension was stirred continuously and maintained at 
37 ”C. Fluorescence was monitored in a Perkin-Elmer Cetus LS-5 
luminescence spectrophotometer with an excitation wavelength of 
336 nm and emission wavelength of 510 nm. [Ca'*], was calculated 
using the formula [Ca^*], nM =  K(F — Fmm/(Pm.x -  F), where F is 
the fluorescence at the unknown [Ca“*|„ is the fluorescence after 
addition of 0.02% Triton X-100, and F„.„ is the fluorescence after the 
Ca^* in the solution is chelated with 10 mM EG TA. The value of K 
was 220 nM for fura-2 (40).

Expression of c-fos mRNA— Quiescent and confluent cultures of 
Swiss 3T3 cells in 90-mm dishes were washed twice in D M E M , 
incubated for 18 h in a 1:1 mixture of D M E M  and Waymouth medium 
with or without 20 //M tyrphostin, and then stimulated with factors 
as indicated in the figure legends. After the appropriate time of 
incubation, the cells were washed twice in ice-cold PBS and lysed 
with 4 M guanidine isothiocyanate, 25 mM sodium acetate, pH =  6,0, 
Sarkosyl (0.5% v/v), and 200 mM d-mercaptoethanol. Each sample 
was overlayed onto 5.7 M caesium chloride (3 ml) and the total RNA  
pelleted by an overnight centrifugation at 25 °C (140,000 x g) (41). 
R N A samples (10 /ig/lane) were separated on a 1% agarose. 6% 
formaldehyde gel by electrophoresis, transferred to a Hybond N" 
membrane (Amersham), and fixed bv heating the membrane for 2 h 
at 80 "C.

The transfer membrane was then prehybridized for 4 h at 42 'C  in 
a solution of 50%, v/v, formamide, 5 x SSC (1 x SSC =  150 mM 
NaCl, 15 mM sodium citrate), 5 x  Denhardt’s (1 x Denhardt's = 
0.02% w/v Ficoll, 0.02%, w/v, polyvinylpyrrolidone, and 0.02%, w/v, 
bovine serum albumin), 0.5%, w/v, SDS and 250 Mg/ml salmon sperm 
DN A. Hybridizations were performed in the same solution but con
taining 7 X 10“ cpm/ml of a ““P-labeled 0.7-kilobase pair Sall/Pstl 
fragment from the coding region of v-/os (42). Transfers were hybrid
ized overnight at 42 °C and then washed twice for 15 min at the same 
temperature with 2 x SSC, 0.1% SDS and twice for 15 min at 60 'C  
with 0.1% SSC, 0.1% SDS. Bound probe was visualized by autoradi
ography. The blots were then stripped by incubating in 0.1% SSC, 
0.1% SDS at 95 °C for 15 min and rehybridized with a mouse 18 S 
ribosomal RN A probe (43) in order to assess uniformity in loading.

M a te ria l— Bombesin and albumin-agarose were obtained from 
Sigma. Agarose-linked anti-Tyr(P) mAb was purchased from Onco
gene Science Inc., New York. PY20 anti-Tyr(P) mAb was from ICN. 
The anti-p l25’'''’̂  mAb2A7 was a generous gift of Thomas Parsons 
and Randv Vines, University of Virginia, ‘“ I-sheep anti-mouse im
munoglobulin G (15 mCi/mg), carrier-free |“T |P „  [«-‘“‘PJdCTP (5000 
Ci/mmol), ‘“ 1-GRP (2000 Ci/mmol; 1 Ci =  37 GBg), [“HJthymidine 
and recombinant BB homodimer PDGF were from Amersham (N ot
tingham, United Kingdom), fura-2 tetraacetoxymethyl ester, tyr
phostin, and forskolin were from Calbiochem. IB M X  was purchased 
from Aldrich. The pfosDl plasmid containing the 0.7-kilobase pair 
Sa/I/Psfl V-/O S fragment was a generous gift from Dr. D. Bentley, 
Imperial Cancer Research Fund. All other materials were of the 
highest grade available.



9550 Tyrphostin Inhibits Bombesin-stimulated Mitogenesis

RESULTS

T yrphostin  In h ib its  Bom besin-stim ulated Tyrosine Phos
p h o ry la tio n — T o  determ ine w he ther ty rp h o s tin  could in h ib it  
the increase in  p ro te in  ty ros ine  phosphory la tion  induced by 
bombesin, quiescent Swiss 3T3 cells were pretrea ted  w ith  or 
w itho u t 20 ty rp h o s tin  fo r 18 h (33) and then s tim u la ted  
w ith  10 nM  bom besin fo r 10 m in. Lysates o f the  cu ltures were 
im m unop rec ip ita ted  w ith  a specific a n t i-T y r(P )  m A h and the  
im m unoprec ip ita tes  analyzed by W este rn  b lo tt in g  using the 
Py20 a n t i-T y r(P )  m Ah. In  accord w ith  previous results (26, 
27), bombesin increased the ty ros ine  phosphory la tion  o f a 
group o f bands m ig ra tin g  w ith  an apparent M , 110,000-
130,000 (Fig. lA )  by 315% ±  50 (mean ±  S.E.; n =  5). P rio r 
trea tm en t o f the cells w ith  ty rp h o s tin  in h ib ite d  the phos
p ho ry la tion  o f the M j  110,000-130,000 bands by 76% ±  5.7 
(mean ±  S.E.; n =  5). W hen the cells were preincuhated w ith  
20 pM ty rp h o s tin  fo r 3 h instead o f 18 h, the com pound was 
s t i l l  able to  in h ib it  bom besin-m ediated ty ros ine  phosphory l-
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Fig. 1. T y rp h o s tin  selectively  in h ib its  tyro s in e  pho sphoryl
a tion  in Sw iss 3 T 3  cells. A, effect of tyrphostin on bombesin- 
induced early tyrosine phosphorylation. Confluent and quiescent 
Swiss 3T3 cells in 33-mm dishes were incubated for 18 h in D M E M /  
Waymouth medium in the absence or presence of 20 tyrphostin 
( D  and then stimulated with 10 nM bombesin (BOM) for 10 min. 
The cultures were lysed and the lysates immunoprecipitated and 
analyzed by Western blotting with an ti-Tyr(P ) mAb as described 
under “Experimental Procedures.” The group of bands migrating 
with an apparent M, 110,000-130,000 is shown and molecular weight 
markers indicated. The result shown is representative of five inde
pendent experiments. B, tyrphostin effect on bombesin-induced 
p l25 ’'*'  ̂ tyrosine phosphorylation. Confluent and quiescent Swiss 
3T3 cells in 33-mm dishes were incubated for 18 h in D M E M /  
Waymouth medium in the absence or presence of 20 tyrphostin 
(T )  and then stimulated with 10 nM bombesin (BOM). After 10 min 
the cultures were lysed, and the lysates were incubated with a mAb 
directed against p l25 ’"''*‘ . The immunoprecipitates were analyzed by 
Western blotting with an anti-Tyr(P ) mAb as described under “E x
perimental Procedures.” The p i 25"̂ *'̂  band (FAK) is indicated by an 
arrow and is representative of four independent experiments. C, 
tyrphostin does not affect PDB-induced 8 0K /M A R C K S  phosphoryl
ation. Confluent and quiescent Swiss 3T3 cells in 33-mm dishes were 
incubated with 80 >iCi of |^'P]Pj in the absence or presence of 20 
tyrphostin for 18 h and then stimulated with 100 ng/ml PDB for 15 
min prior to lysis and SDS-PAGE electrophoresis as described under 
“Experimental Procedures.” The 8 0K /M A R C K S  band (80K) is in 
dicated by an arrow and is representative of three independent 
experiments. D, tyrphostin does not affect forskolin stimulated v i
mentin phosphorylation. Swiss 3T3 cells in 33-mm dishes were in 
cubated with 400 ^Ci of [^^PjP, in the absence or presence of 20 mM 
tyrphostin for 18 h and were then stimulated with 25 forskolin 
and 500 mM IB M X  (FORSK) for 30 min prior to lysis and SDS- 
PAGE electrophoresis as described under “Experimental Proce
dures.” The M, 58,000 vimentin band ( VIM)  is indicated by an arrow 
and is representative of three independent experiments.

a tion  by 58% ±  7.9 (mean ±  S.E.; n =  5). T y rp h o s tin  in h ib ite d  
the  s tim u la tio n  o f ty ros ine  phosphory la tion  o f the  M ,
110,000-130,000 bands in  a concentra tion-dependent m anner. 
The  m axim um  effect was achieved at 20 mM ty rp h o s tin , and 
it  was not fu rth e r enhanced by increasing the  concen tra tion  
o f ty rp h o s tin  up to  50 pM (results  not shown).

In  o ther experim ents, cell lysates were im m unop rec ip ita ted  
w ith  the  m A h 2A7 d irected  against pl25''^*^ (44), and the 
im m unop rec ip ita tes  were W este rn -b lo tted  w ith  a n t i-T y r(P )  
m Ab. As shown in  Fig. IB , bombesin induced a m arked 
increase (319% ±  28; mean ±  S.E.; n =  4) in  the ty ros ine  
phosphory la tion  o f p l25 ''* '^ , an effect also in h ib ite d  (48% ±  
4.5; mean ±  S.E.; n =  4) by p r io r  exposure to  20 aU  ty rp h o s tin . 
In  con tro l experim ents, a dd itio n  o f 20 mM ty rp h o s tin  in h ib ite d  
the  increase in  ty ros ine  p hosphory la tion  induced by 5 n g /m l 
P D G F  o f a band m ig ra tin g  w ith  an apparent M , 170,000-
190,000 (com pris ing  the  q and i3 P D G F receptors) by 79% ±  
14 (results not shown).

N ext, we tested the sp ec ific ity  o f ty rp h o s tin  fo r ty ros ine  
kinases by exam in ing  the e ffect o f th is  in h ib ito r  on the 
a c tiva tio n  o f se rine /th reon ine  kinases such as P K C  or P K A . 
In  quiescent Swiss 3T3 cells, the  ac tiva tio n  o f P K C  by P D B  
can be m on ito red  by the increase in  the phosphory la tion  o f 
8 0 K /M A R C K S , a specific and p rom in e n t substrate o f th is  
k inase in  in ta c t cells (4, 9, 19-21). A c tiva tio n  o f P K A  by- 
elevated ce llu la r c A M P  as induced by fo rsko lin  and IB M X  
s tim u la tes the phosphory la tion  o f the in term ed iate  filam en t 
p ro te in  v im e n tin  (36). Quiescent Swiss 3T3 cells were labeled 
fo r 18 h w ith  [“ P ]P , in  the absence or presence o f 20 /iM 
ty rp h o s tin  and s tim u la ted  w ith  e ithe r P D B  or a com b ina tion  
o f fo rsko lin  and IB M X . The  results showed tha t ty rp h o s tin  
had no in h ib ito ry  effect on e ithe r P D B  induced pho sp h ory l
a tion  o f 8 0 K /M A R C K S  (Fig. IC )  o r P K A -m ed ia ted  phos
p h o ry la tio n  o f v im e n tin  (F ig. ID ) .  Th u s  ty rp h o s tin , at a 
concen tra tion  th a t in h ib ite d  bom besin-stim u lated  tyros ine  
phosphory la tion , had no effect on the ac tiva tio n  o f e ithe r 
P K C  or P K A  in in tac t Swiss 3T3  cells.

Tyrphostin  Does N o t B lock Bombesin B ind in g  to Its  Recep
to r o r B om besin-stim ulated Ca~* M obiliza tion  and 8 0 K / 
M A R C K S  Phosphory la tion— In  o rder to  exclude any effect o f 
ty rp h o s tin  on bom bes in /G R P  receptor b ind ing , quiescent 
Swiss 3T3 cells were pre incubated w ith  or w itho u t 20 fiM  
ty rp h o s tin  and then incubated w ith  increasing concentra tions 
o f ' “ I-G R P  fo r 30 m in. Fig. 2A shows the specific ' “ I-G R P  
b in d ing  to  Swiss 3T3 cells as a fu n c tio n  o f the concen tra tion  
o f radio labeled ligand. Scatchard analysis o f these data (Fig. 
2A, inse t) ind ica ted  the  presence o f h igh  a ff in ity  receptor sites 
o f Kef =  0.6 X 10“ ® M. T y rp h o s tin  p re trea tm ent d id  not a lte r 
e ithe r the  to ta l num ber o f sites or the apparent a f f in ity  fo r 
' “ I-G R P .

