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A B S T R A C T
Quiescent cultures of Swiss 3T3 cells are a useful
model system for elucidating the mechanisms of mitogenesis.
Here, Swiss 3T3 cells were used to test novel mitogens and
characterise bombesin antagonists.

Bradykinin was

identified as a potent mitogen, acting in synergy with
insulin.

Two groups of antagonists were characterised: the

substance P analogues [DArg1 , DPro2 , DTrp7 **, Leu11]substance P (antagonist A), [DArg1 , DPhe5 , DTrp"7'®, Leu11]substance P (antagonist D) and [Arg®, DTrp"7**,
Leu11]substance P(6-ll)

(antagonist G); and the bombesin-

specific antagonists [Leu13-psi(CHaNH)Leu1*]bombesin and Nacetyl-GRP(20-26).

The substance P antagonists appear to

interact with a common domain on the receptors for three
mitogenic neuropeptides in Swiss 3T3 cells: bombesin,
vasopressin and bradykinin.

The bombesin-specific

antagonists did not interact with other receptors.
Small cell lung cancer (SCLC) is an aggressive form of
lung cancer.

The bombesin-1 ike peptides, including gastrin-

releasing peptide (GRP), have been postulated to act as
autocrine growth factors for these tumours.

In SCLC cell

lines, all the antagonists were shown to block the early
effect of bombesin, mobilisation of cytosolic Ca2-*".

The

substance P antagonists also inhibited SCLC growth in liquid
and semisolid media, in a reversible, dose-dependent
fashion.

The bombesin-specific antagonists did not inhibit

SCLC growth, suggesting that other growth factors blocked by
the substance P antagonists may be more important for
regulating SCLC growth.
A variety of peptides and hormones were tested for their
ability to mobilise cytosolic Ca2'*' in SCLC cell lines.
signals were induced by GRP, vasopressin, bradykinin,
cholecystokinin, galanin and neurotensin, and all were
blocked by antagonists D and G.

These neuropeptides are

suggested as possible growth factors for SCLC.
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1.

I N T R O D U C T I O N

GROWTH FACTORS
Growth factors comprise a heterogeneous family of
signalling molecules which include polypeptides, cytokines
and neuropeptides.

They have been implicated in many areas

of pathophysiology including development, haemopoiesis,
wound repair and cancer.

A few examples will be given to

illustrate this range before discussing the neuropeptide
growth factors.
Pioneering work in the 1950's on epidermal growth factor
(EGF) and nerve growth factor established that cell-specific
factors could promote growth in vivo.

In parallel with

these physiological studies, cell biologists were examining
the requirements for cell proliferation in vitro, and
identified growth-promoting agents that were distinct from
simple nutritional factors.
Early studies were hindered by the use of heterogeneous
cell populations and their dependence on serum for
maintaining cells in culture.

The development of clonal

cell lines, such as murine 3T3 fibroblasts, revolutionised
the study of growth factors.

These cells are cultured as an

adherent cell monolayer and become "quiescent” in the G x/G0
phase of the cell cycle when they deplete the serum of its
growth-promoting activity.

This arrest of growth is

reversible: addition of fresh serum or chemically-defined
medium containing mitogens leads to the reinitiation of DNA
synthesis and cell division.

This cell system has proved

useful in the elucidation of the effects of many growth
factors, including EGF, platelet-derived growth factor
(PDGF), bombesin and vasopressin.
Recent developments in molecular biology have also had a
major impact on growth factor research, permitting the
purification and cloning of growth factors and their
receptors, the production of large quantities of recombinant
growth factors, and detailed investigation of their
mechanisms of action.
Some of the earliest regulators of embryonic development
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in mammals and more primitive phyla are growth factors.

The

expression of fibroblast growth factors (FGF's), for
example, may establish polarity in the frog blastula (Heath
& Smith, 1989; Ruiz i Altaba & Melton, 1989).

Transforming

growth factor-3 (TGF-3) has been elegantly shown to be
expressed at mesenchyme-epithelial junctions during the
development of such structures as hair follicles, teeth and
submandibular glands in mice (Heine et al, 1987).

Growth

factors such as FGF and TGF-3 seem to be members of
multigene families, which encode multiple distinct factors
with specific biological effects.

What co-ordinates the

differential expression of these factors during development
remains a mystery.
The growth and differentiation of blood cells has been
the subject of detailed study, both in vitro and in vivo
(Dexter, 1989; Johnson, 1989; Metcalf, 1989).

A group of

glycosylated polypeptides, the colony-stimulating factors
(CSF's), has been identified as myeloid growth factors.
These comprise G-CSF (granulocyte-CSF), M-CSF (macrophageCSF) and GM-CSF (granulocyte-macrophage-CSF).

In addition,

interleukins 1 (IL-1), 3 (multi-CSF) and 6 contribute to
haemopoiesis.

Although not members of a multigene family,

the genes for IL-3, M-CSF and GM-CSF are clustered on the
distal part of chromosome 5q in humans, together with the MCSF receptor gene.

Genetic abnormalities at this site are

frequently associated with myelodysplastic syndromes and
myeloid leukaemias.

Recombinant growth factors are now

available for clinical use, including erythropoietin, G-CSF
and GM-CSF.

Erythropoietin is useful for the treatment of

haemodialysis-anaemia and may prove useful in other chronic
anaemias and myelodyplastic disorders (Johnson, 1989;
Steward & Scarffe, 1989).

The CSF's are causing excitement

among oncologists, because they can prevent life-threatening
neutropenia following cancer chemotherapy (Bronchud &
Dexter, 1989).
In addition to their role in myeloid cell proliferation,
growth factors are important mediators of the immune
response.

A wide range of polypeptides and cytokines are

involved in controlling lymphoid development within the

11

thymus and bone marrow (Callard, 1989; Owen & Jenkinson,
1989), and lymphocyte proliferation in response to challenge
(Feldman et al, 1989).
Further growth factors may contribute to inflammation
and wound healing (Dekker et al, 1987; Payan, 1989).
Abnormal or inappropiate expression of such factors could
lead to disorders such as rheumatoid arthritis and
atherogenesis. There is therefore considerable interest in
therapeutic means of blocking growth factor action.
Conversely, the therapeutic use of the haemopoietic growth
factors has led to speculation about the potential
applications of others.

Growth of the gastrointestinal

epithelium is stimulated by a variety of factors including
EGF, gastrin, enteroglucagon and bombesin (Goodland &
Wright, 1987; Wright et al, 1990).

Recombinant EGF may soon

be available to protect patients from cytotoxic drug-induced
stomatitis and gastritis.
Growth factors and cancer
Growth factor action requires the expression of specific
cel 1-surface receptors, which trigger intracellular signals
to the effector apparatus in the nucleus.

Alteration or

overexpression at any of these stages can result in the
unrestrained growth of cancer.
Growth factors secreted by cells can act on nearby cells
(paracrine), or distant target organs (endocrine).

By

acquiring the ability to secrete and respond to the same
growth factors (autocrine stimulation), cancer cells may
escape from normal growth controls (Sporn & Todaro, 1980;
Sporn & Roberts, 1985).

This hypothesis is supported by the

observation that cancer cells require fewer exogenous growth
factors than normal cells in serum-free medium.

The

autocrine hypothesis has gained momentum with the discovery
of increasing numbers of oncogenes coding for growth factors
and their receptors: somatic cell mutations to proto
oncogenes may give pre-cancerous cells a growth advantage
over their neighbours that leads to tumour formation
(Goustin et al, 1986).
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was the first oncogene shown to encode for a

growth factor (Doolittle et al, 1983; Waterfield et al,
1983).

The simian sarcoma virus gene, v-sis, encodes the 13-

chain of PDGF.

This growth factor is secreted by some human

breast tumours, and may act in a paracrine fashion to
-stimulate growth of the supporting stroma (Rozengurt et al,
1985) .
Other oncogenes encoding growth factors include int-2,
hst and FGF-5, which encode members of the FGF family.

The

transforming growth factors TGF-a and TGF-3 are secreted by
many tumours, but have not been associated with oncogenes
(Burgess, 1989; Hsuan, 1989).

TGF-3 may act as a negative

growth regulator in breast cancer (Knabbe et al, 1987),
reminding us that many growth factors can have positive and
negative effects, depending on context (Sporn & Roberts,
1988) .
Overexpression of growth factor receptors has been
described in many tumours.

For example, EGF receptor is

found in various epithelial tumours, including squamous lung
cancer, head and neck cancer, bladder tumours, breast and
colorectal cancer (Veale et al, 1987, 1989; Greig et al,
1988).

In addition, truncated EGF receptors are described,

which are encoded by the oncogene v-erb-P (Downward et al,
1984).

These may be constitutively activated in the absence

of ligand, causing continuous stimulation of the cells.
Similarly, the c-fms proto-oncogene encodes the M-CSF
receptor, and can act as a transforming protein (Sherr et
al, 1985).

More recently, two receptors for neuropeptide

mitogens have been shown to have transforming potential: the
angiotensin receptor encoded by the mas oncogene, and the
serotonin (5-HT lc) receptor (Young et al, 1986; Jackson et
al, 1988; Julius et al, 1989).
The third proposed way in which growth factor action can
be exploited by cancer cells is by the activation of
intracellular signalling pathways (Druker et al,1989).

The

best model for this is probably the activation of protein
kinase C by the tumour promoters, the phorbol esters
(Nishizuka, 1984).

It is interesting in this context to
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note that lung cancer cells often express high levels of
protein kinase C activity (Hirai et al, 1989).

Many

oncogenes encoding transcription factors, such as c-fos, cmyc and c-Jun are overexpressed in tumours.

Those

associated with lung cancer will be discussed in a later
section.
NEUROPEPTIDE GROWTH FACTORS
At first sight, neuropeptides seem unlikely candidate
growth factors.

Unlike the polypeptide growth factors, they

are widely distributed throughout the central nervous
system, cardiovascular system and gut.

Centrally, they are

fast-acting neurotransmitters, and peripherally they act as
hormones, eliciting short-term responses such as
vasoconstriction or glandular secretion.

These are

fundamentally dissimilar from the slow response of
mitogenesis.

The discovery that neuropeptides are also

growth factors indicates that they play a central role in
co-ordinating the complex integrated responses of the
organism to stresses such as haemorrhage, wounding or
feeding.
Neuropeptides are synthesized and stored in pre-synaptic
neurones, from which they are released on depolarisation.
They act on post-synaptic cells and are rapidly inactivated.
Multiple neuropeptides may be co-localised in a neurone, and
modulate each others' effects (Kow & Pfaff, 1988).

This is

analagous to the complex synergistic interactions between
mitogens (Rozengurt, 1986).

A further level of complexity

is provided by the finding that many neuropeptides exist in
multiple molecular forms, that are differentially expressed
in certain tissues (Lynch & Snyder, 1986).

How these are

regulated, and their implications for growth responses are
unknown.
Vasopressin was the first neuropeptide unequivocally
shown to act as a growth factor (Rozengurt et al, 1979).
Since then, the number of neuropeptides recognized to be
mitogens has steadily risen (Hanley, 1985, 1989).

The

demonstration that bombesin, which was known to be secreted
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by small cell lung cancer (SCLC), was also mitogenic
(Rozengurt & Sinnett-Smith, 1983), focussed Interest on
neuropeptides as possible mediators of cancer growth.
I will now review the evidence linking neuropeptides
with growth and malignancy.

Because bombesin is the best

characterised neuropeptide growth factor, and has been
strongly implicated in the pathogenesis of SCLC, its actions
will be described in detail.

The biology of SCLC will then

be discussed, with emphasis on the potential importance of
neuropeptide growth factors in this disease.

BOMBESIN
Bombesin is a tetradecapeptide that was first isolated
from the skin of the European discoglossid frog Bombina
bombina (Anastasi et al, 1971). It is the prototype for a
large family of naturally-occurring bombesin-like peptides
with a highly-conserved carboxy-terminal heptapeptide (Table
1.1). These include the amphibian peptides alytesin, litorin
and ranatensin, and an avian form (McDonald et al, 1980).
Bombesin was reported to have the cholecystokinin-1ike
effect of gastrin release when administered to mammals, so a
mammalian form was sought in porcine gastric and intestinal
tissue (McDonald et al, 1979). This proved to be a 27 amino
acid peptide with 9 of 10 C-terminal amino acids identical
to those of bombesin, and was named gastrin releasing
peptide (GRP).

Further bombesin-like peptides have been

isolated from porcine brain and spinal cord, designated the
neuromedins (Minamino et al, 1983, 1984, 1985).

Studies

with synthetic bombesin-like peptides have demonstrated that
full biological activity requires more than 7 but no more
than 9 amino acids of the C-terminal (Broccardo et al, 1975;
Gargosky et al, 1987; Heimbrook et al, 1988).

Recently a

panel of 27 natural and synthetic bombesin-like peptides has
been tested in several smooth muscle preparations, and the
different patterns of potency suggest that

there are

multiple bombesin receptor subtypes in different tissues
(Erspamer et al , 1988).
The human GRP gene is located on chromosome 18 at 18q21
(Lebacq-Verheyden et al, 1987; Naylor et al, 1987a), whereas
the human neuromedin B gene lies on the long arm of
chromosome 15 (Krane et al, 1988).

Restriction enzyme and

DNA sequence analyses of the human GRP gene have established
that it is 10 kilobases in length with two introns of 4.8
and 3.9 kilobases.

Exon 1 encodes the 5'-untranslated

region, the signal peptide and the first 23 amino acids of
GRP.

Exon 2 encodes the last 3 complete amino acids of GRP

and the first 74 amino acids of the C-terminal extension
peptide.

Exon 3 encodes the remainder of the GRP-extension

peptide and the untranslated 3' region (Spindel et al, 1984,
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Amino acid sequences of bombesin-like peptides.

1987a).

Alternative RNA splicing results in the expression

of a number of GRP gene-associated peptides in different
tissues, the functions of which are unknown (Spindel et al,
1987a; Cuttitta et al, 1988; Lebacq-Verheyden et al, 1988).
The bombesin-like peptides are thought to function both
as neurotransmitters and gut hormones (Snyder, 1980; Lezoche
et al, 1981).

They are localized to neurones and

neuroendocrine cells in the central and peripheral nervous
systems (Panula et al, 1986), although

autoradiographic

studies in gut suggest that their receptors have a wider
distribution (Moran et al, 1988; Nakamura et al, 1988).

In

pancreas, for example, GRP is found in varicose nerve fibres
closely associated with exocrine pancreatic tissue, and
electrical stimulation of the vagus causes release of GRP
(Knuhtsen et al, 1987).

Infused GRP has a plasma half-life

in man of 2.8 minutes (Knigge et al, 1984).

It causes

secretion of gastrin, pancreatic polypeptide, insulin,
glucagon, cholecystokinin and gastric inhibitory peptide,
leading to amylase and gastric acid secretion (Lezoche et
al, 1981; Knigge et al, 1984; Nakano et al,1988).

In the

brain, bombesin-1 ike peptides are most plentiful in the
hypothalamus, with lower levels in the thalamus and
midbrain, and lower still in the parietal cortex, striatum,
hippocampus, medulla and pons.
the cerebellum or pituitary.

Little or none are found in
In contrast, bombesin

receptors are most plentiful in the hippocampus and
hypothalamus (Moody and Pert, 1979).

The presence of GRP

and its receptors in the hypothalamus has led to speculation
that it may regulate pituitary hormone secretion.

In

support of this, GRP infusion has been shown to stimulate
the secretion of ACTH, cortisol and 0-endorphin in normal
man (Knigge et al, 1987).

Behavioural effects of bombesin

like peptides have been investigated in several species, but
the results are difficult to interpret and extrapolate to
man.

In rodents, both peripheral and intraventricular

administrations of bombesin suppress food intake and
increase grooming and scratching activities.

The

significance of this is unknown (Cowan et al, 1985; Gibbs,
1985; Ladenheim and Ritter, 1988).
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Bombesin as a growth factor
Bombesin is a potent mitogen for Swiss 3T3 cells
(Rozengurt & Sinnett-Smith, 1983).

In serum-free medium it

stimulates DNA synthesis in the absence of other growth
factors, giving a half-maximal effect at InM.

It acts

synergistically with insulin, giving a half-maximal effect
at 0.3nM.

This ability to act as a sole mitogen, shared

with PDGF and the PDGF-like fibroblast-derived growth
factor (FDGF; Stroobant et al, 1905), distinguishes bombesin
from other mitogens for this cell line, which are active
only in synergistic combinations (Rozengurt, 1986).
Mammalian analogues of bombesin, including GRP, are also
active as mitogens (Zachary & Rozengurt, 1985).
Chronic bombesin administration to rodents leads to
antral gastrin cell proliferation and pancreatic hypertrophy
(Lezoche et al, 1981; Lehy et al, 1983; Damge et al, 1988;
Lhoste et al, 1989).

The latter effect appears to be partly

direct and partly mediated by cholecystokinin (Upp et al,
1988).
Bombesin in development
Bombesin-1 ike peptides are sparsely present in the
neuroendocrine cells lining the bronchi of human adult lung.
In contrast, they are abundant in fetal lung, with maximal
levels being found around term (Wharton et a 1,1978; Track
and Cutz, 1982; Price et al, 1983; Yamaguchi et al, 1983).
Pro-GRP mRNA and GRP gene-associated peptides are also
present in fetal lung, indicating that the GRP is
synthesised there (Spindel et al, 1987b; Bhatnagar et al,
1988; Cuttitta et al, 1988).

GRP mRNAs are first detectable

in fetal lung at 9-10 weeks gestation, becoming maximal

(25-

fold higher than adult levels) between 16 and 30 weeks, and
declining to near adult levels by 34 weeks (Spindel et al,
1987b).

In neonates with acute respiratory distress

syndrome, bombesin levels throughout the lung are
significantly lower than normal (Johnson et al, 1982; Ghatei
et a l , 1983).

In a short report, Willey et al (1984)

recorded that bombesin and GRP acted as growth factors for
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cells derived from explants of normal human bronchial
epithelial cells, in serum-free, colony-forming assays.

The

maximum effect (about 150% x control) was obtained with
0.luM bombesin, which is almost 100-fold greater than
required for maximal effect on DNA synthesis in Swiss 3T3
cells (Rozengurt & Sinnett-Smith, 1983).

These findings

have led to speculation that bombesins could act as
important growth factors for fetal lung.
Recent findings that immunoreactive GRP and GRP mRNA
are found in human thyroid calcitonin-containing
neuroendocrine cells (C-cells) and are maximally expressed
in infants of about 2 months, suggest an analogous role for
GRP in the developing thyroid (Sunday et al, 1988).
Bombesin in tumours
Bombesin-like peptides were first detected in SCLC in
the early 1980s (Moody et al, 1981; Wood et al, 1981;
Erisman et al, 1982; Yamaguchi et al, 1983).

Although

present in greatest quantities in SCLC, smaller amounts were
detected in some lung adenocarcinomas.

Bombesins were

present in tumour tissue, xenografts and cell lines.

Plasma

bombesin has been suggested as a tumour marker for patients
undergoing treatment for SCLC, but is not suitable for
routine use (Bork et al, 1988) unless a highly sensitive
radioimmunoassay is used (Maruno et al, 1989).
Demonstration of pre-pro GRP mRNA, pro-bombesin Cterminal peptide and multiple GRP gene-associated peptides
in SCLC confirm that the bombesin-like peptides originate in
the tumours (Hamid et al, 1986; Sausville et al, 1986;
Suzuki et al, 1987; Cuttitta et al, 1988; Reeve et a l ,
1988).

Bombesin secretion by SCLC can be stimulated by

treatment with secretin or vasoactive intestinal peptide
(Korman et al, 1986).
In addition to secreting bombesin-like peptides, SCLC
exhibit receptors for them, as demonstrated by specific
binding of [iasI-Tyr< ]bombesin to SCLC cells (Moody et al,
1983, 1985a; Layton et al, 1988).

Estimates of receptor

number are in the range 1-3 x 103 per cell.

The

demonstration of bombesin secretion and the presence of
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receptors for this growth factor on SCLC cells suggested the
possibility of autocrine growth stimulation in these
tumours.
Bombesin and GRP have been shown to act as growth
factors for SCLC in vitro and in vivo: Weber et al (1985)
claimed that GRP enhanced DNA synthesis in 2 SCLC cell
lines, but not 2 NSCLC cell lines, grown in liquid culture
in the presence of 10% serum.
concentrations of 5ug/ml

Maximal effects were seen at

(1.8uM) which is 1000 times the

maximum required in Swiss 3T3 cells.
not been reproduced by others.

This observation has

In another study, colony-

formation in 9 of 10 SCLC cell lines was stimulated up to
150-fold by bombesin, with maximal effect at 50nM (Carney et
al, 1987).

Disappointingly, no correlation was observed

between amounts of GRP secreted, response to exogenous GRP,
and the number of binding sites in individual cell lines.
Growth of SCLC xenografts (NCI-H69) was reported to be
increased 77% above control in nude mice treated thrice
daily with intraperitoneal injections of bombesin 20ug/kg
(Alexander et al, 1988).

This observation is surprising in

view of the short in vivo half-life of exogenous GRP of 2.8
minutes (Knigge et al, 1984).
The hypothesis of autocrine growth stimulation by
bombesin/GRP in SCLC was tested by Cuttitta et al (1985),
using a monoclonal antibody to [Lys3 ]bombesin (2A11).

It

inhibited the clonal growth of 2 SCLC cell lines in serumfree medium, and retarded the growth of one growing as
xenografts in nude mice.

These results strengthened the

hypothesis that bombesin/GRP is an autocrine growth factor
for SCLC.

Unfortunately this group have not published any

additional observations in other cell lines to substantiate
this result.

Because fewer cell lines appear to express

receptors for bombesin than to secrete it, autocrine growth
stimulation probably only occurs in a subset of SCLC (KadoFong & Malfroy, 1989).
Interestingly, elevated bombesin levels have been found
in the broncho-alveolar washings of normal smokers, compared
to non-smokers (Aguayo et al, 1989).

This may indicate a

role for bombesin in the carcinogenesis of smoking-related
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tumours.
Although interest in bombesin has been concentrated on
SCLC, bombesin-like peptides are also secreted by other
neuroendocrine tumours (Bostwick & Bensch, 1985; Price et
al, 1985).

Carcinoid tumours commonly secrete bombesin in

addition to other peptides (Spindel et al, 1984; Lewin et
al, 1985; Ghatei et al, 1987).

Medullary thyroid carcinomas

can also secrete bombesin, resulting in one case in
pituitary dependent Cushing's syndrome (Howlett et al, 1985;
Suzuki et al, 1987; Conlon et al, 1988).

Bombesin

production has recently been reported in carcinogen-induced
rat hepatocellular tumours (Seglen et al, 1989) and bombesin
has been implicated in azaserine-induced rat pancreatic
tumours (Lhoste & Longnecker, 1987).

Autocrine growth

regulation has not been postulated for any of these tumours.
In a prostate cancer cell line, bombesin stimulated growth
has been demonstrated, and 125I-GRP binds specifically to
the cells, suggesting that GRP could regulate prostatic
cancer growth in vivo.

Bombesin-1 ike peptides are not

secreted by these cells however, so an autocrine growth loop
is unlikely (Bologna et al, 1989).
Bombesin receptors
The mechanisms of bombesin action on Swiss 3T3 cells
have been extensively studied in this laboratory.

The first

task was to establish the presence of specific receptors,
using 12SI-GRP.

This binds to the intact, quiescent cells

in a specific, saturable and reversible manner (Zachary &
Rozengurt, 1985).

125I-GRP binding is inhibited by peptides

of the bombesin family in proportion to their ability to
stimulate DNA synthesis, but not by structurally unrelated
mitogens including EGF, FDGF, PDGF, phorbol esters, insulin,
substance P, vasopressin and VIP.

Scatchard analysis

studies indicate the presence of a single class of highaffinity binding sites of K<* about InM, with about 1.25 x
10s sites per cell.
To investigate the physical properties of the bombesin
receptor, an affinity cross-labelling method was used.
Cells were incubated with 12°I-GRP, then treated with
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homobifunctional disuccinimidy1 cross-linking agents (Kris
et al, 1987; Zachary & Rozengurt, 1987a). PAGE-SDS
electrophoresis of the cell extracts revealed a major band
migrating with apparent M*- 75 000-85 000.

This protein was

not found in cells lacking bombesin receptor.

Affinity

labelling was inhibited by the addition of unlabelled GRP,
and other bombesin-related peptides in a dose-dependent
manner proportional to their ability to stimulate
mitogenesis, but not by unrelated peptides and mitogens.
These findings support the conclusion that the Mr- 75 00085 000 protein is a binding subunit of the bombesin
receptor.
A solubilized preparation of the radiolabelled protein
binds to wheatgerm lectin/sepharose columns and can be
eluted with N-acetyl-D-glucosamine, suggesting that it is a
glycoprotein.