N ext we exam ined the e ffect o f ty rp h o s tin  on bom besin- 
s tim u la ted  Ca^* m o b iliza tio n  and 8 0 K /M A R C K S  pho sp h o ry l
a tion . As shown in  Fig. 2B, p re trea tm en t w ith  20 uM ty rp h o s 
t in  d id  not prevent the rap id  increase in  |Ca'^*], induced by- 
bombesin. In  contrast, Ca®* m o b iliza tio n  s tim u la ted  by P D G F 
(5 n g /m l) , was in h ib ite d  by 56% using  an iden tica l concen tra 
t io n  o f ty rp h o s tin . Fu rthe rm ore , the increase in  8 0 K / 
M A R C K S  p hosphory la tion  induced by bombesin was not 
p revented by p r io r  exposure to  ty rp h o s tin , whereas P D G F- 
s tim u la ted  8 0 K /M A R C K S  phosphory la tion  was b locked by 
th is  ty ros ine  kinase in h ib ito r  (Fig. 2C). Thus, ty rp h o s tin , at 
a concen tra tion  w hich  in h ib ite d  bom besin-induced tyros ine  
p hosphory la tion  in  in ta c t Swiss 3T3 cells, d id  not affect 
bom besin receptor b in d ing , bom besin-induced Ca®* m o b ili
za tion , o r P K C  activa tion .

B om besin-stim ulated c-fos Expression Is  In h ib ite d  by T y r-
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Fig. 2. E ffect o f tyrphostin  on ‘ ^ ''I-G R P binding, C a“* m ob iliza tion , and 8 0 K /M A R C K S  phosphorylation . A, tyrphostin does 
not affect the specific binding of '̂ ‘ l-G R P to Swiss 3T3 cells. Confluent and quiescent Swiss 3T3 cells in 33-mm dishes were incubated in 
DM EM /W aym outh medium with (open circles) or without (closed circles) 20 fiM tyrphostin for 3 h prior to incubation with increasing 
concentrations of '“ I-G RP for 30 min at 37 °C. Specific binding was determined as described under “Experimental Procedures.” Inset, 
Scatchard plot of the same data. Treatment with 20 tyrphostin for 18 h instead of 3 h also failed to inhibit specific binding of '“ 1-GRP. 
8. effect of tyrphostin on the increase in |Ca'^*j, induced by bombesin or PDGF. Confluent and quiescent Swiss 3T3 cells in 90-mm dishes 
were incubated for 18 h in D M EM /W aym outh medium in the absence or presence of 20 mM tyrphostin, loaded with fura-2, and then stimulated 
with 10 nM bombesin (BOM) or 5 ng/ml PDGF. Intracellular Ca'” was measured as described under “Experimental Procedures.” C, effect of 
tyrphostin on bombesin and PDGF induced 80K /M A R C K S  phosphorylation. Confluent and quiescent Swiss 3T3 cells in 33-mm dishes were 
incubated with 80 nC\ of ["•PjP, in the absence or presence of 20 tyrphostin (T) for 18 h and then stimulated with either 10 nM bombesin 
(BOM)  or 7.5 ng/ml PDGF for 15 min prior to lysis and SDS-P.AGE electrophoresis as described under “Experimental Procedures.” The 
80K /M A R C K S  band is indicated by an arrow, and control unstimulated lanes with or without tyrphostin are also shown. Scanning 
densitometry of the 80K /M A R C K S  band was normalized by scanning a lower band which was unaffected by the various treatments. Thus. 
PDGF-induced phosphorylation of 80K /M A R C K S  was inhibited by 71% by pretreatment with tyrphostin. In contrast bombesin-induced 
80K /M A R C K S  phosphorylation was not significantly inhibited (10%) by tyrphostin pretreatment.

phostin— Bombesin causes a s tr ik in g  induction  o f c-fos 
m R N A  expression in  Swiss 3T3 cells th rough m u ltip le  p a th 
ways tha t act in  a synergistic fashion (22-24). We therefore 
examined w hether bombesin is able to  induce the expression 
o f c-fos in  ty rphostin -trea ted  cells, as an ind ica tion  tha t 
tyrosine  phosphoryla tion  may be im plicated  in  bombesin- 
mediated signaling o f early nuclear events. Quiescent cells 
were incubated fo r 18 h w ith  o r w itho u t 20 pM ty rp h o s tin  
p r io r  to s tim u la tion  w ith  10 nM bombesin. Expression o f c- 
fos m R N A , w hich is m axim al 30 m in  a fte r add ition  o f bom 
besin (22), was inh ib ited  by 52% ±  10 (mean ±  S.E.; n =  4) 
in  the ty rp h o s tin  pretreated cells (Fig. 3, upper and m iddle 
panels). P retreatm ent w ith  ty rp h o s tin  d id not a lte r the tim e 
course o f c-fos expression induced by bombesin (Fig. 3, lower 
panel). T y rp h os tin  also inh ib ited  the increase in c-fos expres
sion by PD G F but d id  not a lte r c-fos induction  by PD B 
(results not shown).

Tyrphostin  In h ib its  Bombesin-mediated D N A  Synthesis— 
The preceding results prom pted us to  determ ine w hether 
ty rp h o s tin  could in h ib it bom besin-m ediated mitogenesis. 
Quiescent Swiss 3T3 cells were stim u la ted  w ith  increasing 
concentrations o f bombesin in the presence o f [® H ]thym id ine 
and w ith  or w itho u t 20 pM ty rp h o s tin . The inco rpo ra tion  o f 
radiolabeled precursor was measured a fte r 40 h o f incubation . 
As shown in  Fig. 4A, ty rp h o s tin  inh ib ited  [® H ]thym id ine 
inco rporation  even at the highest concentra tion  o f bombesin 
tested (10 nM ). In  13 independent experim ents, 20 pM t y r 
phostin  inh ib ited  the s tim u la tion  o f D N A  synthesis induced 
by 10 nM bombesin by 50% ±  3.4. The  a b ility  o f ty rp h o s tin  
to  in h ib it  ['’H J thym id ine  inco rpora tion  in  cells stim u la ted  by 
bombesin was reversible. C onfluent and quiescent Swiss 3T3 
cells were incubated w ith  20 pM ty rp h o s tin  and s tim u la ted  
w ith  bombesin. A fte r 24 h, the cells were washed five  tim es 
in  D M E M  and then incubated fo r a fu rth e r 24 h in  media 
taken from  untreated confluen t and quiescent para lle l c u l

tures. The cells were then restim ula ted  w ith  bombesin and 
showed the same degree o f [ ''H jth ym id in e  incorporation  as 
para lle l cu ltures o f cells w hich had not previously been ex
posed to  ty rp h o s tin  (results not shown).

In  order to  ensure th a t the in h ib ito ry  effect o f ty rp h o s tin  
was not due to  a decrease in the transport and /or phosphory l
a tion  o f [ *H ]-thym id ine , bom besin-stim ulated D N A  synthesis 
w ith  or w itho u t ty rp h o s tin  was also determined by au to rad i
ography o f labeled nuclei. As shown in  Fig. 4B, ty rp h o s tin  
reduced the p ropo rtion  o f labeled nucle i at a ll concentrations 
o f bombesin tested.

T y rp h o s tin  inh ib ited  bom besin-induced D N A  synthesis in  
a concentration-dependent fashion, w ith  an ICso o f 20 pM 
(Fig. 5, le ft), a concentra tion  th a t reduced bom besin-stim u
lated tyros ine  phosphory la tion  o f the M , 110,000-130,000 
band (Fig. L4 ). In  para lle l cultures, [® H]thym idine incorpo
ra tion  s tim u la ted  by P D G F was in h ib ite d  m arkedly by s im ila r 
concentra tions o f ty rp h o s tin . In  contrast, D N A  synthesis 
induced by P D B  and insu lin  was unaffected by ty rphos tin  
even at 30 pM (Fig. 5, r ig h t).

Bom besin-stim ula ted  [^H jth ym id in e  incorporation  in  the 
absence or presence o f ty rp h o s tin  was also assessed at d if fe r
ent tim es a fte r the add ition  o f the peptide. Fig. 6 shows tha t 
ty rp h o s tin  m arkedly decreased the rate o f e n try  in to  S phase 
in  cells s tim u la ted  by bombesin. Consequently, at 24 and 30 
h the in h ib it io n  o f D N A  synthesis by ty rphostin  was more 
pronounced than  th a t produced a fte r 40 h o f incubation  (91 
and 78% respectively).

DISCUSSION

Peptides o f the bombesin fa m ily  act through receptors tha t 
are coupled to  a G T P -b in d in g  prote in (s) and lack in tr in s ic  
tyrosine  kinase a c tiv ity  (9-13). Recently, however, bombesin 
and o ther neuropeptides have been shown to rap id ly  increase 
tyros ine  phosphory la tion  o f m u ltip le  substrates in  in tac t
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D N A  synthesis in  the presence o r absence of ty rphostin . Con
fluent and quiescent cultures of Swiss 3T3 cells in 33-mm dishes were 
stimulated with increasing concentrations of bombesin in the absence 
{open circles) or presence of 20 mM tyrphostin {closed circles). [^H] 
Thymidine incorporation was measured at 40 h either by incorpora
tion into acid-insoluble material {A ) or by autoradiography of labeled 
nuclei ( fi). Each point represents the mean of three independent 
experiments done in duplicate ±  S.E. For autoradiography 5-10 fields 
each containing about 300 nuclei were counted for every dish. The 
total numbers of cells counted per field were similar in the cultures 
incubated with or without tyrphostin.

Fig. 3. Tyrph ostin  inh ib its  bom besin-stim ulated c-fos  in 
duction. Confluent and quiescent Swiss 3T3 cells in 90-mm dishes 
were incubated for 18 h in D M EM /W aym outh medium in the absence 
or presence of 20 nM tyrphostin {T) and then stimulated with 10 nM 
bombesin {BOM)  for the times indicated. Total RNA was extracted 
and analyzed by Northern hybridization as described under “Experi
mental Procedures.” Upper pariel. Northern blot showing the effect 
of tyrphostin on the induction of c-fos by bombesin at 0 and 30 min. 
An 18 S probe shows the relative amount of RNA loaded on the gel. 
Middle panel, the bar graph shows the mean of four independent 
experiments ±  S.E. of the effect of tyrphostin {black) on c-fos induc
tion by bombesin {hatched). Lower panel, time course of c-fos induc
tion by bombesin in control {open circles) or in tyrphostin-treated 
cells {closed circles). Results are expressed as a percentage of the 
maximum response observed with bombesin alone at 30 min. Scan
ning densitometry was used to quantitate m RNA levels which were 
normalized using the 18 S probe data. In control experiments the 
induction of c-fos by 7.5 ng/ml PDGF at 30 min was inhibited by 
85% (mean of two independent experiments) by pretreatment with 
20 )iM tyrphostin. In contrast tyrphostin had no effect on 100 ng/ml 
PDB induction of c-fos in three independent experiments (data not 
shown).

quiescent Swiss 3T3 cells, inc lud ing  a group o f bands o f M , 
110,000-130,000 (26-28), a com ponent o f which is the cy to 
solic tyros ine  kinase p i 25'^*'^ (30). These results dem onstrate 
th a t neuropeptides acting th rough receptors linked  to  G T P  
b ind ing  prote ins increase tyros ine  phosphory la tion  o f p rote in  
substrates in in tac t cells. Despite the im portance o f tyrosine 
phosphoryla tion  in  the action o f polypeptide grow th factors 
and nonreceptor oncogenes, the role o f tyros ine  kinase a c ti
va tion  in  neuropeptide m itogenic s ignaling rem ains unknow n.

The ty rphostins  are a series o f syn the tic  tyros ine  kinase 
in h ib ito rs  (31) th a t block the kinase o f the epiderm al growth 
factor receptor both in  u ltra  and in  in tac t cells (33, 45). These 
compounds have also been shown to  in h ib it  the tyrosine 
kinase a c tiv ity  o f the P D G F receptor (32). In  contrast t y r 
phostins in h ib it  the tyrosine kinase o f the insu lin  receptor 
on ly  a t high concentrations (45). Accord ing ly, ty rphostins  
prevent epiderm al grow th factor- and P D G F-s tim u la ted  D N A  
synthesis and cell p ro life ra tion . The compounds also in h ib it
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Fig. 5. Dose-response curves fo r the effect o f tyrphostin  on 

bom besin-induced D N A  synthesis. Left, confluent and quiescent 
Swiss 3T3 cells in 33-mm dishes were stimulated with 10 nM bombesin 
{closed circles). Right, parallel cultures were stimulated with 5 ng/ml 
PDGF {open circles) or 100 ng/ml PDB 4- insulin 1 >ig/ml {closed 
squares). All cultures were incubated in the presence of pHjthymidine 
with increasing concentrations of tyrphostin for 40 h as described 
under “Experimental Procedures." Each point represents the mean 
of five independent experiments performed in duplicate ±  S.E.

20 30 50
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Fig. 6. T im e  course o f bom besin-stim ulated D N A  synthesis 

in the absence o r presence o f ty rphostin . Confluent and quiescent 
Swiss 3T3 cells in 33-mm dishes were stimulated with bombesin 
either in the absence {open circles) or presence of 20 tyrphostin 
{closed circles), and ['H jthym idine incorporation was measured at 2- 
h intervals from 22 to 32 h and again at 46-48 h by incorporation 
into acid-insoluble material. All other details were as described under 
“Experimental Procedures.”

the  a c tiv ity  o f soluble tyros ine  kinases, inc lud ing  ppSO'""^ and 
of)/ (34, 35) and have been shown to  selectively in h ib it in d i
v idua l tyros ine  kinases (35). These studies show th a t ty r 
phostins serve as selective in h ib ito rs  o f the action  o f grow th 
factors th a t h ind  to  receptors endowed w ith  in tr in s ic  tyrosine 
kinase a c tiv ity . Recent find ings im p lica tin g  tyrosine  phos
p ho ry la tion  in  the action  o f neuropeptides (26-28, 30) 
prom pted us to  determ ine w hether ty rphostins  could also
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provide a tool to  define the co n trib u tio n  o f the tyrosine 
phosphoryla tion  pathway in  bom besin-stim ulated m itogene
sis.