In addition, treatment with endo-3-N-acety1

glycosaminidase F reduced the M r from 75 000-85 000 to 42
000, indicating the presence of N-linked oligosaccharide
groups (Sinnett-Smith et al, 1988).

Thus the bombesin

-receptor appears to be a glycoprotein of M,- 75 000-85 000
with N-linked oligosaccharide side-chains and a protein core
of M*. 42 000.

This would be consistent with a receptor of

the type described for substance K (Masu et al, 1987) and
serotonin (Julius et al, 1988) with seven transmembrane
helices forming a ligand-binding pocket (Hanley & Jackson,
1987) .
The binding of polypeptide growth factors such as EGF
and PDGF to their receptors is followed by rapid
internalization and degradation of the 1igand-receptor
complex (James & Bradshaw, 1984; Goldstein et al, 1985).
This results in a marked reduction in the number of
detectable cell-surface binding sites (down-regulation), and
has been proposed to have a signalling function in
mitogenesis (King & Cuatrecasas, 1981; James & Bradshaw,
1984; Bergeron et al , 1985; Wakshull & Wharton, 1985).

In

contrast, exposure of Swiss 3T3 cells to mitogenic
concentrations of bombesin for up to 3 hours did not cause
any down-regulation of bombesin receptors, nor any reduction
in the expression of the M*. 75 000-85 000 receptor protein
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(Zachary & Rozengurt, 1987b; Sinnett-Smith et al, 1988).
Thus, early receptor down-regulation is not required for
bombesin-stimulated mitogenesis.
Although bombesin does not induce rapid down-regulation
of its own receptor, other peptides can regulate bombesinstimulated mitogenesis.

Prolonged exposure of Swiss 3T3

cells to vasopressin desensitizes the cells to bombesin
(Millar & Rozengurt, 1989).

This effect is not mediated by

down-regulation of the receptor, but by uncoupling the
bombesin receptor from its signalling mechanism.
Conversely, in pancreatic acini, cells incubated with
cholecystokinin for 90 minutes show decreased affinity for
i2SI-GRP, suggesting that in this case transmodulation of
the receptor may occur (Younes et al, 1989).
Signal transduction
The binding of bombesin to its receptor triggers a
cascade of signals in the membrane, cytosol and nucleus,
leading to cell proliferation (figure 1.1).

As initiation

of DNA synthesis occurs 10-15 hours after the addition of
mitogen, and is not complete until 30-40 hours, knowledge of
the early intracellular events is essential to understanding
the regulation of cell growth and may offer targets for
anti-proliferative therapies.
Immediately bombesin binds to its receptor, there is a
rapid influx of Na^ into the cell, via an amiloridesensitive Na'VH'* antiport (Mendoza et al, 1986a).

This

causes cytoplasmic alkalinisation and increases
intracellular Na^, which leads to secondary stimulation of
Na-’VK**' pump activity.

This restores the electrochemical

gradient for Na^ and increases intracellular K-*.
In addition to monovalent ion fluxes, bombesin
stimulates rapid mobilisation of Ca2'*' from intracellular
stores, causing a transient rise in cytosolic Ca2'*, followed
by Ca2-*- efflux from the cells (Lopez-Rivas & Rozengurt,
1983, 1984; Mendoza et a l , 1986a).

The Ca2'*' fluxes induced

by the neuropeptides bombesin and vasopressin can be
distinguished from those induced by the polypeptide PDGF
(Lopez-Rivas et al, 1987; Nanberg et al, 1988).
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Intracellular signals elicited by bombesin.
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mobilisation is thought to be mediated by inositol 1,4,5trisphosphate (IP3 ), which has been proposed as a second
messenger in the action of many ligands that stimulate
inositol lipid turnover and Ca2^ efflux (Berridge & Irvine,
1984).

IP3 is formed as a result of phospholipase C (PLC)-

catalysed hydrolysis of phosphatidyl inositol 4,5bisphosphate (PIP2 ) in the plasma membrane, a process that
also generates 1,2-diacylglycerol

(DAG)

(Heslop et al, 1986;

Muir & Murray, 1987; Takuwa et al, 1987).

Support for the

role of PIP2 breakdown was provided by the demonstration
that microinjection of an antibody to PIP2 into NIH-3T3
cells suppressed the mitogenic response to bombesin (Matuoka
et al, 1988).
Protein kinase C is stimulated by DAG, and its
activation can be monitored by measuring the phosphorylation
of its specific

80 000 substrate protein, known as 80K

(Rozengurt et al, 1983, 1984; Bishop et al, 1985; Blackshear
et al,. 1985, 1986; Rodriguez-Pena and Rozengurt, 1986a).
The 80K protein contains an unusually high proportion of the
acidic amino acids glutamate and aspartate, and of alanine
(Morris & Rozengurt, 1988), but its nature and role remain
obscure.

The activation of protein kinase C by growth

factors is of particular interest because it is a major
receptor for the tumour-promoting phorbol esters (Nishizuka,
1984).

Chronic exposure of cells to phorbol esters leads to

down-regulation of protein kinase C, which has been a useful
tool for investigating the role of this enzyme in
mitogenesis (Rodriguez-Pena et al, 1984, 1986a; Ballester &
Rosen, 1985; Stabel et al, 1987).

Addition of bombesin to

•quiescent Swiss 3T3 cells leads to phosphorylation of 80K
within 15s (Isacke et al , 1986; Zachary et al, 1986;
Erusalimsky et al, 1988), which is abolished by pretreatment
with phorbol dibutyrate for 40h.

Stimulation of 80K

phosphorylation is rapidly reversed after removal of
bombesin (Rodriguez-Pena et al, 1986).
Bombesin has been suggested to stimulate tyrosine
phosphorylation by Cirillo et al (1986), but other workers
have found relatively low levels of tyrosine phosphorylation
following GRP stimulation, unlike PDGF (Isacke et al, 1986)

26

which could be an indirect effect of receptor occupancy.
Pertussis toxin ADP-ribosylates and inactivates certain
guanine nucleotide regulatory proteins (G-proteins).

It

blocks bombesin-stimulated c-mye expreSsion and mitogenesis,
suggesting that the bombesin receptor might be coupled to
phospholipase C by a pertussis toxin-sensitive G-protein
(Letterio et al, 1986).

However, this suggestion was

disproved by the demonstration that pertussis toxin does not
block bombesin-stimulated inositol lipid turnover, Ca2^
mobilisation or protein kinase C activation (Zachary et al,
1987).

Recent studies using permeabi1ized Swiss 3T3 cells

have shown that the GDP analogue GDP-0-S inhibits protein
kinase C activation by bombesin, but not by phorbol esters,
indicating that a pertussis toxin-insensitive G-protein
links the bombesin receptor with phospholipase C
(Erusalimsky et al, 1988).

In contrast, pertussis toxin

abolishes bombesin-induced cAMP accumulation, which seems to
be mediated by protein kinase C and prostaglandin release
(Millar & Rozengurt, 1988).
Binding of bombesin to its receptor in Swiss 3T3 cells
inhibits the binding of X2SI-EGF to its specific cellsurface receptors (Brown et al, 1984; Zachary et al, 1986).
The modulation of EGF binding is rapid in onset, occurring
within lmin of bombesin addition, and temperature dependent.
Binding studies have demonstrated that transmodulation of
EGF binding is achieved by reducing EGF receptor affinity
for ligand, and not by internalization leading to decreased
receptor number.

This property of bombesin is shared with

other mitogens including vasopressin, phorbol esters, the
synthetic diacylglycerol 1-oleoy1-2-acetylglycerol, PDGF and
FDGF, acting through distinct receptors (Rozengurt et al,
1981; Zachary et al, 1986).

Transmodulation of EGF binding

by these ligands appears to be mediated by protein kinase C:
prolonged incubation of cells with phorbol-12,13-dibutyrate,
which causes down-regulation of protein kinase C, abolishes
the inhibition of EGF binding by either bombesin or phorbol
esters, although the number, affinity and function

of EGF

receptors is unaltered (Collins & Rozengurt, 1984; Zachary
et al, 1986).

EGF receptor transmodulation can therefore be
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used to monitor protein kinase C activation by bombesin.
Protein kinase C appears to play a central role in co
ordinating the early intracellular events induced by
bombesin.

In addition to stimulating cell division, cAMP

accumulation and EGF receptor transmodulation, it stimulates
monovalent ion fluxes (Vara et al, 1985; Mendoza et al,
1986a) and exerts negative feedback control on Ca2*
mobilisation (Lopez-Rivas et al, 1987).
Like PDGF and other growth factors, bombesin rapidly and
transiently induces expression of the cellular oncogenes cfos and c-myc (Letterio et al, 1987; Palumbo et al, 1986;
Rozengurt & Sinnett-Smith, 1987, 1988).

Enhanced expression

of c-fos occurs within a few minutes of bombesin addition,
and is followed by increased expression of c-myc some hours
later.

As these cellular oncogenes encode nuclear proteins,

it is possible that their expression may play a part in the
transduction of the mitogenic signal to the nucleus.

DNA

synthesis does not require both oncogenes to be expressed:
agents that activate cAMP but not protein kinase C can
stimulate mitogenesis in the absence of c-'fos induction
(Mehmet et al, 1988). Similarly, bombesin can stimulate DNA
synthesis with insulin in protein kinase C-downregulated
cells

despite almost complete absence of c-fos induction

(Mehmet et al, 1989).
The signal transduction pathways described for bombesin
have been elucidated in detail.

They act as a paradigm for

the study of other growth factors, and illustrate the co
ordinated interaction of a variety of different signalling
pathways.

Mitogens less potent than bombesin cannot

stimulate DNA synthesis alone, but must be used in
synergistic combinations that activate the different signal
transduction pathways (Rozengurt, 1986).

28

OTHER NEUROPEPTIDE GROWTH FACTORS
Vasopressin
i-----------------------------------1

Cys-Tyr-Phe-G1n-Asn-Cys-Pro-Arg-Gly-NH2
Vasopressin (antidiuretic hormone, ADH) exemplifies
neurohumoral control mechanisms.

The cyclic nonapeptide is

secreted in the hypothalamus, then passes down neural axons
to the posterior pituitary before being released into the
circulation.

As an endocrine hormone, it has antidiuretic

effects on the kidney, pressor effects mediated through
arteriolar smooth muscle and stimulates hepatic
glycogenolysis.
Two types of vasopressin receptor have been
distinguished functionally and pharmacologically (Huffman et
a l , 1988).

The V* receptor mediates the vascular and

hepatic effects of vasopressin by activating inositol
phosphate turnover.

In contrast, V2 receptors are coupled

to adenylate cyclase and mediate the antidiuretic responses
of the kidney.

Recently, subtypes of these receptors have

been identified in other tissues including adenohypophysis
(Jard et al, 1986) and mammary tumour cell lines (Woods &.
Monaco, 1988).

As yet, the molecular structures of the

vasopressin receptors are unknown.
The demonstration that vasopressin was a mitogen for
quiescent cultures of Swiss 3T3 cells provided the first
unambiguous evidence that neuropeptides can act as growth
factors (Rozengurt et al, 1979).

Although vasopressin alone

does not stimulate cell proliferation in serum-free medium,
it acts synergistically with insulin, serum, EGF and FDGF,
at nanomolar concentrations.
The mode of action of vasopressin has been extensively
studied in Swiss 3T3 cells.

It has been shown to bind to

specific, high-affinity receptors (Rozengurt et al, 1981;
Collins & Rozengurt, 1983) of the V* type, which are blocked
by the specific antagonist [l-(0-mercapto-0, 0cyclopentamethylene propionic acid), 2 - (O-methy1)tyrosine]
arginine-vasopressin, denoted by [Pmp1 , OMeTyr2 ,
Arg°]vasopressin (Kruszynski et al, 1980; Zachary &
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Rozengurt, 1986).