Our data dem onstrate th a t trea tm ent o f in ta c t Swiss 3T3 
cells w ith  ty rp h o s tin  m arkedly inh ib ited  the early s tim u la tion  
by bombesin o f tyrosine  phosphoryla tion  o f a broad band 
m ig ra ting  w ith  an apparent M , 110,000-130,000 in  a n ti- 
T y r(P ) im m unoprecip itates. T h is  was accompanied by a re 
duction  in  tyrosine phosphoryla tion  o f the cytosolic tyrosine 
kinase p l25 '" ‘''^. We examined the specific ity  o f ty rp h o s tin  to  
in h ib it  tyrosine phosphoryla tion  ra the r than  o the r early phos
pho ry la tion  events mediated by se rine /th reon ine  p rote in  
kinases. The ty rphostins  were previously shown to  in h ib it 
pu rified  enzyme preparations o f P K C  and P K A  at concentra
tions th a t were 10-fo ld  h igher than those required to  in h ib it 
pp60' *"' (34). We investigated the se lectiv ity  o f ty rp h o s tin  in  
in tac t Swiss 3T3 cells by m easuring the PKC -m edia ted  phos
p ho ry la tion  o f 8 0 K /M A R C K S  (4, 9, 18-21) and the P K A - 
mediated phosphoryla tion  o f v im en tin  (36). N e ithe r the in 
crease in  the phosphory la tion  o f 8 0 K /M A R C K S  fo llow ing  
exposure to  PD B nor th a t o f v im en tin  induced by fo rsko lin  
and IB M X  s tim u la tion  were inh ib ited  by p retrea tm ent o f the 
cells w ith  ty rphos tin . The fact th a t s im ila r o r even higher 
concentrations o f ty rp h o s tin  d id not in h ib it  D N A  synthesis 
s tim u la ted  by PD B and insu lin  provided fu rth e r evidence tha t 
ty rp h o s tin  did not in h ib it P K C  in  in tac t cells. These results 
ind icate tha t ty rp h o s tin , at the concentra tion  used in  th is  
Study, selectively in h ib its  bom besin-stim ulated tyrosine  phos
pho ry la tion  w ithou t a ffecting  PKC  or P K A  in  in tac t Swiss 
3T3 cells.

The p oss ib ility  tha t ty rp h o s tin  could in terfe re  w ith  p ro x i
mal steps in  the action o f bombesin was also examined. 
T y rp h os tin  d id  not change e ithe r the to ta l num ber o f sites or 
the apparent a ff in ity  o f the bom besin/G R P  receptor. F u r
therm ore, ty rp h o s tin  d id  not in terfe re  w ith  the ac tiva tion  o f 
phospholipase C and subsequent m ob iliza tion  o f Ca^* from  
the in trace llu la r stores and ac tiva tion  o f P K C . In  contrast, 
ty rp h o s tin  under identica l cond itions m arkedly inh ib ited  
PD G F s tim u la tion  o f the same spectrum o f responses. These 
results are consistent w ith  the existence o f tw o d iffe rent 
pathways leading to  the ac tiva tion  o f d is tin c t isoform s o f 
phospholipase C. Thus, polypeptide grow th facto r receptors 
d irec tly  activate phospholipase C -7 by tyros ine  phosphory la 
tio n  at specific sites (46, 47), whereas neuropeptide receptors 
activate phospholipase C-d via G -pro te ins o f the Gq fa m ily  
(48-52). Our results suggest th a t ty rp h o s tin  provides a useful 
too l w ith  w hich to  dissect the c o n trib u tio n  o f tyros ine  phos
pho ry la tion  to  m itogenic signaling by bombesin.

The increase in c-fos tra n sc rip tio n  leading to  the accum u
la tion  o f c-fos m R N A  is mediated by m u lt ip ly  cis-acting 
sequences and tra n scrip tio n  factors (reviewed in  Ref. 53). In  
line w ith  th is  com plexity, several independent signals inc lu d 
ing P K C  activa tion  and Ca^* m ob iliza tion  are invo lved in  the 
s tim u la tio n  o f c-fos expression by bombesin (22-24). Here, we 
show th a t ty rp h o s tin  inh ib ited  the induction  o f c-fos m R N A  
by bombesin. These results suggest th a t tyros ine  phosphory l
a tion  is also a s ignaling pathway leading to  enhanced c-fos 
expression in  bom besin-treated cells.

A d d itio n  o f bombesin to  quiescent Swiss 3T3 cells s tim u 
lates D N A  synthesis in  the absence o f o ther factors (3). The 
a b ility  o f bombesin to  act as a sole m itogen fo r these cells has 
been ascribed to  the s tim u la tio n  by th is  peptide o f m u ltip le  
s ignaling pathways th a t synerg istica lly lead to  D N A  synthesis 
(4, 54). I f  the s tim u la tion  o f tyros ine  phosphory la tion  by 
bombesin is one o f the s ignaling events leading to  D N A  
synthesis, it  would be expected th a t its  in h ib it io n  should

in te rfe re  w ith  the D N A  syn the tic  response. The results p re 
sented here ind icate th a t ty rp h o s tin  m arkedly in h ib its  bom 
besin-m ediated mitogenesis in  Swiss 3T3 cells. T h is  in h ib i
to ry  effect was verified  both by measurements o f [^HJthym i- 
dine inco rpora tion  in to  acid-precip itable  m ateria l and 
autoradiography o f [®H]thym idine-Iabeled nuclei. The in h i
b it io n  was dose-dependent and it  was not reversed, even at 
h igh concentrations o f bombesin. These results show tha t 
ty rp h o s tin  in h ib its  bom besin-stim ulated D N A  synthesis in 
Swiss 3T3 cells. These find ings support the notion  th a t ty 
rosine phosphory la tion  plays a role in  the m itogenic response 
e lic ited  by neuropeptides.
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Lysophosphatidic Acid-depleted Serum, Hepatocyte Growth Factor and Stem Cell 
Growth Factor Stimulate Colony Growth of Small Cell Lung Cancer Cells 
through a Calcium-independent Pathway
Michael J. Seckl, Thomas Seufferlein, and Enrique Rozengurt’
Im peria l Cancer Research Fund. P.O. Box 123. 44 L inco ln 's Inn Fields, London WC2A 3PX, United Kingdom

ABSTRACT

Serum stimulates both Ca^* mobilization and colony growth of many 
small cell lung cancer (SCLC) cell lines, but the factors involved remain 
unknown. We demonstrate that I-oleoyl-lysophosphatidic acid (LPA), like 
serum, induced a dose-dependent increase in intracellular Ca^* in the 
H-510, H-345, and H-69 SCLC cell lines with half maximal concentrations 
of 18 n M , 22 n,M, and 20 nM , respectively. Two lines of evidence revealed 
that LPA was the major factor in serum responsible for mobilizing Ca^* 
in these SCLC cell lines: (a) both LPA and serum exhibited cross desen
sitization in the Ca^* mobilization assay; and (h) phospholipase B pre
treatment of either LPA or serum prevented the ability of these agents to 
stimulate Ca^* mobilization. In marked contrast, LPA at concentrations 
between 2 nM  and 20 pvt, unlike serum, failed to stimulate colony forma
tion. Furthermore, phospholipase B treatment of serum did not inhibit 
serum-induced colony formation. We therefore searched for growth fac
tors which could induce colony growth through a Ca^^-independent 
pathway. We found that both human recombinant hepatocyte growth 
factor and stem cell growth factor increased colony growth, but failed to 
stimulate an increase in intracellular Ca^* in the H-510, H-345, and H-69 
SCLC cell lines. Our results indicate that LPA-depleted serum, hepatocyte 
growth factor, and stem cell growth factor stimulate colony formation in 
SCLC cells through a Ca^*-independent pathway.

IN TR O D U C TIO N

Lung cancer is the most common fatal malignancy in the developed 
world. SCLC- constitutes 25% of all pulmonary cancers and follows 
an aggressive clinical course. Despite initial sensitivity to radio and 
chemotherapy, the 2-year survival o f patients with SCLC remains 
very low (1), Thus, novel therapeutic strategies are urgently required, 
and these w ill most likely arise from a better understanding o f the 
factors and signaling pathways that stimulate the proliferation of 
SCLC.

SCLC is characterized by the ability to secrete a variety o f hormo
nal neuropeptides including gastrin-releasing peptide, vasopressin, 
cholecystokinin, and neurotensin (2-7). Among these, gastrin-releas
ing peptide has been shown to act as an autocrine growth factor for 
certain SCLC cell lines (8-10). Furthermore, a variety o f neuropep
tides, including those secreted by SCLC, induce rapid mobilization of 
Ca^"^ from internal stores of SCLC cell lines (11-13) and promote 
clonal growth o f these cells in semisolid medium (13-15). Conse
quently, the emerging view is that SCLC growth appears to be 
regulated by multiple autocrine and paracrine circuits involving Ca^^- 
mobilizing neuropeptides. Another class o f growth factor, the 
polypeptide growth factors, has been implicated in the proliferation of
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calcium; FBS. fetal bovine serum; HITESA. 10 nw hydrocortisone-5 p.^m l insulin-10 
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recombinant human hepatocyte growth factor; PlPj-PLC, phosphatidyl inositol-specific 
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several cancers (16). Indeed, receptors for the polypeptide factors 
HGF and SCF (17-21) have been demonstrated on many different 
SCLC cell lines, but their role as growth promoting agents for SCLC 
has not been defined.

While the response o f individual SCLC cell lines to a range of 
neuropeptides is heterogenous, serum has been shown to stimulate the 
mobilization o f Ca^^ and colony growth of most SCLC cell lines 
examined (9, 22). The role o f Ca'"^ mobilization and the identity o f 
growth factor(s) in serum which induce SCLC growth remain un
known. Recently, the bioactive lipid LPA has been shown to be one 
o f the major lysophospholipids in serum to stimulate growth and to 
promote differentiation in a variety o f cell lines (reviewed in Ref. 23). 
LPA binds to a putative receptor which activates heterotrimeric G 
proteins leading to the stimulation o f PIP^-PLC. This results in the 
rapid hydrolysis o f phosphotidylinositol 4,5-bisphosphate into inositol 
1,4,5-trisphosphate and diacylglycerol, which cause Ca*'" mobiliza
tion and protein kinase C activation, respectively (23, 24). It remains 
unknown whether LPA is also responsible for serum-induced Ca*’  ̂
mobilization and growth in SCLC.

In the present study we demonstrate that LPA accounts for the 
ability o f serum to mobilize calcium in SCLC cell lines. However, 
LPA neither stimulated colony formation nor mediated serum-induced 
colony growth o f SCLC cells. This suggested that rapid Ca^”* mobi
lization was not required for serum-induced growth o f SCLC. We 
therefore searched for growth factors that could stimulate colony 
growth without inducing Ca^* mobilization. Here we report that the 
polypeptide growth factors HGF and SCF stimulate colony growth of 
SCLC cell lines through a Ca’ ^-independent pathway.

M A T E R IA L S  AND M ETHO DS

Cell Culture. SCLC cell lines H-510, H-69, and H-345 were generously 
donated by Dr. A. Gazdar (Bethesda, MD) and purchased from the American 
Type Culture Collection. Stocks were maintained in RPMl 1640 supplemented 
with 10% (v/v) fetal bovine serum (heat inactivated at 57°C for 1 h) in a 
humidified atmosphere of 10% CO;/90% air at 37°C. They were passaged 
every 7 days. For experimental purposes, the cells were grown in HITESA, 
which consists of RPMl 1640 supplemented with 10 nvi hydrocortisone-5 
p.g/ml insulin-10 pg/ml transferrin-10 nw estradiol-30 nw selenium-0.25% 
bovine serum albumin.