Vasopressin stimulates a cascade of early

events in Swiss 3T3 cells, including inositol phosphate
production (Lopez-Rivas et al, 1987; Nanberg & Rozengurt,
1988), Ca2-*- mobilisation (Lopez-Rivas &. Rozengurt, 1984;
Hesketh et al, 1985, 1988; Mendoza et al, 1986b), monovalent
ion fluxes, leading to cytoplasmic alkalinisation (Mendoza
et al, 1980; Burns & Rozengurt, 1983), and activation of
protein kinase C (Rodriguez-Pena & Rozengurt, 1986b;
Erusalimsky & Rozengurt, 1989) which mediates
transmodulation of EGF binding (Rozengurt et al, 1981;
Collins & Rozengurt, 1984) and enhances cAMP accumulation
(Rozengurt et al, 1987).

In addition, oncogene induction

has been observed following vasopressin stimulation
(Coughlin et a l , 1985; Rozengurt & Sinnett-Smith, 1988).
The Swiss 3T3 cell system provides detailed and
convincing evidence for the mitogenic effects of
vasopressin, but circumstantial evidence also exists in
other systems.

In vitro. Miller et al (1977) found that

vasopressin stimulated [3H]thymidine incorporation into
monolayers of fetal rat chondrocytes.

In vivo, homeostatic

cell proliferation occurs in the bone marrow in response to
haemorrhage and in the liver in response to partial
hepatectomy.

In both cases, rapid and dramatic increases in

mitotic rate are observed, which are maintained for a period
of perhaps a few days, then return to baseline when
normality has been restored.

Vasopressin has been

implicated in both these processes.

Following haemorrhage,

congenitally vasopressin-deficient (Brattleboro) rats, and
hypophysectomised rats were unable to mount the early
mitotic response of normal animals.

Exogenous vasopressin

was shown to stimulate marrow proliferation, suggesting that
vasopressin is a vital component of the response to
haemorrhage (Hunt et al, 1977).

More recent studies have

confirmed that rapid elevation of vasopressin levels occurs
in the supraoptic nucleus, median eminence and plasma after
haemorrhage, in addition to site and time-dependent changes
in the distribution of brain dynorphins and enkephalins
(Feuerstein et al, 1985).

Similar experiments have

demonstrated that liver regeneration following partial
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hepatectomy is also dependent on vasopressin secretion
(Russell & Bucher, 1983),
The Brattleboro rat has proved useful for investigating
the role of vasopressin in development.

Boer (1985) has

reported that these rats show impaired brain development
that can be prevented by prenatal vasopressin treatment.
This suggests a possible role for vasopressin in
neurogenesis.
Vasopressin has not been shown to be mitogenic for
tumours.

Nevertheless, it is interesting to note that

vasopressin (with other neurophysins) is secreted by up to
65% of SCLC (North et al, 1980; Sorenson et al, 1981;
Sausville et al, 1985), and may be associated with a
syndrome of dilutional hyponatraemia (Schwartz et al, 1957;
Hainsworth et al, 1981).

Although vasopressin secretion is

more common in patients with extensive than limited disease,
it is not an independent prognostic
al, 1983).

indicator (Maurer et

As it is so prevalent in SCLC, vasopressin is an

interesting candidate growth factor for these tumours.
Bradvkinin
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
The nonapeptide bradykinin is generated in the plasma or
tissues from large molecular weight precursors (kininogens)
by the actions of kallikreins, which are activated during
proteolysis and clotting (Regoli & Barrabe, 1980; Carretero
& Scicli, 1988).

Bradykinin is usually present in plasma at

very low concentrations, due to its rapid degradation by
carboxypeptidase N and angiotensin-converting enzyme (Sheikh
& Kaplan, 1989).

Bradykinin is implicated in pain, smooth

muscle contraction, vasodilatation and vascular
permeability.

The cough caused by the angiotensin-

converting enzyme inhibitor, captopril, may be due in part
to bradykinin-stimulated bronchial inflammation (Berkin &
Ball, 1988).

Bradykinin is one of the most potent pain-

producing substances known, and receptors have been
localised to the nocioceptive sensory pathways, where it
acts as a neurotransmitter (Steranka et al, 1988).
Many synthetic bradykinin analogues have been used as
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agonists and antagonists to classify bradykinin receptors in
various tissues and species (Vavrek & Stewart, 1985), with a
view to their possible therapeutic uses as analgesics and
anti-inflammatory agents (Taylor et al, 1989).

Bi and B2

receptors can be distinguished pharmacologically, although
there is no clear functional separation between the two
receptor types (Regoli et al, 1986).

It now appears that

the B 2 category can be further subdivided (Whalley et al,
1987; Braas et al, 1988).
Bradykinin is a weak mitogen for human fibroblasts,
requiring the presence of EGF and insulin to achieve DNA
synthesis comparable to that obtained with serum (Owen &
Villereal, 1983; Coughlin et al, 1985).

Weak mitogenic

effects have also been observed in NIL8 hamster cells
(Strauss & Pang, 1984).

The early cellular events that have

been associated with bradykinin stimulation include Na-*influx (Owen & Villereal, 1983), inositol phosphate
production and Ca2"- mobilisation (Burch & Axelrod, 1987;
Jackson et al, 1987; Osugi et al, 1987; Tilly et al, 1987),
prostaglandin E2 production (Burch &. Axelrod 1987; Burch et
al, 1988; Conklin et al, 1988; Moss et al, 1988), and myc
induction (Coughlin et al, 1985).
Bradykinin is not known to act as a tumour growth
factor.

Its production has long been associated with the

flushing caused by carcinoid tumours, which may secrete
large quantities of vasoactive peptides (Oates et al, 1964;
Gustafsen et al, 1987; Balks et al, 1988).

Recently

[hydroxyprolyl3 ]bradykinin has been detected in the ascitic
fluid from a patient with gastric cancer (Maeda et al,
1988).

Because of its short plasma half-life, bradykinin

could be acting as an autocrine or paracrine growth factor
in tumours without being detectable with current assay
methods.
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Tachykinins
Substance P: Arq-Pro-Lys-Pro-G1n-G1n-Phe-Phe-G 1y-Leu-Met-NH^
Substance K:

His-Lys-Thr-Asp-Ser-Phe-Val-G ly-Leu-Met-NH^>

(neurokinin A)
Neuromedin K:

Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NHo

(neurokinin B)
The three mammalian tachykinins illustrated have similar
biological activities associated with their shared carboxyterminal sequence, but bind to distinct receptors.
Furthermore, substance P and substance K are derived from
the same gene by alternative splicing.

The tachykinins are

widely distributed in the brain (hypothalamus, trigeminal
ganglion, caudate nucleus and olfactory bulb), the spinal
cord and gut neurones.

The best studied is the

undecapeptide substance P.

It is synthesized in dorsal root

ganglia and transported axoplasmically to be stored in the
sensory nerve endings.

A variety of stimuli lead to its

release, causing local pain, smooth muscle spasm and
vasodilatation, in addition to its systemic effects of
inhibition of pancreatic secretion and bile flow,
stimulation of salivation, and renal natriuresis (Snyder,
1980; Payan, 1989).
The tachykinin receptors have been characterised
pharmacologically using diverse agonists and antagonists
(Wormser et al, 1986; Laufer et al, 1988; Regoli et al,
1989).

The receptors for substance P, substance K and

neuromedin K have been designated as NK-1 (SP-P), NK-2 (SPE) and NK-3 (SP-N) respectively.

The NK-2 (ie substance K)

receptor was recently cloned, sequenced and expressed in
Xenopus oocytes (Masu et al, 1987).

It is a member of the

group of receptors characterised by having seven helical
transmembrane domains, clustered to form a ligand-binding
pocket, and coupled to Caa“— mobi1ising G-proteins (Dohlman
et al, 1987; Hanley & Jackson, 1987; Lefkowitz &
Caron,1988).

It seems incresingly likely that this type of

receptor mediates the effects of many mitogenic
neuropeptides.

Already, all three classes of tachykinin

receptor have been shown to induce phosphoinositide
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metabolism with varying potencies (Laniyonu et al, 1988).
The apparent molecular weight of the substance P receptor is
consistent with membership of this receptor group (Dam et
al, 1987; Nakata et al, 1988), and the amino acid sequence
deduced from its recently cloned gene shows considerable
homology with that of the substance K receptor (Yokota et
a l , 1989).
Substance P has been shown to have mitogenic effects on
T lymphocytes, mediated by a specific receptor (Payan et al,
1983, 1984).
lOOpM.

It is active at concentrations as low as

In addition, tachykinins have been shown to

stimulate growth of human skin fibroblasts, arterial smooth
muscle cells and keratinocytes (Nilsson et al, 1985; Tanaka
et a l , 1988).

These, and other observations have led to

speculation that tachykinins could mediate inflammation and
wound healing (Payan, 1989).

In support of this,

neuropeptides have been observed to become depleted during
wound healing in rat skin (Senapati et al,1986), and limb
regeneration in newts requires innervation or exogenous
substance P (Globus et al, 1983; Brockes, 1984).

Substance

P receptors are expressed by glia in vivo following neuronal
injury (Mantyh et al, 1989).

Tachykinins may also be

implicated in the pathogenesis of rheumatoid arthritis, as
substance P stimulates prostaglandin E2 release and
proliferation of synoviocytes (Lotz et al, 1987).
The role of tachykinins in development has attracted
less attention.

It is however interesting to note that

substance P can act as a growth factor for aortic smooth
muscle from rat embryos, but not from adult rats (Payan,
1985; Mitsuhashi & Payan, 1987).

Although tachykinins are

not known to be tumour growth factors, they are secreted by
some carcinoid tumours (Norheim et al, 1986; Bishop et al,
1989).

At present, interest in the growth-promoting effects

of the tachykinins is directed at their role in inflammatory
disease processes and wound healing, rather than cancer.
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Gastrin
Gastrin exists in multiple molecular forms with carboxyterminal homology, including pentagastrin (G14), big gastrin
(G34) and the most common, G17.

Gastrins are found in the

proximal duodenum and gastic antrum, where they are secreted
by the neuroendocrine G-cells.

Gastrin release stimulates

gastric acid secretion, gastric motility and contraction of
the lower oesophageal sphincter.

In addition, gastrin is

found in the hypothalamus and pituitary, where it may act as
a neurotransmitter (Snyder,1980).

Gastrinomas, sometimes a

component of multiple endocrine neoplasia type I syndrome
(MEN-I), cause the Zol1inger-El1ison syndrome of peptic
ulcers and diarrhoea.
Considerable evidence indicates that gastrin has trophic
effects on the normal pancreas and gastrointestinal mucosa.
Exogenous gastrin stimulates DNA synthesis in the fundic
antral mucosa (Hansen et al, 1986) and an increase in
pancreatic weight (Solomon et al, 1987).

Surgical

antrectomy in the rat leads to reduced DNA synthesis in the
pancreas, oxyntic glands, duodenal and colonic mucosa that
can be reversed with pentagastrin treatment (Dembinski &
Johnson, 1979).
Gastrin has also been implicated in the pathogenesis of
some gastric and colonic adenocarcinomas (Lamers & Jansen,
1988) .

Plasma gastrin levels are higher in patients with

colonic polyps or cancer than in control subjects (Smith et
al, 1989).

Interestingly, the presence of gastrin receptors

on colonic cancers is associated with good prognosis (Upp et
a l , 1989).

Gastrin has been shown to stimulate the growth

of rat stomach cancer cells in vitro (Kobori et al, 1982)
and of gastric and colonic xenografts in nude mice,
apparently through specific receptors (Sumiyoshi et al,
1984; Singh et al, 1986; Watson et al, 1989).

Preliminary

studies with gastrin antagonists and antibodies have shown
growth retardation of colonic cancer cell lines (Hoosein et
al, 1988).

If substantiated, these could be adapted for

treatment of patients' tumours.
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Cholecystokinin
Multiple molecular forms of cholecystokinin
(pancreozymin) are also found, but the biological activity
resides in the eight carboxy-terminal amino acids.

It is

localised to the proximal small intestine, ileum, cerebral
cortex, hypothalamus and brainstem.

Its main effects in the

gut are to stimulate gall-bladder contraction and pancreatic
secretion, but its central actions may mediate pain and
satiety (Snyder, 1980).
Cholecystokinin has trophic effects on normal pancreas,
as shown by measurement of pancreatic weight and DNA
synthesis (Haarstad et al, 1986; Douglas et al, 1989).

It

can also stimulate the growth of rat stomach cancer cells in
vitro (Kobori et al, 1982), and has been implicated in the
growth of gut tumours (Lamers & Jansen, 1988).
Cholecystokinin has been demonstrated in a liver metastasis
from an islet cell tumour (Madsen et al, 1986), pituitary
cell tumours (Rehfeld et al, 1987) and some SCLC (Gazdar &
Carney, 1984; Rehfeld et al, 1989).