Measurement of Intracellular Calcium. [Ca^^], was measured with the 
flourescent Ca^* indicator fura-2 using a modification of the procedure de
scribed previously (25). Aliquots of 4 -5  x  10'' SCLC cells in HITESA for 3-5 
days were washed and incubated for 2 h at 37°C in 10 ml fresh HITESA 
medium. Then fura-2 tetraacetoxymethyl ester was added to a final concen
tration of 1 /uM and the incubation continued for a further 10 min. After a 30-s 
centrifugation at 1500 rpm the cells were resuspended in 2 ml of electrolyte 
solution at 37°C containing 120 mw NaCl-5 mw KCl-1.8 mM CaCL-0.9 mM 
MgCL-25 mM glucose-16 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic 
acid-6 mM Tris/HCl and an amino acid mixture equivalent to Dulbecco s 
modified Eagle's medium (pH 7.2) and transferred to a quartz cuvette. The 
suspension was stirred continuously and maintained at 37°C. Fluorescence was 
monitored in a Perkin Elmer Cetus LS-5 luminescence spectrophotometer with 
an excitation wavelength of 336 nm and emission wavelength of 510 nm
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Various additions were made as indicated in the figure legends after a 1-min 
stabilization period. [Ca^*]j was calculated using the formula:

H 510 H 345 H 69

[Ca-*], nM = K\
F -
F„„ - F ,

where F is the fluorescence at the unknown [Ca‘ *]j, ‘s 'he fluorescence 
after addition of 0.02% Triton X-KX), and is the fluorescence after the 
Ca"'  ̂ in the solution is chelated with 10 mw [ethylenebis(oxyethylenenitrilo)] 
tetraacetic acid. The value of K was 220 nM for fura-2 (25).

Phospholipase B Treatment of LPA and Serum. LPA and lysophosphati- 
dates bound to albumin in serum are inactivated by phospholipase B (26, 27). 
Here. 100 p.1 of a 500-p.M LPA stock solution dissolved in phosphate-buffered 
saline/0.01 % bovine serum albumin (w/v) or 100 l̂\ of FBS were incubated 
with or without 100 ID of phospholipase B for 2 h at 37°C. The phospholipase 
B-treated LPA or FBS were used immediately in the Ca"'* mobilization or 
colony assays as indicated in the figures. In control experiments the activity of 
phospholipase B was destroyed by heating to 75°C for I h prior to the 2-h 
incubation with LPA or serum.

Growth Assay. SCLC cells 3-5 days postpassage were washed and resus
pended in HITESA. Cells were then dissaggregated into an essentially single 
cell suspension by two passes through a 19-gauge needle and then through a 
20-pm nylon gauze. Cell number was determined using a Coulter Counter, and 
10̂  viable cells were mixed with HITESA containing 0.3% agarose and 
agonist at the concentrations indicated and layered over a solid base of 0.5% 
agarose in HITESA with agonist at the same concentration in 33-mm plastic 
dishes. The cultures were incubated in humidified 10% CÛ2/90% air at 37°C 
for 21 days and then stained with the vital stain nitroblue tétrazolium. Colonies 
of >120 pm diameter (16 cells) were counted using a microscope.

Materials. LPA and phospholipase B (Vibrio, EC 3.1.1.4) were obtained 
from Sigma Chemical Co, (St. Louis, MO). Fetal bovine serum was purchased 
from GIBCO-BRL and diluted with HITESA to the amounts indicated. Re
combinant human HGF was generously provided by Dr. E. Gherardi; 
recombinant human SCF was purchased from Biotechnology Products Ltd. 
(Abingdon, UK). Fura-2-tetracetoxy methyl ester was purchased 
from Calbiochem Corp. (La Jolla, CA) and agarose was from SeaKem 
(Rockland, ME). All other reagents were of the highest grade available.

RESULTS

Serum and LPA Stimulate Ca^^ M obilization in SCLC Cell 
Lines: Cross-desensitization and Effect o f Phospholipase B Pre- 
treatment. Fresh serum induces rapid Ca"^ mobilization in multiple 
SCLC cell lines. As shown in Fig. lA, addition o f increasing amounts 
o f FBS caused a dose-dependent increase in [Ca^*], in the H-51Ü, 
FI-345, and H-69 cells with an EC,,, o f 0.03, 0.02, and 0.05% (v/v), 
respectively. The maximum increase in [Ca‘ * ], was achieved by 
addition o f 0.5% FBS in H-510 and H-69 cell lines and 1% in the 
H-345 cell line. Since LPA has been identified as one o f the major 
components in serum capable o f mobilizing Ca'"^ in rat glioma C6 
cells (27), we reasoned that LPA may also stimulate Ca^"^ mobiliza
tion in SCLC cell lines. As shown in Fig, I f i,  LPA-like serum 
stimulated a dose-dependent increase in [C a '^ j, in the H-510, H-345, 
and H-69 cells with an EC,,, o f 18, 22, and 20 nM, respectively. LPA 
induced a maximum increase in [Ca^*], at a concentration o f 2(K) nw 
in all SCLC cell lines. Furthermore, the maximum amount o f Ca^" 
mobilization achieved with LPA was almost identical to the amount 
released by serum.

I f  LPA was the major factor in serum responsible for mobilizing 
Ca^*, then both LPA and serum should exhibit cross-desensitization 
in the C a '^ mobilization assay. Accordingly, addition o f 200 nw LPA 
to H-510, H-345, and H-69 cells, a concentration which induced 
maximum Ca^"  ̂ mobilization, markedly attenuated the subsequent 
response to 1% serum (Fig, 2A). Similarly, when cells were maxi
mally stimulated with FBS the subsequent Ca'"^ response to LPA was 
inhibited (Fig. 2B). Importantly, treatment with either LPA and/or 
FBS did not block the subsequent response o f cells to neuropeptide.

2 20 200 2000 
LPA (nM)

2 20 200 2000 
LPA (nM)

2 20 200 2000 
LPA (nM)

Fig. I. Dose-response curves for tire effects of FBS and LPA on Ca^" mobilization in 
ttie SCLC cell lines H-5tO. H-345, and H-69. (X ) FBS induces a dose-dependent increase 
in [Ca="],. The H-StO, H-345. and H-69 SCLC celt lines were cultured in HITESA for 
3-5 days. Aliquots of 4 -5  X K f  cells were washed and incubated in 10 ml fresh HITESA 
medium for 2 h at 37°C and then loaded with 1 jiM fura-2 tetraacetoxymethyl ester for 5 
min. The cells were washed and resuspended in 2 ml of electroyte solution in a quartz 
cuvette, and fluorescence was monitored in a spectrophotometer as described in “Mate
rials and Methixls " Basal and peak |C a-“ ), were determined at each FBS amount added 
to calculate the A [Ca-“ ],. (B )  LPA induces a dose-dependent increase in |C a ^ '|, .  The 
H-510, H-345. and H-69 SCLC cell lines were preloaded with fura-2 tetraacetoxymethyl 
ester, and fluorescence was monitored as described previously. Basal and peak |C a’ '  |, 
were determined at each LPA concentration added to calculate the A jC a " '),. Points, at 
least 3 independent experiments

H510 H 345 H 69
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Fig. 2. Cross-desensitization between LPA and PCS in Ca’ * mobilization assays in the 
SCLC cell lines H-510, H-345, and H-69 (A) Treatment with LPA prevents subsequent 
FBS-stimulated Ca’ * mobilization. The H-51Ü, H-345, and H-69 SCLC cell lines were 
stimulated initially with 200 nw LPA. Following a 2-min recovery period {arrow ), the 
cells were challenged with 1% FBS. {B )  Treatment with FBS prevents subsequent 
LPA-stimulated Ca^* mobilization. The H-510, H-345, and H-69 SCLC cell lines were 
stimulated initially with 1% FBS. Following a 2-min recovery period {a rrow ), the cells 
were challenged with 200 nw LPA. |C a-^ |, values were determined as described in 
"Materials and Methods." Columns, at least 3 independent experiments. Values are 
expressed as a percentage of the maximum increase in (Ca’ ’ ], induced by the first 
stimulating agent compared to the second agent.

indicating that the mobilizable Ca^^ pool was not depleted after the 
initial stimulation with either LPA or FBS (data not shown). These 
results clearly demonstrate heterologous desensitization between LPA 
and serum in SCLC cell lines and suggest that LPA mediates the 
Ca""^-mobilizing effects o f serum in these cells.

To substantiate the notion that LPA was the major factor in serum 
to stimulate Ca^"^ mobilization in the SCLC cell lines, we next 
examined the effect o f phospholipase B pretreatment on either LPA or
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serum. Phospholipase B has been shown to inactivate LPA by hydro
lyzing the ester bond-linking fatty acid to the 1-position of the 
glycerol backbone of lysophospholipids (26, 27). LPA or serum were 
pretreated in the presence or absence o f 100 lU /m l o f phospholipase 
B for 2 h (26, 27). The results shown in Fig. 3A revealed that the 
ability o f LPA to induce Ca‘ *  mobilization could be inactivated by 
pretreating LPA with phospholipase B. We verified that this enzyme 
also inactivated LPA in assays o f Ca^* mobilization and tyrosine 
phosphorylation using Swiss 3T3 cells (results not shown). Crucially, 
incubation o f serum with phospholipase B markedly reduced the 
ability o f the phospholipase B-treated serum to induce C a '^ m obili
zation in the H-510, H-345, and H-69 SCLC cell lines (Fig. 35). 
Treatment o f serum or LPA with heat-inactivated phospholipase B did 
not affect the ability o f either serum or LPA to induce Ca** mobili
zation. In addition, phospholipase B pretreatment o f various neu
ropeptides did not inhibit their ability to subsequently stimulate Ca‘ * 
mobilization in these SCLC lines (data not shown). These results 
indicated that LPA was likely to be the dominant factor in serum 
contributing to Ca‘ "̂  mobilization in the SCLC cell lines examined.

D iffe ren tia l S tim ulation o f Colony Form ation by Serum and 
LPA. It has been shown previously that neuropeptides which stimu
late Ca** mobilization also induce colony formation in SCLC cell 
lines (13-15). Fig. 4/1 shows that serum stimulated the growth of the 
H-510, H-345, and H-69 small cell lines in a dose-dependent fashion 
with an EC^g of 0.6, 1.5, and 3% FBS, respectively. In marked 
contrast, LPA at either 25 nw, a concentration similar to that required 
to produce half-maximum Ca‘ *  mobilization, or 2 /x m , a concentra
tion 10-fold higher than that needed to induce maximum Ca^* mo
bilization, failed to either stimulate or inhibit colony formation in all 
three o f the SCLC cell lines examined (Table 1). In contrast. FBS 
caused a marked increase in colony formation of parallel cultures.

Furthermore, incubation o f serum with phospholipase B, under 
conditions that markedly reduced its ability to mobilize Ca‘ *  from 
internal stores, failed to reduce colony formation stimulated by serum. 
In fact, phospholipase B-pretreaied serum enhanced colony growth 
2-fold as compared to untreated serum. We verified that both

H 510 H 345 H 69

too

LPA
P h o s p h o lip iM  B

FBS
P h o $ p h o l ip w  B

200

Fig. 3. Effect of phospholipase B irealmenl on LPA- (A) or serum- (8 )  induced Ca^* 
mobdizaiion in ihe SCLC cell lines H-510, H-345. and H-69. [Ca**], values were 
determined as described in "Materials and Methods." (A )  H-510. H-345. and H-69 cells 
were stimulated with either 200 nw LPA or 200 nM LPA which had been treated with 100 
rU phospholipase B. (8 )  The same cell lines were stimulated with either \%  FBS or \%  
FBS which had been treated with 100 tU phospholipase B Basal and peak (Ca^*), were 
determined for 200 nw LP A or 1% FBS with and without phospholipase B prelreatmenl 
to calculate the 2i [Ca-*],. Columns, representative experiments of 3 independent 
experiments.

'DA-I

r'
H-345

0 P FBS FBS

0 P FBS FBS

FBS (%)
Fig. 4. Effect of FBS on colony growth in the SCLC cell lines H-510. H-345, and H-69. 

Left, a single cell suspension was plated In agarose medium containing HITESA at a 
density of 1 x 10'* cells/dish in the absence or presence of increasing percentages of FBS 
(V V with HITESA) and incubated for 3 weeks as described in "Materials and Methods." 
Points, mean number of colonies formed on 5 separate dishes, hors. SE. fiiçhr. cells 
prepared in an identical way were incubated in the absence (0 ) or presence (P )  of 100 
lU ml of phospholipase B (8 ) . \ ‘ r  FBS. or IT  FBS pretrealed with phospholipase B 
{FBS  -r P) for 3 weeks as described in "Materials and Methods." Columns, mean number 
of colonies formed on 5 separate dishes, bars. SE. In all cases, a representative of 3 
independent experiments is shown Where no e rro r bar is visible, ii lies within the

Table 1 Effect o f  LPA . I the colon\ grou th o f the SCLC cell lines H-510. 
H J45. and H-69

A single cell suspension was plated in agarose medium containing HITESA at a 
density of 1 x 10'* cells/dish in the absence ( - )  or presence of 25 nsi or 2 si si LPA or 10% 
FBS (v/v with HITESA) and incubated for 3 weeks as described in "Materials and 
Methods." Each number represents the mean number of colonies formed on 5 separate 
dishes » SE. In all cases, a representative of 3 independent experiments is show n.

Addition

Colonies/dish

H-510 H-345 H-69

- l l O l  14 1051 13 98 1 15
LPA (25 n.M) 105 ♦ 12 95 1 18 1181 12
LPA (2 H ») 1 1 8 -1 4 144 1 20 123 1 18
FBS (10%) 620 123 714 1 26 770 1 32

phospholipase B pretreatment o f LPA and phospholipase B itself did 
not stimulate colony growth (Fig. 45). In addition, pretreatment o f 
neuropeptide with phospholipase B did not affect the subsequent 
ability o f neuropeptide to stimulate colony growth (data not shown). 
Taken together, the results demonstrated that serum-induced colony 
formation in SCLC was not mediated by LP.4 and occurred through a 
signaling pathway independent o f rapid mobilization of Ca‘ "  from 
internal stores.

HG F and SCF Stimulate Colony G row th  But Do Not M obilize 
C a^*. The preceding results prompted us to search for defined 
polypeptide growth factors that could substitute for serum in promot
ing colony growth through a Ca^*-independent pathway. The recep
tors for the polypeptide growth factors, HGF and SCF, have been 
shown to be expressed by many different SCLC cell lines (17-21), but 
their effects on SCLC [C a^"]i and colony growth have not been 
explored. We initia lly examined the ability o f these growth factors to 
induce Ca‘ *  mobilization. Fig. 5 shows that 10 ng/ml o f HGF or SCF, 
a concentration known to be biologically active in other cell systems, 
failed to stimulate an increase in [C a "*]| in any o f the 3 cell lines

6145



POLYPEPTIDE GROWTH FACTORS AND SCLC COLONY GROWTH

examined. In contrast, addition o f LPA after HGF or SCF caused the 
expected large increase in [Ca^^],, demonstrating that these factors 
neither induce nor interfere with Ca"" mobilization in SCLC cell 
lines.

We next tested the ability o f HGF and SCF to induce colony growth 
in the SCLC lines. Fig. 6 shows that HGF induced a dose-dependent 
increase in colony formation o f the H-510, H-345, and H-69 small cell 
lines with an EC50 o f 1.8, 1.3, and 1 ng/ml, respectively. Maximum 
colony formation was achieved at a concentration o f 10 ng/ml o f HGF 
in all 3 cell lines. Similarly we found that SCF could induce a 
dose-dependent increase in colony formation in the H-510 small cell 
line with an EC,,, o f 0.9 ng/ml (Fig. 7). SCF induced maximum 
colony formation at a concentration of 3 ng/ml. This effect was not 
confined to the H-510 cell line, because SCF also stimulated colony 
formation in both the H-345 and H-69 SCLC cell lines (Fig. 7, 
bottom). Thus, the polypeptide growth factors HGF and SCF stimu
late SCLC colony growth without inducing a rapid increase in [Ca^"], 
in the H-510, H-345, and H-69 SCLC cell lines.

H-510

1 IT i

H-345 H-69

T1

H-510

£tn

1c
O
ou

H-345

O
I
E3
z

H-69

HGF (ng/ml)

H-510
(A 400

H-345

SCF (ng/ml)

Fig 5. Effeci of HGF and SCF on Ca’  ̂ mobilizalion in the SCLC cell lines H-510, 
H-545. and H-6Q H-510. H-345. and H-60 cells were siimulaled conseculively with 10 
ng/ml HGF. 10 ng'ml SCF. diluent, and 2(KI n.M LPA as indicated The tracings shown are 
representative of 2 independent experiments. jC a '"  ), values were determined as described 
in "Materials and Methods."

Fig. 6. Effect of HGF on colony growth in the SCLC cell lines H-510, H-345, and 
H-69. A single cell suspension was plated in agarose medium containing HITESA at a 
density of 1 X I f f  cells/dish in the absence or presence of increasing concentrations of 
HGF and incubated for 3 weeks as described in “Materials and Methods.” Points, mean 
number of colonies formed on 5 separate dishes; bars. SE. In all cases, a representative 
of 3 independent experiments is shown. Where no erro r bar is visible, it lies within the 
svmbol

Fig. 7. SCF stimulates colony growth in the SCLC cell lines H-510, H-345. and H-69. 
Top. a single cell suspension of H-510 cells was plated In agarose medium containing 
HITESA at a density of 1 x  I f f  cells/dish in the absence or presence of increasing 
concentrations of SCF and incubated for 3 weeks. Bottom, a single cell suspension of 
H-345 or H-69 was plated in agarose medium containing HITESA at a density of I X If f  
cells/dish in the absence or presence of 10 ng/ml SCF and incubated for 3 weeks Points 
and columns, mean number of colonies formed on 5 separate dishes, bars. SE. In all cases, 
a representative of 3 independent experiments is shown. Where no erro r bar is visible, it 
lies within the symbol.

DISCUSSION

Serum is known to stimulate both Ca^" mobilization and colony 
growth in many SCLC cell lines, but the factors involved remain 
poorly understood. LPA has been identified as one o f the major 
constituents in serum that induces Ca^" signals and cell proliferation 
or differentiation in various cell types (23, 26, 27). Here we demon
strate that LPA, or an LPA-like molecule, is responsible for the 
Ca^’  -mobilizing effect o f serum in SCLC cell lines: (a) LPA induced 
C a"" mobilization to the same level as that stimulated by serum; and 
(b) phospholipase B pretreatmeni o f either LPA or serum destroyed 
the ability o f these agents to stimulate Ca^" mobilization. An impor
tant question that emerged from these findings is whether LPA was 
also responsible for the potent colony-stimulating effect o f serum in 
SCLC.

Several lines o f evidence demonstrate that LPA is not the major 
growth factor for SCLC cell lines present in serum: (a) LPA does not 
stimulate colony growth, even at concentrations 100-fold higher than 
those required to induce half-maximum stimulation o f Ca^" m obili
zation; (6 ) The dose-response curves o f serum-induced Ca^" mobi
lization were shifted more than 50-fold to the left of the dose-response 
curves for colony growth. This is in marked contrast to neuropeptides 
which stimulate both Ca^" mobilization and colony growth with 
identical dose-response curves (13); and (c) phospholipase B pretreat
ment to destroy lysophosphatidates including LPA did not reduce the 
ability o f serum to induce colony growth. These findings demonstrate 
that LPA is not the major growth factor for SCLC cell lines present in 
serum. Since our results showed that LPA mediates the C a""-m obi
lizing effects o f serum it follows that the potent colony-stimulating 
activity o f serum can be dissociated from its ability to mobilize C a '" .

An important implication of these results is that colony growth 
could be mediated by distinct signal transduction pathways in SCLC 
cell lines. Thus, neuropeptides are known to signal through receptors 
coupled to Gq (reviewed in Refs. 28, 29) and thereby stimulate 
PlPj-PLC-mediated hydrolysis o f polyphosphoinositides, leading to a 
cascade o f molecular events including the mobilization o f Ca^" from 
internal stores (30). In contrast, serum would stimulate growth of 
SCLC cell lines through a PlP^-PLC-independent pathway. However,
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an alternative interpretation is that the colony-stimulating effect o f 
serum is not mediated by a single factor but by the interactive effects 
o f multiple factors. To prove that colony growth of SCLC cell lines 
could be stimulated through a Ca‘ *-independent pathway, it was 
necessary to identify defined factor(s) that substitute phospholipase 
B-treated serum in promoting colony growth without causing 
concomitant Ca’ "' mobilization in SCLC cells.

In the present study we demonstrate that HGF and SCF induce 
colony growth in SCLC cells but failed to promote Ca‘ * mobilization, 
even at concentrations that induced maximum proliferation. HGF also 
purified as an activity that induces cell locomotion {i.e., scatter 
factor), binds to c-met (31, 32), the specific receptor that mediates the 
growth-promoting and motogenic effects o f HGF in endothelial and 
epithelial cells (33, 34). SCF, the gene product o f the steel locus o f the 
mouse (35), has been identified as the ligand of c-kit and acts on 
hematopoeitic, melanocyte, and germ cell lineages (36, 37). Interest
ingly, expression o f c-met and c-kit has been documented in SCLC by 
different laboratories (17-21). but the effect of their ligands on cell 
growth o f these cells has not been explored in detail. Our results 
demonstrating that HGF and SCF can promote colony growth raise 
the possibility that these factors act in an autocrine manner in SCLC. 
Indeed, SCF has been shown to be expressed by many SCLC cell lines 
(17, 19). Although HGF has been detected in a minority o f SCLC 
cells, the expression o f this factor is prominent in the lung (38), in 
fibroblasts (34), and in normal bronchial epithelial cells (39), suggest
ing a paracrine mode o f action. Thus, SCLC growth may be stimu
lated by multiple autocrine and paracrine loops involving both 
neuropeptide and polypeptide growth factors that act through 
different intracellular signaling pathways.
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Substance P-Related AiWtagonists Inh ib it 
Vasopressin and Bombesin but not 

5 -3 -0-(th io )T rip hosph ate -S tim u la ted  Inositol 
Phosphate Production in Swiss 3T3 Cells

M IC H A E L  I.  SECKL, R IC H A R D  H . N E W M A N , PAUL S. FREEM O NT, a n d  

EN RIQ U E R O ZE N G U R T *
Im p e ria l C ancer Research Fund, London W C 2A  3PX, U n ite d  K ingdo m

The substance P (SP) analogues |D A rg ', D P h e \ D lrp ^  Leu” ) SP (AntD) and 
(Arg**, D Trp^’^, MePhe®) SP (6 -1 1 ) (AntG) inhibit the action of m any different 
neuropeptides including SP. These analogues might be useful in the treatment of 
small cell lung cancer but their mechanism of action is unclear. Here, w e ana
lyzed the effect of A n tD  and AntG on neuropeptide vs. guanosine 5 '-3 -0 -(th io )  
triphosphate (GTPyS)-stimulated inositol phosphate generation in perm eabilized  
Swiss 3T3 cells. A n tD  inhibited vasopressin and bombesin stimulated inositol 
phosphate formation {IC 5 0  of 0 .7 5  \ iM  and 2 >i.M, respectively). Sim ilarly, AntG  
inhibited vasopressin-stimulated inositol phosphate generation w ith an KZgg of 1 

Strikingly, neither A n tD  up to 10 i lM  nor AntG up to 20 was aWe to 
inhibit G TPyS-stimulated inositol phosphate generation. Dose-response curves of 
neuropeptide-induced inositol phosphate generation w ere dram atically displaced 
to the right by either 10 (jlM A n tD  or 20 j lM  AntG . H ow ever, neither antagonist 
affected the dose response of GTPyS-stimulated inositol phosphate generation.

/ Furthermore, 20 pAt A ntD  had no effect on A IF ^ -in d u c e d  inositol phosphates in 
COS-1 cells transfected with G „„. A ntD  inhibited |^H|vasopressin binding com 
petitively in intact Swiss 3T3 cells and both A n tD  and AntG  inhibited (^Hjvaso- 
pressm bindm g in Swiss 3T3 and rat liver membranes. Scatchard analysis revealed 
that A n tD  inhibited vasopressin binding by reducing receptor affinity w ithout 
affecting receptor num ber in both intact and m em brane preparations of Swiss 3T3 
cells. The results strongly suggest that SP analogues A n tD  and A ntG  block the 
action of the C a^* m obilizing neuropeptides at the receptor level, rather than 
inhibiting G  protein-stimulated inositol phosphate production.
C  1994 Wiley-LiSi, Inc.

Neuropeptides including vasopressin and bombesin, 
or its mammalian homologue gastrin-releasing peptide 
(GRP), act as potent cellular growth factors and have 
been implicated in a variety of normal and abnormal 
biological processes including development and tumor- 
igenesis (^ th i et al., 1991; Zachary et al., 19874. Bom
besin, GRP, and vasopressin are potent mitogens for 
quiescent Swiss 3T3 cells, a useful model for the eluci
dation of signal transduction pathways (Rozengurt, 
1993). The binding of bombesin or vasopressin to their 
receptors causes activation of pertussis toxin-insensi
tive guanine nucleotide-binding regulatory proteins 
(G-proteins), probably of the Gq subfamily (reviewed in 
Rozengurt, 1992; Stemweis and Smrcka, 1992). Re
cently, activated G„q has been shown to stimulate phos
phatidyl inositol-specific phospholipase C-P (PlPg- 
PLC-p) (reviewed in Rozengurt, 1992; Stemweis and 
Smrcka, 1992). This results in the rapid hydrolysis of 
phosphatidylinositol 4,5-bisphosphate into inositol 
1,4,5-trisphosphate and diacylglycerol which cause 
Ca^* mobilization and protein kinase C (PKC) activa
tion, respectively (Berridge, 1993; Erusalimsky et al..

1988; Erusalimsky and Rozengurt, 1989; Heslop et al., 
1986; Nanb^rg and Rozengurt, 1988; Zachary et al., 
1986, lg81): Multiple neuropeptides, including vaso
pressin and bombesin, have also been implicated as 
autocrine and paracrine growth factors for small cell 
lung cancer (SCLC; Rozengurt, 1993). Consequently, 
there is a great interest in developing inhibitors of neu
ropeptide action, which have a broader spectruncpi^ 
specific receptor antagonists or monoclonal antibodies 
directed against neuropeptides (Woll et al., 1993).