Cholecystokinin

receptors have also been found in some SCLC (Yoder & Moody,
1987), suggesting a possible role as a growth factor for
these tumours.
Vasoactive intestinal peptide (VIP)
This 28-amino acid polypeptide is closely related to
secretin, glucagon, PHI (porcine histidine, isoleucine
amide-containing peptide) and PHM (peptide histidine
methionine).

It is found in large amounts in the mammalian

brain and in the gut mucosa and muscle, where it is
localised to postganglionic nerves.

In addition it is found

in the salivary glands, pancreas, respiatory and urogenital
tracts (Fahrenkrug &. Emson, 1982) .

Neural stimulation

causes release of VIP, which binds to specific receptors
that can also bind the related hormones with lower affinity.
VIP elicits a variety of short-term responses including
relaxation of smooth muscle, vasodilatation and enhanced
small intestinal and colonic secretion.

Pancreatic

endocrine tumours secreting VIP (VIPomas) result in the
Verner-Morrison syndrome of watery diarrhoea, hypokalaemia
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and achlorhydria (WDHA).
In Swiss 3T3 cells, VIP stimulates mitogenesis in the
presence of insulin and cAMP phosphodiesterase inhibitors.
In contrast to bombesin and vasopressin, VIP is a weak
mitogen and its effects are mediated through elevation of
cAMP without Caa+ mobilisation or protein kinase C
activation (Zurier et al, 1988).

VIP also stimulates

adenylate cyclase activity and cell proliferation in
keratinocytes (Haegerstrand et al, 1989).

VIP has been

found in pancreatic, neural and cervical tumours and
phaeochromocytomas (Bunnett et al, 1984; Inoue et al, 1984;
Viale et al, 1985) but it is not known to act as a growth
factor for them.
Opioids
Endogenous opiate peptides including the enkephalins,
endorphins and dynorphins are widely distributed in the
central nrvous system.

Multiple subtypes of receptors have

been identified using a variety of agonists and antagonists.
Because of their central role in pain transmission, opiate
pharmacology has been studied in detail

(Snyder, 1980),

3-endorphin has been shown to stimulate lymphocyte

,

proliferation in vitro (Gilman et al, 1982), although this
effect may not be mediated directly through opiate
receptors, as it was not blocked by naloxone.

Dynorphins

and enkephalins appear to be involved with vasopressin in
the proliferative response of the marrow to haemorrhage
(Feuerstein et al, 1985).

Further, 3-endorphin has been

implicated in the ability of newts to regenerate amputated
limbs (Morley & Ensor, 1986).
Some NSCLC secrete the pentapeptide neo-kyotorphin (Zhu
et al, 1986), but it is not known whether this can stimulate
tumour (or stromal) cell growth.

Interestingly,

neuroblastoma xenograft growth has been inhibited by
naltrexone, an opiate antagonist (Zagon & McLaughlin, 1987),
suggesting a possible role for these drugs in treating some
cancers.
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Serotonin
Serotonin (5-hydroxy tryptamine, 5-HT) is a biogenic
amine that is widely distributed in the mammalian central
nervous system and gut.
hormone and mitogen.

It functions as a neurotransmitter,

The serotonin lc receptor has been

cloned and expressed in Xenopus oocytes (Julius et al,
1988).

It appears to be a G-protein linked receptor with 7

predicted helical transmembrane domains, like the substance
K receptor (Masu et al, 1987).

Expression of this receptor

in NIH 3T3 cells leads to malignant transformation (Julius
et al, 1989), suggesting that, like the angiotensin receptor
(Jackson et al, 1988), it acts as a proto-oncogene (Young et
|

al, 1986).

Other serotonin receptors appear to have similar

structures (Schmidt & Peroutka, 1989).
Serotonin has long been known to be a component in the
carcinoid flush (Maton, 1988).

Treatment with agents that

block serotonin production, such as parachlorophenylalanine,
or block the action of serotonin, such as methysergide and
cyproheptadine, alleviate the symptoms of watery diarrhoea,
colic and malabsorption, but do not affect disease
progression (Carter et al, 1987; Maton, 1988).

This argues

against serotonin acting as a growth factor for carcinoid
tumours.
i
i

i
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SMALL CELL LUNG CANCER
Lung cancer presents a major social and economic problem
throughout the world.

In 1987, 1 in 4 deaths in England and

Wales were from malignant neoplasms (140 768 of 566 994),
and lung cancers accounted for 1 in 3 male and 1 in 6.5
female cancer deaths (WHO, 1988).

Lung cancer has reached

epidemic proportions in the developed world, in the second
half of this century, with death rates in 1980-84 on average
2.65 times those of 1950-54, and in Japan 5 times greater in
1976 than in 1950-51 (Doll & Peto, 1981; WHO, 1988).
Although lung cancer mortality continues to rise in women
and now exceeds that from breast cancer, there is some
evidence that the peak has been passed among white men in
the USA (Bailar & Smith, 1986; Horm & Kessler, 1986).
Unfortunately, rising death rates from lung cancer in
developing countries suggest that the epidemic is just
starting for them.
The principal cause of this epidemic is undoubtedly
cigarette smoking, which was estimated to account for about
91% of male lung cancer deaths in the USA in the 1970's
(Doll & Peto, 1981).

Risk of lung cancer increases with

early age of starting to smoke, number of cigarettes smoked
daily,

late age of ceasing to smoke, inhaling, increased

puff frequency, short butt length and use of plain rather
than filter cigarettes.
risks.

Pipe and cigar smoking carry lower

Further avoidable causes of lung cancer include

exposure to occupational hazards such as asbestos, arsenic,
bischloromethy1 ether, chromium, mustard gas, nickel,
polycyclic hydrocarbons and ionizing radiation.

These may

account for 5% of female and 15% of male lung cancer deaths
(Doll & Peto, 1981).

By comparison, the risks associated

with passive smoking and atmospheric pollution are small.
An important problem in elucidating the causes of lung
cancer has been the synergistic interaction of different
carcinogens, such as smoking and asbestos or radiation
exposure.
Little evidence exists on whether particular carcinogens
are associated with specific histological types of cancer.
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It has been suggested that all types of lung cancer except
adenocarcinoma are associated with smoking, but even this is
uncertain (Alderson, 1985).

Interestingly, the incidence

of SCLC in Japan is relatively less than in Western
countries (13% vs 25% of all lung cancers), hinting that
certain aspects of lifestyle may influence pathology.
Genetic changes
Lung cancer is not thought to be a heritable disorder.
The dominant risk factors of smoking, occupation and chronic
obstructive lung disease may however overlap to obscure a
small familial component in its aetiology.

More important

for the understanding of lung carcinogenesis is the concept
of multiple genetic insults accumulating in cells, causing
the gradual accumulation of oncogenes and loss of tumoursuppressor genes (Sager, 1989).

Prolonged exposure to

carcinogens in cigarette smoke or at work leads to the
stepwise acquisition of

10 or 15 somatic genetic changes

that finally add up to the malignant phenotype.

Some of

these genetic steps have now been identified.
A specific chromosome defect in SCLC was described by
Whang Peng et al (1982).

They found a 3p(14-23) deletion in

all 12 SCLC cell lines and in all 3 SCLC tumours studied,
but not in 5 NSCLC cell lines or normal lymphoblastoid cells
from 2 of the SCLC patients.

Numerous chromosomal

abnormalities may be seen in SCLC cells, but Naylor et al
(1987b) confirmed that 3p deletions, not gene
rearrangements, are characteristic in SCLC.

Using fresh

tumour and normal tissue from 26 unselected patients with
SCLC, Johnson et al (1988a) showed that 23 (92%) of the 25
patients heterozygous for the 3p markers used, had
unequivocal loss of heterozygosity in their tumours.

They

conclude that 3p deletions are a consistent finding in SCLC.
Studies in larger series of lung tumours have shown that 3p
deletions are not restricted to SCLC but can also be found
in substantial numbers of NSCLC (Brauch et al, 1987; Kok et
al, 1987).
These findings have led to speculation that a tumoursuppressing gene might be located at the 3p(14-23) deletion
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site.

The ert>A§ gene, which codes for a DNA-binding thyroid

hormone receptor, has been localised to 3p(21-25), and shown
to be absent in 6 SCLC examined (Dobrovic et al, 1988).

It

is not obvious how loss of such a gene could be
carcinogenic, as few somatic cells require to express such
receptors.

More recently, in a study of a large bank of

tumour tissue, loss of

was shown in every case of 3p

deletion in SCLC, but not in NSCLC, suggesting that, in
these tumours at least, another gene is implicated (Leduc et
al, 1989).
The existence of diverse chromosome abnormalities in
SCLC has led to the search for further tumour-suppressing
genes.

The retinoblastoma gene (Rb) is localised to 13ql4.

Inherited heterozygosity at this locus predisposes to
retinoblastoma when the second allele is lost through
somatic mutation.

This led to the proposition that Rb was a

tumour-suppressing gene or anti-oncogene (Friend et al,
1988). In a study of 58 tumour specimens, structural
abnormalities of Rb were found in 13% of primary SCLC
tumours, 18% of SCLC cell lines and 25% of pulmonary
carcinoids.

Rb mRNA was absent in 60% of SCLC

cell lines

and 75% of carcinoids but present in 90% of NSCLC and normal
lungs (Harbour et al, 1988).

Further evidence of Rb

inactivation in SCLC (Yokota et al, 1988; Miller et al,
1989) has fuelled speculation that it may be involved in the
pathogenesis of SCLC.

Interestingly, a recent case report

describes a young man who had been treated for
retinoblastoma in childhood, and who had a strong family
history of this disease, who developed SCLC at

the unusually

early age of 28 (Leonard et al, 1988).
Another common site of allele loss in lung cancer is
17p.

The nuclear protein p53 is encoded by a gene located

at 17pl3 and has many features of an anti-oncogene.
Frequent abnormalities of this gene have recently been
described in lung cancer samples and cell lines (Takahashi
et al, 1989a).
Oncogenes of the myc family, c-myc, N-myc and L-myc are
amplified and overexpressed in many SCLC (Nau et al, 1985,
1986; Seifter et al, 1986).
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Multiple mechanisms for

alternative mRNA processing add to the observed complexity
of myc expression (Kaye et al, 1988; Krystal et al, 1988).
Overexpression of c-myc was initially associated with
"variant" cell lines with high growth rate and cloning
efficiency (Gazdar et al, 1985), but it has now also been
seen in "classic" cell lines (Takahashi et al, 1989b).

Using

RNA-BNA tissue in situ hybridisation, myc expression has
been shown to be heterogeneous within tumours, and cells
expressing c-myc, H-myc and L-myc were morphologically
indistinguishable (Gu et al, 1988).

myc family

amplification is more common in cell lines from
chemotherapy-treated than untreated patients, and c-myc
amplification in treated patients is associated with a poor
prognosis (Johnson et al, 1987, 1988b).

This might suggest

that c-myc expression is a feature of tumour progression,
rather than tumour promotion.
The c-jun oncogene is overexpressed in a proportion of
both SCLC and NSCLC (Schuette et al, 1988). This oncogene
appears to encode the transcription factor AP-1, which can
interact directly with specific target DNA sequences to
regulate gene expression (Bohmann et al, 1987), providing an
explanation for its carcinogenic potential.

Transfection of

c-jun alone into Rat-la cells, or with c-Ha-ras into rat
embryo cells, led to transformation of the cells, such that
they cloned in soft agarose and formed tumours in nude mice
(Schtitte et al, 1989).

Further elucidation of these effects

may furnish clues to the pathogenesis of lung tumours.
Additional oncogenes which have been sought in lung
tumours include ras, which is predominantly seen in NSCLC
(Kurzrock et al, 1986) and c-src, which is seen in tumours
with features of neuroendocrine differentiation, including
SCLC (Mellstrdm et al, 1987).

Whether these represent

primary or secondary phenomena remains to be determined.
Pathology
Lung tumours are usually divided into four major cell
types: epidermoid (squamous), small cell (including oat
cell), adenocarcinoma and large cell.
tumours are uncommon (1-2%).
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Pulmonary carcinoid

Several classifications have

been used to define subtypes (Mathews, 1965), but for
clinicians the major clinico-pathological distinction lies
between SCLC and non-SCLC (NSCLC).

SCLC constitute about

25% of the total.
The appearance of classical SCLC under the light
microscope is of clusters of cells with large oval or
polygonal nuclei (2-4 times the size of a lymphocyte) and
scanty cytoplasm.

Nuclear chromatin staining is diffuse, in

a coarse or fine pattern with small, inconspicuous nucleoli
and abundant mitoses.
neighbours.

Nuclei appear moulded by their

Cell size is not a major diagnostic criterion

(Mathews, 1985).

There is little supporting stroma, so

biopsy specimens are frequently subject to crush damage.
Under electron microscopy, SCLC are characterised by the
presence of dense core (neurosecretory) granules of 80-170nm
diameter.

These are sparsely distributed in the cytoplasm

of relatively few cells, and are found in only 30-60% of
cases, but strongly favour the diagnosis of SCLC when
present (Abe et a l , 1984; Mathews, 1985).

Few other

cytoplasmic organelles are seen, but chromatin granules are
dispersed throughout the nucleus.
elements may also be found.

Squamous and glandular

In some cases it is difficult

to distinguish clearly between the histological types (Mooi
et a l , 1988).
Many immunohistochemical studies have been performed in
SCLC, and a variety of markers proposed as diagnostic and
prognostic aids.

Neuron-specific enolase (NSE), bombesin,

the C-terminal flanking peptide of human pro-bombesin and
protein gene product 9.5 are found more commonly in SCLC of
pulmonary and extrapulmonary origin than in other tumours,
but none of them is pathognomic for SCLC (Springall et al,
1986; Addis et al, 1987).
Since SCLC were found to form colonies in agarose in
vitro (Carney et al, 1980) and selective serum-free media
were devised for their growth in liquid culture (Simms et
al, 1980; Carney et al, 1981; Bepler et al, 1987a),
extensive histochemical characterisation of SCLC cell lines
has been undertaken.

Three-quarters of cell lines grow as

tight clumps (classic morphology) and produce dopa-
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decarboxylase, bombesin, NSE and the BB-isoenzyme of
creatine kinase (CK-BB)

(Carney et al, 1985).

The remainder

grow in loose aggregates (variant morphology) and produce
NSE and CK-BB, but not bombesin or dopa-decarboxylase.

They

have a shorter doubling time and are regarded as less
differentiated (Gazdar et al, 1985).

CK-BB appears to be

the best discriminant between SCLC and NSCLC (Bepler et al,
1987b).

The presence of some neuroencocrine markers in

NSCLC identifies a subgroup of relatively chemosensitive
tumours (Graziano et al, 1989).
Another approach to characterising SCLC has been to
raise monoclonal antibodies to tumour cells and test their
specificity against other tumours and tissues.

Many

antibodies which were claimed to be SCLC-specific have
subsequently been shown to recognize other tissues.

Lately,

an international workshop has been set up to exchange and
test antibodies.

This group has established 5 antigen

clusters recognized by groups of antibodies (Souhami et al.
1988).

As expected, many of the epitopes cross-react with

neural and epithelial

tissues.

Cluster 1 antibodies have

been shown to recognize the neural cell adhesion molecule
NCAM-1 (Patel et al, 1989).
Clinical aspects
SCLC has a sinister reputation.

It metastasises early,

so most patients have disseminated disease at first
presentation and primary resection is rarely possible.
Before effective treatments were available (ie the mid
1970’s) the median survival was 2 months from diagnosis
(Smyth et al, 1986).

SCLC is exquisitely sensitive to both

chemotherapy and radiotherapy in the majority of patients,
but chemotherapy is superior even to sequential hemibody
irradiation (Htittner et al, 1989).

A variety of

chemotherapy regimens have been used in SCLC, with response
rates of up to 80% in unselected patients, and complete
response rates of 50-60% in patients with limited disease
(restricted to one hemithorax and the ipsilateral
supraclavicular lymph nodes)

(Leonard, 1989).

Despite

initial responsiveness to chemotherapy, SCLC usually
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relapses and Is resistant to further treatment, so that the
overall 2-year survival is now 5%, although 15-20% of
limited disease patients survive to 2 years.

How many of

these patients are "cured" is unknown, but late relapses
continue to be seen.
The most active single agents against SCLC are
ifosfamide, mitomycin C, vindesine, cisplatin, carboplatin,
doxorubicin, etoposide (VP-16), teniposide (VM-26),
methotrexate, and cyclophosphamide (Carter et al, 1987;
Green, 1989).

Current combination chemotherapy regimens

centre around CAV (cyclophosphamide, doxorubicin,
vincristine) and PE (cisplatin, etoposide)

(Green, 1989).

Attempts to intensify treatment by alternating supposedly
non-cross resistant drug combinations, using consolidation
or maintenance treatment for responders, or high-dose
therapy with autologous bone-marrow transplantation have not
improved outcomes (Souhami, 1985; Klastersky & Sculier,
1989).

These questions are being re-examined using

haemopoietic growth factors to protect against neutropenia.
Scoring systems for prognostic factors have been devised
in order to identify good prognosis patients for aggressive
treatments, and poor prognosis patients so that unwarranted
intervention is avoided.

The major prognostic determinants

are performance status and disease extent (limited vs
extensive).

Biochemical factors that predict a poor

response to therapy include raised serum lactate
dehydrogenase or alkaline phosphatase, hyponatraemia and
hypoalbuminaemia (Cerny et al, 1987; Osterlind, 1989).

In

most series, women do better than men, raising the
intriguing question of whether male hormones can act as
growth factors for SCLC.
GROWTH FACTORS FOR SCLC
Despite its striking responsiveness to chemotherapy and
radiotherapy, SCLC still carries a dismal prognosis.
Interest has therefore shifted from pharmacology to the
study of the biology of the disease, in the hope that new
avenues of treatment will be discovered.
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As described above

(page 20), considerable evidence supports the hypothesis
that bombesin-like peptides act as autocrine growth factors
for SCLC.

Other possible growth factors will now be

considered.
Receptors for epidermal growth factor (EGF) have been
sought in lung tumours, but are found mainly in NSCLC
(Hwang et al, 1986; Veale et al, 1987, 1989; Haeder et al,
1988).

Molecular evidence indicates that EGF receptors are

undetectable in SCLC because of suppressed gene expression,
rather than receptor occupation by EGF (Gamou et al, 1988).
Similarly, expression of PDGF, TGF-a and TGF-0 have been
demonstrated in NSCLC but not SCLC (Betsholtz et al, 1987;
Sdderdahl et al, 1988).
Insulin-like growth factor-I (IGF-I)
IGF-I (also known as somatomedin C) is a 70-amino acid
peptide closely related to insulin (Clemmons, 1989), but
with distinct high-affinity receptors.

Binding proteins and

tyrosine kinase-linked cel 1-surface receptors for IGF-I have
been characterised, but its signalling mechanisms are not
clearly defined (Czech, 1989).

Although insulin was shown

to be required for serum-free culture of SCLC (Simms et al,
1980), supraphysiological concentrations were required for
optimal growth, suggesting that insulin was binding with
low-affinity to the IGF-I receptor.

IGF-I is secreted by

SCLC and NSCLC cell lines and tumours (Jaques et al, 1988;
Macaulay et al, 1988; Minuto et al, 1988).

It has been

shown to be mitogenic in a variety of cell types including
fibroblasts and erythroid progenitor cells (Flier et al,
1986; Claustres et al, 1987; Clemmons, 1989).

Recent

studies have demonstrated specific, high-affinity binding
sites for IGF-I on SCLC cell lines, and growth stimulation
by exogenous IGF-I (Jaques et al, 1988; Macauly et al, 1988;
Nakanishi et al, 1988a).

Further, a monoclonal antibody to

the IGF-I receptor inhibited IGF-I and insulin-stimulated
cell growth in four SCLC cell lines (Nakanishi et al,
1988a).

Thus, there is evidence that IGF-I acts as an

autocrine growth factor in SCLC.

Because bombesin and

insulin act synergistically to stimulate mitogenesis in
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Swiss 3T3 cells (Rozengurt & Sinnett-Smith, 1983) it is
interesting to consider whether the same could occur in SCLC
tumours.
IGF-I receptors have been demonstrated in breast cancer
cell lines, and antibodies to them can inhibit cell
proliferation (Rohlik et al, 1987; De Leon et al, 1988;
Foekens et al, 1989).

Although IGF-I may not be secreted by

breast tumours, it could be secreted by the surrounding
normal breast and act as a paracrine growth factor (Yee et
a l , 1989).

IGF-I has also been proposed as an autocrine

growth factor for thyroid adenomas (Williams et al, 1989).
Somatostatin and its analogues inhibit the
endogenous production of IGF-I, and have been shown to
inhibit breast cancer growth in vitro (Setyono-Han et al,
1987; Scambia et al, 1988).

Clinical trials of long-acting

somatostatin analogues in breast cancer are now in progress
(Vennin et al, 1989).

Somatostatin receptors are present on

many tumour types (Reubi et al, 1987a,b) and somatostatin
analogues are useful in the treatment of hormone-secreting
tumours including apudomas and carcinoids (Kvols et al,
1986; Schally, 1988; Gorden et al, 1989).

They also inhibit

the growth of experimental prostatic tumours (Murphy et al,
1987; Schally & Redding, 1987).

It is therefore interesting

to note that a somatostatin analogue was able to inhibit the
growth of the SCLC cell line NCI-H69 in vitro and in
xenografts (Taylor et al, 1988).

As somatostatin inhibits

the secretory effects of GRP (De Jong et al, 1987), it could
inhibit SCLC growth by suppressing the effects of either GRP
or IGF-I.
Transferrin
Transferrin is an 80kDa 3-globulin that is synthesized
in the liver and transports iron in the plasma.

It is known

to be required for serum-free proliferation of SCLC (Simms
et al, 1980) and has been suggested as an autocrine growth
factor for T-lymphocytes (Lum et al, 1986).

The SCLC cell

lines NCI-H345 and NCI-H510 have recently been reported to
secrete immunoreactive transferrin and to have a transferrin
requirement for growth (Nakanishi et al, 1988b; Vostrejs et

47

al, 1988).

Gallium salts, which block iron uptake,

inhibited SCLC growth in vitro (Vostrejs et al, 1988).
There is thus preliminary evidence for an autocrine loop
involving transferrin in SCLC.
ECTOPIC HORMONES AND SCLC
SCLC is characterised by the presence of intracytoplasmic neurosecretory granules and the secretion of
ectopic hormones, which can result in clinical syndromes
such as the dilutional hyponatraemia of vasopressin excess,
or adrenocorticotrophin (ACTH) -stimulated Cushing's
syndrome (Maurer, 1985).

Such peptides and hormones have

been detected by immunohistochemistry of tumour samples,
measuring plasma levels, and examination of cell lines
(Table 1.2).

New techniques, such as mass spectrometry,

promise to identify further secreted products (Treston et
a l , 1988).

Most of these products are present in only a

minority of tumours, although some SCLC appear capable of
synthesizing many ectopic hormones.
found in NSCLC (Luster et al, 1985).

Some have also been
In addition, many of

these bioactive peptides can be produced by normal lung
(Becker, 1984).

Some of these substances are known to act

as mitogens in other systems (see above) and if even a few
are also mitogenic for SCLC, a potentially complex network
of autocrine and paracrine interactions could be envisaged.
The recent purification of a growth factor derived from
normal porcine and rat lung that differentially promotes the
growth of lung metastases substantiates this proposal
(Cavanaugh & Nicolson, 1989).
Conversely, some peptides secreted by SCLC have been
suggested to have growth inhibitory properties (Funkhouser
et al, 1986).

Physalaemin, an amphibian tachykinin,

is

detectable in some SCLC (Lazarus et al, 1983; Lazarus &
Hernandez, 1985) and has been shown to inhibit clonal and
mass culture growth of SCLC in vitro at picomolar
concentrations (Bepler et al, 1987c, 1988a).
studies have been reported.
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No in vivo

Table 1.2:

Peptides and hormones secreted by SCLC.