Substance P (SP) analogues were initially synthe
sized to develop specific SP antagonists. Strikingly, the 
synthetic SP analogues, AntD and AntG (see Table 1 
for sequences), were found to inhibit the action of a 
broad range of neuropeptides structurally unrelated to
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T A B L E  1. C o m p ariso n  o f S P  w ith  A n tD , A ntG . an d  bom besin  am in o  ac id  sequences

Bom besin

V asopressin

S P

A n tag o n is t D 

A n tag o n is t 0

pG lu-G ln-A rg-L eu-G ly-A sn-G ln -T rp -A la-V al-G ly -H is-L eu-M ei-N H .

C y ^ T y r-P h e -G ln X sn -C y i-P ro -A rg -G ly -N H , 

A rg-Pro- L ys-P ro-G ln-G ln-P he-P he-G ly-L cu-M et-N H ^ 

D A rg-P ro L ys-P ro -D Phe G ln -D T rp-P he D T rp-L eu Leu-N H  j 

A rg-D Trp-M ePhe-D trp-Leu-M et-N H .,j

SP, including vasopressin and bombesin in Swiss 3T3 
cells (Erusalimsky et al., 1988; Mendosa et al., 1986; 
Rozengurt and Sinnett-Smith, 1988; Sinnett-Smith et 
al., 1990; Woll and Rozengurt, 1988; Zachary et al., 
1991; Zachary and Rozengurt, 1985). More recently, the 
effects of AntD and AntG were examined on SCLC pro
liferation, and both inhibited the growth of SCLC cell 
lines in liquid culture, soft agar, and as xenografts in 
nude mice (Langdon et al., 1992; Sethi et al., 1991; Woll 
and Rozengurt, 1990). This suggests that these antago
nists may be useful antiproliferative agents in the 
treatment of SCLC. Consequently, it is important to 
understand their mechanism of action.

Several previous reports have shown that SP, in com
mon with a number of other hydrophobic peptides, are 
capable of crossing or inserting into the cell membrane 
of intact cells. SP, at micromolar concentrations, di
rectly promotes G-protein activation of PIP^-PLC, 
without acting on the receptor, in both intact cells and 
in reconstituted lipid vesicles (Aridor et al., 1990; Hi- 
gashijima et al., 1990; Mousli et al., 1989). At present, 
it is unclear whether AntD and AntG, which like SP 
are also hydrophobic (see Table 1 ), act at a common 
point distal to the neuropeptide receptors, such as the 
G-protein, or act directly on the receptors to prevent 
ligand binding.

In the present study, we have examined the effect of 
these antagonists on neuropeptide- or guanosine 5 -3-
0-(thio)tnphosphate (GTPyS)-stimulated inositol phos
phate production in permeabilized Swiss 3T3 cells. We 
have also assessed the effect of the antagonists on

AntD

AntG
DMEM
HEPES
GRP
GTPyS
G-protein

PBS
PIPyPLC
PKC
PAGE
SOS
SCLC
SP
SLO

Abbreviations

DArg-Pro-Lys-F*ro-DPhe-Gln-DTrp-Phe-DTrp-Leu-
Leu-NH.,
Arg-DTrp-MePhe-DTrp-Leu-Met-NH^i 
Dulbecco's modified Eagle's medium 
4-(2-hydoxythyil-l-piperazineethanesulphonic acid 
gastrin releasing peptide 
guanosine 5'-3-0-( thio (triphosphate 
guanine nucleotide-binding regulatory proteins 
designation of class of heterotrimeric proteins 
designation of the aq subunit corresponding to a 
subtype of heterotnmer that stimulates PI-PLCp 
a heterotrimeric G-protein that mediates stimulation 
of adenylate cyclase
a heterotrimeric G-protein that mediates inhibition of 
adenylate cyclase
a heterotrimeric G protein that is abundant in brain 
tissue
phosphate-buffered saline
phosphatidyl inositol-specific phospholipase C
protein kinase C
polyacrylamide gel electrophoresis 
sodium dodecyl sulphate 
small cell lung cancer 
substance P
streptolysin O ,

ligand binding in intact cells and membrane prepara
tions. The results suggest that SP analogues AntD and 
AntG block the action of vasopressin and bombesin at 
the receptor level, rather than inhibit^-protein-stimu- 
lated inositol phosphate production. ^

MATERIALS AND METHODS 
Cell culture

Stock cultures of Swiss 3T3 fibroblasts were main
tained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 1 0 % fetal bovine serum in a humid
ified atmosphere containing 10% COg and 90% air at 
37°C. For experimental purposes, cells were plated in 
33 mm Nunc Petri dishes at 10̂  cells/dish in DMEM 
containing 1 0 % fetal bovine serum and used after 6 — 8  

days when the cells were confluent and quiescent.
COS-1 cells were maintained in DMEM supple

mented with 1 0 % fetal bovine serum under identical 
conditions as the Swiss 3T3 cells. For experimental pur
poses the cells were plated in 33 mm Nunc Petri dishes 
at 2.5 X 10̂  cells/dish in DMEM containing 10% fetal 
bovine serum and transfected 24 h later.

Lipid m onolayer studies
A 10 mM Tris buffer adjusted to pH 7.4 with HCl, 

containing 20 mM NaCl and 1 mM CaClg, was used for 
all experiments. The water used for buffer and solu
tions was double ion exchanged and glass distilled. The 
ability of peptides to transfer from the buffer (aqueous 
layer) to a lipid monolayer was determined employing a 
Langmuir trough apparatus (Verger and Pattus, 1982). 
Briefly, lipid monolayers were formed by allowing a 
drop of the phosphatidylserine dissolved in chloroform 
at a concentration of 25 pg/ml to be deposited at the 
air-buffer interface. After a 15-min stabilization period, 
the surface pressure was brought to 25 mN/m, by ad
justing the moveable barrier of the apparatus (KSV, 
Finland). The surface pressure was measured using the 
Wilhelmy plate and transducer. AntD, AntG, or bom
besin at 1 () mg/ml was then injected through the pre
formed lipid monolayer into the buffer phase to give the 
required final concentration of peptide. Alterations in 
the monolayer surface pressure were recorded 15 min 
following injection of peptide. All measurements were 
taken at room temperature (22°C).

Streptolysin O (SLO) perm eabilization o f cells
Previous studies have shown that the pore size in

duced by SLO depends on both the concentration and 
length of exposure to the agent (Buckingham and Dun
can, 1983). In our own preliminary studies, cultures of 
Swiss 3T3 cells in 33 mm dishes were labeled for 5 h in 
1 ml of DMEM medium containing 1 gCi of [^H] un
dine, to label the'UJE pool, and 1 pM unlabeled un
dine. The dishes were then washed in K solution (see

<X.
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following section) twice prior to incubating with in
creasing concentrations (0.05-2.4 U/ml) of SLO for 10 
min at 37°C. Maximum labeled UTP release occurred at 
0.4 U/ml SLO. In further experiments we demonstrated 
that maximum release of labeled UTP occurred after a
1-min exposure to 0.4 U/ml SLO (data not shown). Thus 
in all further permeabilization assays SLO was used at 
0.4 U/ml.

Analysis of total inositol phosphates released 
from permeabilized cells

Cultures of Swiss 3T3 cells in 33 mm dishes were 
labeled for 16-18 h in 1 ml of DMEM medium contain
ing 20 (juCi of (2-^H]inositoI. The following procedure 
was then performed at 37°C. The cultures were washed 
twice with K solution comprising 120 mM KCl, 30 mM 
NaCl, 2.5 mM MgCl2 , 1 inM KgHPO^, 10 mM pipera- 
zine-N,N'-bis-[2-ethanesulfonic acid], 2 mM EGTA, 0.5 
mM CaClg, and KOH (to give pH 7.2). The cells^ere 
permeabilized in 1 ml of K solution containing 1 mM 
AT£, 20 mM LiCl, SLO at 0.4 U/ml, plus additional 
components as indicated in the figure legends for a 
total of 10 min. The reaction was stopped by adding 1 
ml of 6 % HCIO4 (w/v). After 30 min at 4°C the acid 
extract was removed from the dish and neutralized 
with 1 M KOH containing 25 mM 4-( 2-hydoxythyD-1- 
piperazineethanesulphonic acid (HEPES), 2 0  mM 
EÛXA, and 0.01% phenol red. Precipitated KCIO4 was 
removed by centrifugation. Analysis of total inositol 
phosphates was by anion exchange column chromatog
raphy (Morris et al., 1988). Samples were diluted in 10 
ml with water and,then loaded onto 1 ml of Dowex 
AG1-X8 (100-200 mesh, HCOO" form) in Bio-Rad 
Econo columns. After washes with 3 x 10 ml H 2 O and 
2 X 10 ml of 60 mM NH 4 COOH, 5 mM Na2B4 0 7  the 
inositol phosphates were eluted with 6  ml of 1 M 
NH4COOH/O.I M HCOOH. A 1 ml aliquot of eluate was 
counted in 10 ml of Picofluor.

Transient transfection of COS- 1  cells
Cultures of COS- 1  cells grown in 33 mm dishes were 

transfected 24 h after plating as previously described 
(Wu et al., 1992). Briefly, 2 pug of DNA (either pCMV or 
pCMVG ) was mixed with 10 p.1 of lipofectin (Bethesda 
Research Laboratories) in 1 ml of DMEM and added to 
the cells. After 5 h, 1 ml of 20% fetal calf serum in 
DMEM was added to each dish. Transfection efficiency 
was assessed at 48 h by lysing cells from one dish trans
fected with either pCMV or pCMVG„ in 200 p.1 sodium 
dodecyl sulfate (SDS) sample buffer (150 mM Tris HCl 
[pH 6 .8 ], 10% glycerol, 5% SDS, 10% p-mercaptoetha- 
nol) prior to sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and Western blotting 
with a specific affinity purified Ĝ q antibody (see be
low).

SDS-PAGE and Western blotting
Slab gel electrophoresis was performed essentially 

according to the method of Laemmli (1970), using a 
12.5% separating gel and 4% stacking gel. Proteins 
were then transferred to nitrocellulose membranes. 
Membranes were blocked using 5% non-fat dried milk 
in phosphate-buffered saline (PBS), pH 7.2, and incu- 
baW  for 3-5 h in PBS containing 0.05% Tween-20 and

a 1:2,500 dilution of anti G,.q affinity purified antibody 
The antiserum was raised in rabbits by using the C-ter- 
minal decapeptide of G„q conjugated to keyhole limpet 
hemocyanine. Immunoreactive bands were visualized 
using 1 p.g/ml *^®I-labeled protein-A followed by auto
radiography.

Analysis of total inositol phosphate released in 
intact C O ^ l cells

One day after transfection of COS- 1  cells, the me
dium was replaced with DMEM supplemented with 
10% fetal bovine serum and 5 pCi/ml of [2-^H]inositol. 
After 24 h the cells were washed twice in DMEM and 
incubated for 5 min in 1 ml DMEM containing 20 mM 
LiCl. The cells were then stimulated with AIF“‘ in the 
presence or absence of 20 p.M AntD by adding these 
factors directly to the dishes for 20 min. The V was 
made freshly for ^ch  experiment by adding v^ous  
concentrations of ̂ C lg  to 1 mM NaF to 1 mM NaF. The  ̂
reaction was stopped by replacing the medium with 
ice-cold 3% HCIO4 and incubating at 4°C for a further 
30 min. Subsequently the acid extract was removed, 
neutralized, and the inositol phosphate production was 
determined as described above.

Specific binding of [’Hlvasopressin to 
intact cells

(Confluent and quiescent Swiss 3T3 cells in 33 mm 
dishes were washed twice with DMEM at 37°C and 
incubated for 1 h at 4°C with PBS containing 2  mg/ml 
bovine serum albumin, 25 mM N-[2-Hydroxyethy 1 ]pip- 
erazine-N'-[2 -ethanesulfonic acid] and increasing con
centrations of [^H] vasopressin in the presence or ab
sence of 5 p.M AntD. Nonspecific binding was measured 
by the addition of at least a 1 ,0 0 0 -fold excess of unla
beled vasopressin or 1  pM vasopressin for concentra
tions of [^H]vasopressin below 1 riM (Collins and Rozen
gurt, 1983). The incubation was terminated by washing 
the dishes five times with ice-cold PBS containing 2 
mg/ml bovine serum albumin. After extraction with a 
solution containing 0.1 M NaOH, 2% NaHCOg, and 
0.1% SDS, the radioactivity was measured by liquid 
scintillation p-counting (Beckman ^-counter).