ACTH

Horai et al, 1973; Sorenson et a l , 1981;
Abe et al, 1984; Bork et al, 1988

Atrial natriuretic peptide
Bombesin/GRP

Bliss et al, 1989

Moody et al, 1981; Wood et al, 1981;
Erisman et al, 1982; Yamaguchi et al, 1983

Calcitonin

Sorenson et al, 1981; Luster et al, 1982;
Bepler et al, 1988a; Bork et al, 1988

CGRP (calcitonin gene related peptide)
Cholecystokinin

Bepler et al, 1988a

Gazdar & Carney, 1984; Rehfeld et al, 1989

Chorionic gonadotrophin

Sorenson et al, 1981;
Gazdar & Carney, 1984

Estradiol

Sorenson et a l , 1981

Follicle stimulating hormone

Sorenson et al, 1981

Gastrin

Gazdar & Carney, 1984; Rehfeld et a l , 1989

G-CSF(granulocyte colony stimulating factor) Abe et al, 1984
Growth hormone

Sorenson et al, 1981

Growth hormone releasing factor

Bepler et al, 1988a

Glucagon

Sorenson et al, 1981; Bepler et

al, 1988a

IGF-I

Jaques et al, 1988; Macaulay et

al, 1988;

Minuto et a l , 1988
Lipotropin

Sorenson et al, 1981; Abe et al, 1984

Neurotensin

Wood et al, 1981; Goedert et al, 1984;
Moody et al, 1985b; Bepler et al, 1988a

Opioid peptides Sorenson et al, 1981; Gazdar & Carney, 1984;
Roth & Barchas, 1985
Oxytocin

Sorenson et al, 1981; Maurer et

al, 1983;

Sausville et al, 1985
Parathyroid hormone

Sorenson et al, 1981;
Yoshimoto et al, 1989

Physalaemin

Lazarus et al, 1983; Lazarus & Hernandez, 1985

Prolactin

Sorenson et al, 1981

Serotonin

Horai et al, 1973; Bork et a l , 1988

Somatostatin

Sorenson et al, 1981; Wood et al, 1981;
Abe et al, 1984

Substance K

Bepler et al, 1988a

49

Substance P

Moody et al, 1981

Vasopressin

North et al, 1980; Sorenson et al, 1981;
Yamaji et a l , 1981; Maurer et al, 1983;
Sausville et al, 1985;

VIP

Smitz et al, 1988
Abe et al, 1984
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BOMBESIN ANTAGONISTS
The evidence presented above affirms that SCLC presents
both a tantalising clinical problem and a major
socioeconomic problem.

SCLC secretes many neuropeptides,

but only bombesin has been proposed as an autocrine growth
factor.

If this is proven, then bombesin antagonists should

block the growth of SCLC, and could have therapeutic
applications.
An antagonist competes with its ligand for binding to
specific receptors, which are occupied without producing the
conformational changes that initiate the biological
response.

Antagonists such as the 3-blockers and cimetidine

have had a major impact on clinical medicine in the past 3
decades.

Peptide hormone antagonists are now attracting

attention, both as research tools and drugs (Rosenblatt,
1986).

Synthetic peptide antagonists, such as those for

parathyroid hormone and glucagon, have already yielded
useful information on structure-activity relationships
(Horiuchi et al, 1983; Unson et al, 1987).

Many peptide and

non-peptide antagonists are discovered by chance (Engberg et
a l , 1981; Chang & Lotti, 1986; Evans et al, 1986), then
analogues are designed to improve potency, specificity and
bio-availabi1ity.
The tachykinin substance P

has minimal structural

homology with bombesin (page 33), and neither inhibits the
binding of 12BI-GRP nor stimulates DNA synthesis in Swiss
3T3 cells.

Unexpectedly, the substance P antagonist

[DArg1 , DPro2 , DTrp’7'*®, Leu11 ]substance P (Lundberg et al,
1983) was found to block the secretory effects of bombesin
in pancreatic acinar cells (Jensen et al, 1984).

It was

subsequently shown to act as a competitive antagonist of the
growth-promoting effects of bombesin in Swiss 3T3 cells
(Zachary & Rozengurt, 1985).

It blocks all the receptor-

mediated effects leading to mitogenesis (Table 1.3).
addition,

In

[DArg1, DPro2 , DTrp'7’*®, Leu11 ]substance P

inhibited vasopressin-stimulated mitogenesis, acting at the
vasopressin receptor, as shown by inhibition of specific
[3H]vasopressin binding (Corps et a l , 1985; Zachary &
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Rozengurt, 1986).

It did not affect mitogenesis induced by

the polypeptide growth factors, phorbol esters, or cAMPelevating agents.

Table 1.3: Processes blocked by [DArg1 , DPro2 , DTrp'7-*,Leu11]substance P in Swiss 3T3 cells.
12SI-GRP binding

Zachary & Rozengurt, 1985

125I-GRP cross-linking to

theM*-

75 000-85 000 protein
Zachary & Rozengurt, 1987a

Activation of Na'VK'*'

pump

Mendoza

et al, 1986

Ca2-*- mobilisation

Mendoza

et al, 1986

80K phosphorylation

Zachary

et al, 1986

EGF receptor transmodulation

Zachary

et al, 1986

Activation of c-fos and -myc Rozengurt & Sinnett-Smith, 1987
Bombesin-stimulated mitogenesis

Zachary & Rozengurt, 1985

[3H3vasopressin binding

Zachary & Rozengurt, 1986

Vasopressin-stimulated mitogenesis

Corps et al, 1985;
Zachary & Rozengurt, 1986
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PLAN OF STUDY
In Swiss 3T3 cells the concentration of [DArgi^ DPro2 DTrp7 '®, Leu113substance P needed to block the mitogenic
effects of 3.6nM bombesin is about 150uM (Zachary &
Rozengurt, 1985).

Clearly, to be clinically useful, more

potent antagonists should be sought.

In addition, the

question of specificity should be addressed.

These points

could usefully be studied in the Swiss 3T3 fibroblast
system, as these cells express receptors for several
mitogenic peptides, and their responses are wellcharacterised .
Once identified, potent and specific bombesin
antagonists could be used in vitro to test the autocrine
hypothesis of bombesin-stimulated growth in SCLC, and to
determine whether SCLC growth can be blocked by them.

This

would test the appropriateness of the Swiss 3T3 system as a
model for SCLC.
In view of the accumulating evidence on neuropeptides
acting as growth factors in a variety of tissues, and in the
knowledge that SCLC secrete many neuropeptides, it would be
interesting to consider neuropeptides other than bombesin as
possible growth factors for SCLC.
The present study was therefore undertaken with the
following aims:
1. To identify bombesin antagonists more potent and
specific than [DArg1 , DPro2 , DTrp*7**, Leu11 ]substance P, and
to characterise their actions in Swiss 3T3 cells.
2. To test such antagonists in SCLC cell lines.
3. To consider the role of other possible neuropeptides
in regulating SCLC growth.
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2.

M A T E R I A L S

AND

M E T H O D S

METHODS - SWISS 3T3 CELLS
Cell culture
Swiss 3T3 cells (Todaro and Green, 1963) were grown as
adherent monolayers in 90mm dishes (Nunc) in Dulbecco's
modified Eagle's medium (DMEM) containing 10su/l penicillin
and 100mg/l streptomycin, supplemented with 10% fetal bovine
serum in humidified 10% CO2/90% air at 37°C.

Stocks were

maintained at subconfluent density by subculturing twice
weekly using 500mg/l trypsin in 200mg/l ethylenediaminetetraacetic acid (EDTA).

Stock cultures were replaced at

approximately two month intervals (or on evidence of
transformation) with cells stored in liquid N 2 .

For

experimental purposes, cells were subcultured onto 33mm
plastic dishes (Nunc) at a density of 10s cells per dish in
DMEM with 10% fetal bovine serum.

After 5-7 days the

cultures are confluent and quiescent (Dicker and Rozengurt,
1980).
Assay of DNA synthesis
DNA synthesis was estimated from the incorporation of
[3H]thymidine (t3H]Tdr) into acid-precipitable material in
serum-free medium (Dicker and Rozengurt, 1980).
solutions:

Stock

[3H]Tdr 100uCi/ml as 9ml water + 1ml (3H]Tdr

lmCi/ml + 100iil Tdr lOmM.

Phosphate buffered saline (PBS)

contained 170mM NaCl, 3.3mM KC1, lOmM Na2HP0* and 1.8mM
KH2PCU at pH 7.2.

Insulin lmg/ml in 6mM HC1.

Trichloroacetic acid (TCA) 5% and 50% in water.

lOOmM NaOH

containing 2% Na2C03 and 1% sodium dodecyl sulphate (SDS).
Peptides were made up at 10-lOOuM in water.

Method:

Confluent and quiescent cultures of Swiss 3T3 cells were
washed twice with warm DMEM,

then incubated at 37°C in 2ml

of a 1:1 mixture of DMEM and Waymouth medium (supplemented
with 1.6uM FeS04 ) containing luCi/ml
various additions as indicated.

[3H]Tdr (luM) and

After 40h, dishes were

washed twice with cold PBS then incubated for 20min at 4°C
in 2ml 5% TCA.

The acid-precipitable material was washed
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with cold 5% TCA then industrial methylated spirit.
solubilised in 1ml NaOH/Na

It was

_ __ .
_
,
aCOa/SDS for 20mm, then 500ul

added to 10ml Picofluor and counted in a Beckman
scintillation counter.
Assay of 12SI-GRP binding
Stock solutions:

Binding medium was a 1:1 mixture of

DMEM and Waymouth medium containing lmg/ml bovine serum
albumin and 50mM N,N-bis[2-hydroxyethyl]-2-aminoethane
sulphonic acid (BES), adjusted to pH 7.0 with 1M NaOH.

Wash

medium was cold PBS containing 0.1% bovine serum albumin.
Method: Confluent and quiescent cultures of Swiss 3T3 cells
were washed twice with warm DMEM, then incubated at 37°C in
750ul of binding medium containing *2!5I-GRP at InM
(O.luCi/ml) and the factors indicated. Cell-associated *»»iGRP binding was maximal after 30min (Zachary and Rozengurt,
1985) .

It was estimated by washing rapidly 4 times with 2ml

cold wash medium, then solubilising with 500ul
Na0H/Na2C03/SDS.
counter.

Samples were counted in an LKB gamma

Non-specific binding was determined in the

presence of 360-500nM unlabelled GRP.
Assay of f3H 1vasopressin binding
Stock solutions: as before. Method:

Confluent and

quiescent cultures of Swiss 3T3 cells were washed twice with
warm DMEM, then incubated at 37°C in 750ul of binding medium
containing 12nM [3H]vasopressin (0.125uCi/ml) and the
factors indicated. Cell-associated [3H]vasopressin binding
was maximal after 30min (Collins and Rozengurt, 1983).

It

was estimated by washing dishes individually 5 times with
2ml cold wash medium, then solubilising with 5 0 0 jli1
Na0H/Na2C03/SDS. Radioactivity was determined in 10ml
Picofluor in a Beckman scintillation counter.

Because of

the low specific activity of the [3H]vasopressin, samples
were counted for lOmin.

Non-specific binding was determined

in the presence of 9.2uM unlabelled vasopressin.
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Assay of X2SI-EGF binding
Stock solutions: as before.

Method:

Confluent and

quiescent cultures of Swiss 3T3 cells were washed twice with
warm DMEM,

then incubated

at 37°C in 1ml of binding medium

containing 0.2nM a-2°I-EGF (0.025uCi/ml) and the factors
indicated.

Cell-associated *2SI-EGF binding was maximal

after lh (Rozengurt et al, 1981).

It was estimated by

washing cultures 4 times with 2ml cold wash medium, then
solubilising with 500jli1 NaOH/Na2C03/SDS.
counted in an LKB gamma counter.

Samples were

Non-specific binding was

determined in the presence of a 500-fold excess of
unlabel led EGF.
Cross-1 inking of *2SI-GRP to the

75 000-85 000

receptor protein
The Mr- 75 000-85 000 glycoprotein component of the
bombesin/GRP receptor was visualised by cross-linking 12SiGRP to receptors and resolving the solubilised proteins by
one-dimensional electrophoresis (Zachary & Rozengurt,
1987a).

Stock solutions:

Binding medium contained 0.14M

NaCl, lOmM Na2HP0*, 1.8mMKHP0«, 5mMKCl,
MgCl2 and 25mM HEPES at pH 7.0.

1.8mMCaCl2 , ImM

Cross-linking medium was

binding medium with pH adjusted to 7.4, and 6mM ethylene
glycol bis(succinimidylsuccinate) (EGS 300mM, as 68mg in
0.5ml DMSO made up immediately before use).

Sample buffer

was 200mM Tris-HCl, pH 6.8 with 10% glycerol, 6% SDS and 2mM
EDTA.

10% PAGE-SDS running gel was made up as 10ml

aery1amide stock, 11.2ml 1M Tris pH 8.8, 0.15ml 20% SDS,
8.7ml water with 100jul ammonium persulphate and 20ul Temed
added immediately before pouring.