Membrane preparation
Cultures of Swiss 3T3 cells in roller bottles were 

washed twice with 150 ml of PBS at room temperature. 
The cells were then harvested at 4°C by scrapping into 
ice-cold PBS containing 5 mM MgClg, 1 mM EGTA, 1 

mg of bacitracin/ml, 1 0  pg of aprotinin/ml, 1  mg of 
soybean trypsin inhibitor/ml, and pM phenylmethane- 
sulfonyl fluoride. All subsequent steps were carried out 
at 4°C. The cells were pelleted by centrifugation at 750g 
for 10 min and resuspended at 5  x 10®/ml in solution A 
containing 50 mM HEPES, 5 mM MgCl2 , 1 mM EGTA,
1  mg of bacitracin/ml, 1 0  pg of aprotinin/ml, 1 mg of 
soybean trypsin inhibitor/ml, and 50 pM phenyl- 
methanesulfonyl fluoride, adjusted to pH 7.4 with 
NaOH at 4°C. Cells were then disrupted using a Dounce 
homogenizer (A pestle; 75 strokes). The homogenate 
was centrifuged at 500g for 10 min to remove nuclear 
material and intact cells, and the supernatant was cen
trifuged again at 30,000g for 30 min. The resulting 
pellet, representing a membrane enriched preparation.
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was resuspended at a protein concentration of 4 mg/ml 
in solution B containing 0.25 M sucrose, 20 mM 
HEPES, and 5 pg/ml phenylmethanesuifonyl fluoride 
adjusted to pH 8  and stored in liquid nitrogen.

Rat liver membranes were prepared by Polytron ho
mogenization of minced rat liver in solution B at 4°C. 
Ail subsequent steps were carried out at 4°C. The ho
mogenate was centrifuged at 8 ,0 0 0 g for 1 0  min and the 
pellet discarded. The supernatant was centrifuged at 
40,000g for 30 min and the pellet containing the mem
branes resuspended in solution B at a protein concen
tration of 4 mg/ml prior to storage in liquid nitrogen.

T A B L E  2. C o m p a n so n  o f (ipid so lu b ility  o f A ntD . A ntG . an d  bom besin*

P ep tid e

in su rface  p re ssu re  im N .'m i

a t  I m-M or 10 uM

Bom besin 2 i  0.1 5 ± 0.1
A ntD 13.8 ± 0.1" 15 ± 0 .1"
A ntG 15 ±  0 1" 7 i  0  1"

‘ Peptides were in jected  ml # f in a l c o n cen tra tio n  o f I o r  10 u.M in to  the  aqueous phase o fa  
lip i^ a q u e o u s  in te rfa ce  in  a L a n g m u ir  trou gh . T he  baaal pressure o f the l ip id  la y e r was 
25 m N /m . The increase in  the surface pressure o f th e  lip id  m onolaver above th e  baaal 
pr ess u re  was m easured a t 15 m in  po s tin je ction  as described in  M a te ria ls  and M ethods 
The va lues shown are  th e  m ean = S E o f s ix  independent expenm enta 
*P  <  0.001 com panng the  values ob ta ined w ith  A n tD  or A n tG  vs the h y d ro p h ilic  
pepUde. bom besin, tested as a con tro l

Specific binding of [®H] vasopressin and 
‘“ I-GRP to membranes

Binding assays were carried out in a total volume of 
100 p.1 in binding medium containing 30 mM HEPES, 5 
mM MgClz adjusted to pH 8  with NaOH. The assays 
contained 100 pg of membrane protein plus [^Hjvaso- 
pressin at various concentrations together with addi
tions of other reagents specified in the figure legends. 
Nonspecific binding was determined in the presence of
1 ,0 0 0 -fold excess cold vasopressin and represented 15- 
30% of the total binding. The membranes were incu
bated for 15 min at 37°C. These conditions provided 
equilibrium binding. Binding reactions were termi
nated by rapid filtration on GF/B glass fiber filters 
(Whatman, 1 pm pore size) at 4°C. Each filter was 
washed four times with 5 ml of ice-cold PBS using a 
Millipore filtration apparatus. Before the addition of 
membranes the filters were presoaked for 24 h in 5% 
polyethylenimine at 4°C. Radioactivity was determined 
in a Beckman p-counter. Binding of 0.5 nM ^^®I-GRP in 
the presence of increasing concentrations of antago
nists was carried out essentially as described for 
[^Hjvasopressin except that the binding medium was 
adjusted to pH 7.4 and 25 pg of membrane protein was 
used per condition. Nonspecific binding was deter
mined in the presence of 1 ,0 0 0 -fold excess cold bombe
sin and represented 5-10% of the total binding. Radio
activity was determined in a Beckman y-counter.

Materials
Bombesin, vasopressin, ATP, and albumin-agarose 

were obtained from Sigma. AntD and AntG were from 
Bachem Fine Chemicals. 8 -arginine [phenyl-3,4,5- 
®H{n}] vasopressin (0.8 Ci/nunol) was from Du-Pont 
New England Nuclear. [2-^H]-inositol (18.8 Ci/mmol; 1 

Ci = 37 GBq) and ‘^®I-GRP (1,800-2,200 Ci/mmol) 
were from Amersham (UK). Dowex resin (AG 1-X8, 
100-2,000 mesh) was from Bio Rad. GTPyS was from 
Boehringer Mannheim. SLO was from Wellcome Diag
nostics (Dartford, UK). Phosphatidylserine was pur
chased from Avanti Polar Lipids (Birmingham, Ala
bama). The vectors, pCMV and pCMVG„<j were the 
kind donation of Dr. Melvin I. Simon (Division of Biol
ogy, California Institute of Technology, Pasadena, CA 
91125). All other materials were of the highest grade 
available.

RESULTS 
AntD and AntG are able to insert into 

phospholipid monolayers
Short hydrophobic peptides including SP have previ

ously been shown to cross or insert into the cell mem
brane of intact cells and directly promote G-protein 
activation of PIPg-PLC (Aridor et al., 1990; Higashi- 
jima et al., 1990; Mousli et éd., 1989). Since AntD and 
AntG are also hydrophobic, we examined the ability of 
these peptides to transfer from an aqueous solvent to a 
lipid monolayer employing the Langmuir trough appa
ratus (Verger and Pattus, 1982). It has previously been 
shown that the normal surface pressure of plasma 
membrane is 31 mN/m (Demel et al., 1975). Thus, an 
increase in lipid pressure above this value in the pres
ence of peptide indicates insertion of peptide into the 
lipid phase. Table 2 shows that 1 pM AntD or AntG 
induced a marked increase in surface pressure above 31 
mN/m from a basal pressure of 25 mN/m, indicating 
that these SP analogues are able to insert into lipids 
These results demonstrate that AntD and AntG, like 
other hydrophobic peptides, can insert into lipids and 
can potentially have effects on both intra- and submem- 
branous targets.

Differential effect of AntD on neuropeptide and 
GTPyS-stimulated inositol phosphate generation 

in permeabilized Swiss 3T3 cells
The preceding results raised the possibility that 

AntD and AntG could insert into membranes and di
rectly inhibit G-protein activation of PfPg-PLC. In or
der to test this possibility, we employed cell permeabili
zation, a useful approach to intrcduce cell impermeable 
guanine nucleotide analogues into the cytosol to assess 
the contribution of G-proteins in the generation of bio
logical responses. Thus, GTPyS can directly activate 
heterotrimeric G-proteins to drive inositol phosphate 
production.

We initially investigated the effects of increasing 
concentrations of AntD on vasopressin, bombesin, or 
GTPyS-stimulated inositol phosphate production in 
permeabilized cells. Quiescent Swiss 3T3 cells labeled 
with [2-^H]inositol were permeabilized with SLO in the 
presence of increasing concentrations of AntD together 
with either 10 nM vasopressin, 3 nM bombesin, or 1 p3I 
GTPyS The increase in inositol phosphate production 
stimulated by these agents in the absence of antagonist 
was similar. AntD inhibited vasopressin and bombesin 
stimulated inositol phosphate production in a dose-de
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Fig. 1. Dase-responae curves for the effects of AntD on vasopressin, 
bombesin, or GTP-yS-induced inositol phosphate production in perme
abilized oelis. Confluent and quiescent cultures of Swiss 3T3 cells in 
33 mm dishew were labeled with 20 tiCi/ml |2-^H| inositol for 16-18 h. 
The cells were then permeabilized with SLO as described under Mate- 
nnln rnd Methods and incubated for 10 min with increasing cOficen- 
trations ol AntD in the absence (open circles) or presence of 10 nM 
vaaopresain (dosed circles), 3 nM bombesin (squares), or 1 p.M GTPi^S 
(triangles). Extraction and analysis of total inositol phosphates were 
as described. Values represent the mean of at least two independent 
experiments done in triplicate ± S.E.

pendent fashion with an IC 5 0  of 0.75 p.M and 2 îM. 
respectively (Fig. 1). In marked contrast, AntD up to 10 
ptM had no effect on the production of inositol phos
phate stimulated by GTP-yS (Fig. 1).

Next, we examined the effect of AntD on the stimula
tion of inositol phosphate production induced by in
creasing concentrations of vasopressin, bombesin, or 
GTPyS. Accordingly, ciuiescent cultures of Swiss 3T3 
cells labeled with [2-^Hlinositol were permeabilized 
and stimulated for 1 0  min with increasing concentra
tions of vasopressin, bombesin, or GTP-yS in the pres
ence or absence of AntD. Figure 2 shows that addition 
of 5 or 10 AntD caused a dramatic rightward shift of
the vasopressin dose-response curve, resulting in a 25- 
fold (4—100 nM) and 250-fold (4-1,000 nM) increase in 
EC5 0 , respectively. Similarly, 10 pM AntD caused a 
large shift in the bombesin dose-response curve with a 
40-fold (1—40 nM) increase in ECjo- Furthermore, the 
ability of AntD to inhibit vasopressin or bombesin- 
stimulated inositol phosphate production was reversed 
by addition of high concentrations of these agonists. In 
contrast, 10 pM AntD had no significant effect on 
GTPyS-stimulated inositol phosphate production (EC50 

0.3 pM; Fig. 2). In other experiments using AntD at 20 
pM, the EC5 0  value at which GTPyS stimulated inositol 
phosphate production increased only slightly from 0.3 
to 0.5 pM (data not shown). These results indicate that 
AntD at concentrations up to 10 p.M has no significant 
effect on the ability of GTPyS to stimulate inositol 
phosphate production but markedly inhibits the stimu
lation of inositol phosphates by vasopressin and bombe
sin. Furthermore, the effect of AntD can be overcome in 
a competitive fashion by increasing concentrations of 
vasopressin or bombesin.

AntG inhibits vasopressin but not GTPyS 
stimulation of inositol phosphate in 

permeabilized Swiss 3T3 cells
To assess whether other SF-related broad spectrum 

neuropeptide antagonists have a similar mechanism 
of action, we examined whether AntG can also disting
uish between inositol phosphates generated in response 
to vasopressin or GTP-yS. Quiescent Swiss 3T3 cells 
labeled with [2 -^H]inositol were permeabilized with 
SLO in the presence of increasing concentrations of 
AntG together with either 10 nM vasopressin or 1  p.M 
GTP-yS. Figure 3 shows that AntG inhibited vaso
pressin-induced inositol phosphate production with an 
IC5 0  of 1 MlM. Previous studies have shown that AntG 
inhibits the action of bombesin less potently than AntD 
(Woll and Rozengurt, 1990). In accord with this, we 
demonstrated that AntG was also able to inhibit 3 nM 
bombesin-induced inositol phosphate generation with 
an IC 50 of 14 p.M (data not shown). However, AntG 
even up to 2 0  |xM had little effect on the ability of 1  pM 
GTP-yS to stimulate inositol phosphate production 
(Fig. 3).

We also assessed the effect of 20 p.M AntG on the 
stimulation of inositol phosphate production induced by 
increasing concentrations of vasopressin or GTP-yS. 
Figure 4 (left panel) shows that addition of 20 pM AmtG 
produced a striking displacement in the dose-response 
curve of vasopressin, the EC5 0  increasing by 160-fold 
fi-om 5 to 800 nM. In contrast, 20 pM AntG had no effect 
on the dose response of GTPyS-induced inositol phos
phate production (Fig. 4, right panel). These results 
indicate that AntG, like AntD, potently and reversibly 
i n h i b i t e d  vasopressin-induced inositol phosphate pro
duction without affecting the stimulation of inositol 
phosphates by GTP-yS.

AntD competitively blocks the binding of 
vasopressin in Swiss 3T3 cells

The preceding results prompted us to examine the 
ability of the antagonists to inhibit (^H]vasopressin 
binding to its receptor. We initially studied this in in
tact Swiss 3T3 cells at 4°C, a temperature known to 
inhibit receptor internalization and ligand degrada
tion, In preliminary experiments, the binding of 10 nM 
[^Hlvasopressin was completely abolished by 10 pM 
AntD (data not shown), a concentration shown in Fig
ure 2  to completely block inositol phosphate production 
stimulated by 10 nM vasopressin in permeabilized 
cells. A more detailed binding analysis was performed 
using 5 pM AntD, a concentration of antagonist that 
allowed the determination of specific (^Hlvasopressin 
binding even at the highest concentration of ligand 
used. Figure 5 shows that addition of 5 pM AntD 
caused a rightward shift in the dose response of (^H] 
vasopressin binding. Scatchard analysis (Fig. 5, inset) 
shows that the affinity of vasopressin receptors was 
reduced in the presence of 5 pM AntD by 12-fold 
(Kj = 2.6 nM to K j = 31 nM). Furthermore, AntD had 
no effect on the number of receptor sites ( 1  x 1 0 * 
receptors/cell).
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Fig. 2. Doat-response curves for the effect of vasopressin, bombesin, 
or GTPvS-abinulated inositol phosphate production in the absence or 
presence of AntD in permeabilized cells. Confluent and quiescent cul
tures of Swiss 3T3 cells in 33 mm dishes were labeled with 20 pCi/ml 
(2-^Hl inositol for 16-18 h. The cells were then permeabilized with 
SLO as described under Materials and Methods and incubated for 10

min with increasing concentrations of vasopressin, bombesin, or 
GTP-yS in the absence (open circles) or presence of 10 yiM AntD (closed 
circles) or 5 m-M AntD (closed triangles; vasopressin only). Each point 
represents the mean of at least two independent experiments per
formed in triplicate = S.E.
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Fig. 3. D—  response curves for the effects of AntG on vasopressin, 
bombesin, o rGTP-yS-induced inositol phosphate production in perme
abilized ceils. Confluent and quiescent cultures of Swiss 3T3 cells in 
33 mm disiies were labeled with 20 pCi/inl |2-^H1 inositol for 16-18 h. 
The cells were then permeabilized with SLO as described under Mate
rials and Methods and incubated for 10 min with increasing concen
trations of AntG in the absence (triangles) or presence of 10 nM vaso
pressin (citeies) or 1 phi GTP-yS (squares). Extraction and analysis of 
total inositol phosphates were as described. Values represent the 
mean of a lleast two independent experiments done in triplicate ±  S.E.

AntD and AntG competitively block the binding 
^  of vasopressin in Swiss 3T3>at,and — 

liver membranes ^
Gaq has been identified as the G-protein that couples 

the vasopressin receptor in liver membranes to the acti
vation ofPIPa-PLC-p (Gutowski et al., 1991). We there
fore examined the effect of AntD on vasopressin bind
ing to rat liver membranes. These membranes were 
incubated for 15 minutes with 0.5 nM [^H]vasopressin 
in the presence of increasing concentrations of AntD. 
The antagonist inhibited 0.5 nM [^Hjvasopressin bind
ing in a concentration-dependent fashion with an IC 50  

of 0.7 p jf  (Fig. 6 A). These experiments were repeated 
in Swiss 3T3 membranes where AntD inhibited 0.5 nM 
[^HJvasopressin binding with an IC 5 0  of 1.8 p,M (Fig. 
6 B), AnfiG also showed a dose-dependent inhibition

of 0.5 nM [^H]vasopressin binding in both rat liver and 
Swiss 3T3 membranes, the IC 5 0  values were 3.5 pM and 
2.2 pM, respectively (data not shown). Thus, AntD and _ 
AntG inhibit vasopressin binding in rat liver and Swiss " 
3T3 membranes. In additional experiments Swiss 3T3 
membranes were incubated with 0.5 nM ‘“ I-GRP in 
the presence of increasing concentrations of AntD. In 
accord with previous results (Sinnett-Smith et al.. 
1990), AntD inhibited 0.5 nM '“ I-GRP binding with an 
IC5 0  of 1 p-M (data not shown).

Scatchard analysis in Swiss 3T3 membranes (Fig. 
6 0  reveals that the affinity of vasopressin receptors is 
reduced in the presence of 5 p.M AntD by 3.6-fold 
(K j = 0.97 nM to = 3.5 nM). Furthermore, AntD 
had no effect on the number of receptor sites. Thus, 
while AntD appears less potent in the membrane assay 
than in intact Swiss 3T3 cells, these data confirm that 
AntD reduces the affinity of vasopressin recepton 
without affecting receptor number, .--' i,

AntD does not effect XCF\-stimulated total
inositol phosphate prodtiction in COS- 1  cells 

transfected with oîGq G % 1

In order to demonstrate that nonreceptor-mediated 
G-protein-dependent PLC activation in whole cells is 
insensitive to AntD, COS- 1  cells were transfected with 
either pCMV or pCMVG^q and incubated for 24 h. The 
cells were then incubated with [2-^H]inositol for a fur
ther 24 h prior to stimulation with various concentra
tions of A IF “ 4 in the presence or absence of 2 0  pAI 
AntD. After 20 min the reaction was stopped and total 
inositol phosphate analyzed. stimulation of
COS- 1  cells transfected with G„„ produced a >'^.8 -fold 
increase in inositol phosphates (Fig. 7). This Tfeponse 
was unaffected by treatment, with 20 pM AntD and 
remained constant over an ATF  ̂concentration range 
of 3-30 p.M. In contrast, COS-1 cells transfected wnth 
pCMV, responded poorly to AÏF  ̂ even at 300 p.M. 
AntD alone had no affect on CÔS-1 cells. We verified 
that G„q expression in COS- 1  cells transfected with 
pCMVG<j„ was increased by > 18-fold as compared to 
COS-1 cells transfected with pCMV (Fig. 7, inset). 
These results show that 20 AntD, a concentration 
that produced marked inhibition of vasopressin or
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Fig. 4 Dw e reaponae curves for the effect of vasopressin or GTP-yS- 
stimulatediooeitol phosphate production in the presence or absence of 
AntG in permeabilized cells. Confluent and quiescent cultures of 
Swiss 3T3 eeils in 33 mm dishes were labeled with 20 |iCi/ml |2-^H] 
inositol for 1(6-18 h. The cells were then permeabilized with SLO as

described under Materials and Methods and incubated for 10 min with 
increasing concentrations of vasopressin or GTP-yS in the presence 
(closed circles! or absence of 20 p-M AntG (open circles). Each point 
represents the mean of at least two independent experiments per
formed in triplicate r  S.E.

<n
1
-o ~

£o
E 5

100

[Vasopressin] nM
Fig. 5. Doae-response curve* and Scatchard of PH) vasopressin bind
ing to Swias 3T3 cells in the presence or absence of AntD. Swiss 3T3 
cells in 33 naan dishes were incubated with increasing concentrations 
of (^Hjvasopreaain in the presence (closed circles) or absence (open 
circles) of 5 p M  AntD at 4°C for 1 h. Specific binding was determined 
as described «nder Materials and Methods. Time course experiments 
revealed th a t saturation binding occurs after 30 min. Bound PHIvaso- 
pressin is ezpreseed as £mol/10® cells. Inset: Scatchard plot of the same 
data.

bombesin-induced inositol phoOThate production in 
Swiss 3T3 oelis, has no effect on / ^ “4 -induced inositol 
phosphates in COS-1 cells transfected with G^.

DISCUSSION
SP-related analogues, AntD and AntG, unlike classi

cal antagonists block the action of multiple neuropep
tides. Furthermore, they inhibit the growth of SCLC in 
vitro and m vivo. Consequently, it is important to de
fine their mechanism of action. It  was previously 
known that hydrophobic peptides including SP and 
mastoparan are capable of passing through or inserting 
into intact membranes to directly stimulate heterotri
meric G-proteins (Aridor et al., 1990; Higashijima et 
al., 1990; Mousli et al., 1989), a common link in the 
signal transduction pathway of multiple neuropep

tides. Indeed, biophysical data presented here revealed 
that the SP analogues AntD and AntG, which are also 
hydrophobic, insert into a lipid layer. It was thus con
ceivable that AntD and AntG could act at the level of 
the G-protein rather than inhibit a range of different 
neuropeptide receptors. The experiments presented 
here were therefore desired to distinguish between 
these alternative mechanisms.

Previous results have demonstrated that SP ana
logues blocked inositol (1,4,5) trisphosphate-mediated 
Ca^* mobilization induced by vasopressin and bombe
sin in either Swiss 3T3 cells or SCLC cell lines (Woll 
and Rozengurt, 1988, 1990). In the present study we 
demonstrate that AntD markedly inhibited both vaso
pressin or bombesin-stimulated inositol phosphate gen
eration in permeabilized Swiss 3T3 cells. Similarly. 
AntG inhibited vasopressin-induced inositol phosphate 
production. The inhibitory effect of the antagonists 
could be overcome by increasing concentrations of vaso
pressin or bombesin. We exploited this cell permeabili
zation procedure to determine the effect of the antago
nists on the cell-impermeable guanine nucleotide 
analogue GTPyS, which is known to activate heterotri
meric G-proteins. The results demonstrated that 
GTP-yS-stimulated inositol phosphate production was 
unaffected by concentrations of AntD or AntG which 
completely blocked the action of vasopressin or bombe
sin. These findings strongly suggest that AntD and 
AntG do not act by inhibiting G-protein activation of 
PIPg-PLC. This interpretation is further substantiated 
by the finding that AntD, at the concentrations used in 
this study, had no affect on G,.q function as assessed by 
inositol phosphate production in G„q transfected COS- 1  

cells stimulated by AÎF"^, a direct activator of G-pro
teins in intact cells.

The preceding findings raise the possibility that the 
broad spectrum antagonists may prevent ligand bind
ing to the receptor. In the present study we demon
strate that AntD inhibited the binding of [^H]vaso- 
pressin in a dose-dependent and competitive fashion in 
Swiss 3T3 cells incubated at 4°C. These conditions were 
selected to exclude the possibility that the antagonists 
block a step distal to receptor binding (i.e., internaliza
tion, degradation, and recycling). While it is therefore
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Fig. 6. Effect of AntD on [^Hlvasopressin binding to rat liver or Swiss 
3T3 membranes. A: Rat liver membranes (100 p-g of protein» were 
incubated at 37°C for 15 min in 100 pi of binding medium containing 
increasing concentrations of AntD in the presence of 0.5 nM PHlvaso- 
pressm. The reactions were terminated and specific binding was de
termined as described under Materials and Methods. Each point rep
resents the mean of triplicate determinations. B: Swiss 3T3 
membranes (100 pg of protein) were incubated at 37°C for 15 min in 
100 pi of binding medium containing increasing concentrations of 
AntD in the presence of 0.5 nM (^Hlvasopressin. The reactions were 
terminated and specific binding was determined as described under 
Materials and Methods. C: Swiss 3T3 membranes (100 pg of protein) 
in 100 pi of binding medium were incubated with increasing concen
trations of [^Hlvasopressin at 37°C for 15 min in the presence (closed 
circles) or absence (open circles) of 5 pM AntD. The reactions were 
terminated and specific binding was determined as described under 
Materials and Methods. Scatchard analysis of the data is shown: 
bound (^Hlvasopressin is expressed as fmol/100 pg of membrane pro
tein. Each point represents the mean of triplicate determinations.

difiFicult to compare these results, with the effect of 
AntD on the dose response of vasopressin-induced 
inositol phosphate generation in permeabilized cells at 
37°C, the pattern of inhibition seen is similar. In fact, 
similar results of [^Hlvasopressin binding were also ob
tained for both AntD and AntG in membrane prepara
tions of Swiss 3T3 cells. Furthermore, Scatchard^aly- 
sis demonstrated that AntD increased the i of 
[^Hlvasopressin binding without affecting receplor 
number in both intact cells and the membrane prepara
tions. While it is thought that the vasopressin receptor 
signals via G„q in Swiss 3T3 cells, this has only been 
conclusively shown to be the case in rat liver mem-

! ______
Fig. 7. AntD does not inhibit A^u-stimulated inositol phosphate 
production in COS-1 cells transfected with COS-1 cells in 33 mm 
dishes were transfected with either pCMV or pCMVG„, and then 
labeled with 5 pCi/ml of [2-'Hlinositol as described under Ma tenais 
and Methods. Forty-eight hours after transfection the cultures were 
stimulated with 3 or 30 pM in the presence or absence of 20 pM 
AntD as indicated. Preliminary studies revealed that maximal inosi
tol phosphate production was induced by 300 pM Consequently 
the values shown are a percentage of the inositol ^osphate produced 
by 300 pM AlF-4-stimuiated COS-1 cells transfected with pCM%’G„, 
Eiach value represents the mean of at least two independent erpen- 
ments with triplicate determinations ± SEM. Inset: Parallel cultures 
of COS-1 cells transfected with either pCMV (lane 1) or pCMVG ,̂  
(lane 2) were Western blotted with an affinity purified anti G„, anti
body as described under Materials and Methods. The M , 44,000 G ,,  
band is indicated by an arrow. In three independent experiments as
sessed by scanning densitometry, G„„ expression was increased 
18.3 ± 0.6-fold (mean ± SEM) above control values.

branes (Gutowski et al., 1991). When the experiments 
were repeated in rat liver membranes, AntD and AntG 
were also shown to inhibit [^H]vasopressin binding in a 
concentration-dependent fashion. In addition, AntD 
was shown to compete with “̂ I-GRP binding to Swiss 
3T3 membranes indicating that the inhibitory action of 
this antagonist on ligand binding is not restricted to 
one neuropeptide. These results provide further evi
dence that the site of action of the antagonists lies 
within the receptor protein rather than at the level of 
the G-protein.

Molecular cloning of many G-protein coupled recep
tors has revealed a common structure characterized by 
seven putative transmembrane helices. Some residues 
in these transmembrane domains display remarkable 
conservation (Baldwin, 1993; Probst et al., 1992). The 
possibility that SP antagonists interact with such con
served residues, thereby explaining their broad range 
of action, is attractive and warrants further experimen
tal work.
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