5% Stacking gel was made

up as 1.67ml acrylamide stock, 1.25ml 1M Tris pH 6.8, 50jul
20% SDS, 7.03ml water with 50ul ammonium persulphate and
lOul Temed added immediately before pouring.

Fixing

solution was 40% methanol and 10% glacial acetic acid in
water.

Method:

Confluent and quiescent cultures of Swiss

3T3 cells were washed twice with warm binding medium, then
incubated at room temperature in 1ml of binding medium
containing InM a-2*I~GRP (2/iCi/ml) and the additions
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indicated.

After 15min the cultures were washed twice with

binding medium at AoQr then incubated at room temperature in
lml of cross-linking medium containing E G S .

After 15min the

cultures were washed twice with cold binding medium, then
solubilised in lOOul sample buffer and heated at 100°C for
5min. Samples were loaded onto the gel and electrophoresed
overnight at 35mV.

The gel was then bathed in fixing

solution for lh , dried for 2h at 70°C and autoradiographed.
Assays of intracellular Ca2^ concentration
[Ca2-*-] i was measured with the fluorescent Ca2"- indicator
fura-2 tetraacetoxy methyl ester (fura-2-AME) using
modifications of the method of Tsien et al (1982).

Two

methods were used, involving cells cultured on Cytodex
beads, or on plastic dishes.
1.

Cells cultured on Cytodex beads.

Cell culture: For

these experiments Swiss 3T3 cells were grown on Cytodex 2
beads (Pharmacia).

The beads were allowed to swell in PBS

for at least 4h, rinsed twice and autoclaved in PBS in
siliconised glass bottles.

2.5 x 10'7’ cells were seeded into

a flask containing 750mg of beads and 160ml DMEM
supplemented with 10% fetal bovine serum.

This mixture was

gassed with 10% C02/90% air, and maintained at 37°C in a
waterbath with intermittent stirring (2min on, 3min off) for
24h.

The volume of medium was then increased to 500ml, the

mixture was re-gassed and switched to continuous stirring at
the slowest rate which prevented the beads from settling
(about 25rpm).

The cells were used seven days later when

they had achieved quiescence (Mendoza et al, 1986a). Stock
solutions: lmM fura-2-AME in dimethyl sulphoxide.
Electrolyte solution (stock concentrations in brackets)
contained 140mM NaCl (4M), 5mM KC1 (0.5M), 0 . 9mMMgCl2
(0.5M), 1.8mM CaCl2 (0.5M), 25mM glucose (0.5M), 16mM HEPES
(1M), 6mM Tris (1M) and a mixture of amino-acids at the same
concentration as in DMEM, at pH 7.2.
3mM

CaCl2 .

Method:

Triton X-100 1% with

500mM EGTA adjusted to pH 7.3 with NaOH.

10ml aliquots of quiescent cells on beads were

placed in 25ml Sterilin tubes as required.

They were washed

twice with warm DMEM, then incubated at 37°C with 1/iM fura-
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2-AME.

After lOmin they were washed three times in warm

electrolyte solution and resuspended in
cuvette.

2

ml in a quartz

The suspension was stirred constantly at 37°C.

Fluorescence was recorded in a Perkins-Elmer LS5
luminescence spectrometer with an excitation wavelength of
335nm and an emission wavelength of 510nm.
made as indicated.

Additions were

[Ca2+]t was calculated as:

[Caa-]lp nM - 220. (F - Fmlri)
(Fmax

F)

where F is the fluorescence at [Ca2‘‘']1, Fmai»c is the
fluorescence obtained after cell lysis with 0.02% Triton
and/or lOuM ionomycin, Fmin is the fluorescence obtained
after chelation with lOOmM EGTA (Tsien et al, 1982;

Mendoza

et a l , 1986a).
2. Cells cultured on plastic dishes.

Cell culture:

For

these experiments cells were cultured on 90mm Nunc dishes in
the usual way.

Stock solutions: as before.

Method:

Confluent and quiescent cultures of Swiss 3T3 cells were
washed twice with warm DMEM, then incubated at 37°C with 5ml
DMEM containing luM Fura-2-AME.

After 10 min they were

washed twice with warm electrolyte solution, then gently
scraped into 5ml electrolyte solution using a "rubber
policeman".

The cell suspension was centrifuged at lOOOrpm

for 4 min in a sterilin tube, then the cells were
resuspended in

2

ml electrolyte solution in a quartz cuvette.

Measurement of [Ca2“-]i was made in a luminescence
spectrometer, as above.
METHODS - SMALL CELL LUNG CANCER
The culture techniques and assays used with Swiss 3T3
cells had been previously developed in our laboratory, and
most were used with only minor modifications.

In contrast,

SCLC had not previously been used in our laboratory, so
methods of culture and experimentation evolved during the
period of study.

58

Cell lines
Cell lines H69 and H128 were obtained from the American
Type Culture Collection, Rockville, Maryland, USA.

H82,

H209, H345, H417 and H510A were obtained from Dr Adi Gazdar,
National Cancer Institute, National Institutes for Health,
Bethesda, Maryland, USA.

UCH25 were obtained from Prof

Peter Beverley, University College, London.

GLC14, GLC16

and GLC19 were obtained from Dr Henk Berendsen, University
Hospital, Groningen, The Netherlands.

WX322 were obtained

from Dr Simon Langdon, Western General Hospital, Edinburgh.
Many of these cell lines have been extensively
characterised by their originators (Carney et al, 1985;
Berendsen et al, 1988).

The cell lines most often used in

our studies originated from the National Cancer Institute
(NCI), Bethesda, Maryland, USA.
summarised in table 2.1.

Their characteristics are

It can be appreciated that the

variety of cell lines used provided a range of different
phenotypes representative of the heterogeneity of SCLC.
Table 2.1:

Characteristics of SCLC cell lines from the NCI
(from Carney et al, 1985)

Cell line

H69

H82

H128

H209

H345

H417

H510A

Sex

M

M

M

M

M

F

M

Prior R^

Yes

Yes

Yes

No

Yes

No

Yes

Source

PE

PE

PE

BM

BM

lung

Class

C

V

C

C

C

V

C

DDC u/mg

240

0 . 6

646

223

98

<0 . 1

214

BLI pmol/mg 1.7

0 . 2

15

22

4.7

<0 . 0 1

7.4

317

2045

967

4075

580

491

6.3

1 1 . 8

3.3

5.8

8 . 0

2.7

NSE ng/mg

817

CK-BB ug/mg 15.9

adrenal

Abbreviations: Prior RK , prior treatment; PE, pleural
effusion; BM, bone marrow; C, classic; V, variant; DDC, Ldopa decarboxylase (elevated > l.Ou/mg); BLI, bombesin-like
immunoreactivity (elevated > O.lpmol/mg); NSE, neuronspecific enolase (elevated > lOOng/mg); CK-BB, creatine
kinase brain isozyme (elevated > 0.4^g/mg).
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In order to confirm that the cell lines being used were
indeed of human origin, and to determine their ploidy,
cytogenetic studies were undertaken (Dr D Sheer, Imperial
Cancer Research Fund).

Observation of ten metaphase spreads

from each cell line examined established that they were all
human and had the following chromosome numbers:
H69

63-73 chromosomes/ce11
and double minutes in some

H128

54-64 chromosomes/ce 1 1

H209

40-46 chromosomes/cel

H345

53-69 chromosomes/ce 1 1

H510A

37-49 chromosomes/ce 1 1

1

As the SCLC cell lines had been maintained in culture
for some time, and might exhibit some phenotypic drift, we
attempted to establish tumours from them in nude mice.
Initial experiments were thwarted by mycoplasma infection of
the cell lines.

Subsequently, a number of tumours grew

after subcutaneous inoculation of beige/nu and BalbC/nu mice
with 2-3 x 1CP H69 cells (Dr I Hart, Imperial Cancer
Research Fund).

Metastases were not observed.

Cell lines

were readily established from these tumours by mashing the
tissue into flasks of HITESA.

Their appearance and growth

were similar to those of the parent H69 cell line.
Histology of the tumours showed them to be
undifferentiated, with marked pleomorphism and extensive
necrosis (Dr G Stamp, Imperial Cancer Research Fund).
were numerous mitoses.

There

The appearances were not of

classical SCLC, but neither were there definite features of
squamous or glandular differentiation.
Immunohistochemistry provided no supportive evidence of
neuroendocrine differentition: the tumours were negative for
endocrine granules (Grimelius' method), neuron-specific
enolase, ACTH, chromogranin and neurofilaments.

Perinuclear

low molecular weight cytokeratin was positive on a majority
of cells, and high molecular weight cytokeratin on a
minority.
Electron microscopy demonstrated some dense cytoplasmic
granules, but these were not thought to be dense core
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granules (typical of SCLC) because they were variable in
size, of homogeneous density, and not membrane bound.

They

were considered to be secretory granules.
Thus the H69 cell line used was human, and tumourigenic
in nude mice.

The tumours formed were undifferentiated and

lacked the characteristic features of SCLC (although some
secretory granules were detected).

It seems likely that

some alteration in phenotype has occurred with prolonged
culture, reflected in triploidy of the cell line.

It is

important to use cell lines of the lowest possible passage
number for experiments: except for the Groningen lines,
passage numbers of less than

10 0

were used.

Cell culture
The cells were grown as floating aggregates in liquid
culture in 75cm 3 flasks (Falcon).

Stocks were maintained in

RPMI 1640 medium supplemented with 10% fetal bovine serum
(heat inactivated at 56°C for lh) in humidified
air at 37°C.

They were passaged every 7 days.

1 0

% C02/90%

Reserve

stocks were kept in 10% DMSO/90% fetal bovine serum in
liquid nitrogen.

Cell lines were regularly checked for

mycoplasma infection, but only the H69, H128, H510A, UCH25,
GLC 14, 16 and 19, and WX322 cell lines were consistently
negative.

Mycoplasma infection did not appear to interfere

with the assays performed.
For experimental purposes, cells were maintained in
HITESA medium (modified from Simms et al, 1980) consisting
of RPMI1640 medium supplemented with lOnM hydrocortisone,
5ug/ml insulin, lOug/ml transferrin, lOnM estradiol, 30nM
selenium, and 0.25% bovine serum albumin (essentially fattyacid and globulin free. Sigma A-7030).
their growth was equivalent to that in

In this medium,
1 0

% fetal bovine

serum, but they were more readily disaggregated for
experiments.

Cells grown in HITES alone (ie. without

albumin) grew more slowly, to a lower maximum number, and
with less reproducibility.

Stock solutions:

hemisuccinate IOOjuM in water.
HC1.

Hydrocortisone

Bovine insulin lmg/ml in

Transferrin lOmg/ml in PBS.

mM

Estradiol was made up at

ImM in 95% ethanol, then stored at lOOuM in PBS.
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6

Na selenite lOOuM in PBS.

Solutions were stored at -20°C

and fresh HITESA made up every 1-2 weeks.
Growth assay
Cultures of cells in exponential phase growth were spun
for lOmin at lOOOrpm and resuspended in HITESA with the
additions indicated

at a density of 5 x 10** cells/ml.

1ml

aliquots were incubated in 7ml Sterilin tubes at 37°C.
Multiwell plates were found to be unsatisfactory, with
poorer growth in peripheral regions of the plate.

Cell

number was determined at intervals using a Coulter counter.
Cell clumps were

disaggregated by syringing 4 times through

a 19G needle and 3 times through a 21G needle (or for H128,
pipetting 4 times through a pasteur and syringing 3 times
through a 19G needle), and suspending the cells in

8

ml

Isoton, then washing out the sample tube with 1ml PBS.

The

number of cells in 500ul was counted by Coulter counter.
Clonoqenic assays
Cells were seeded at low density in soft agarose (0.3%)
over a feeder layer of 0.5% agarose to assess their
clonogenic capacity under varying conditions (Carney et al,
1980).

Two methods were used, involving equal volumes of

double-strength solutions, or a
1.

1 : 1 0

dilution with agarose.

Double strength media and agarose.

Stock solutions:

Double-strength RPMI 1640 was prepared centrally and
supplemented with glutamine 300mg/l on the day of use.

The

components of HITES were stored as described in Cell
Culture.

Method:

2xRPMI was enriched with heat-inactivated

fetal bovine serum or HITES, and the factors indicated at
double strength, and maintained at 40°C in a water bath.
Immediately before use, agarose 1%. was made up in water, and
boiled for 3min in a microwave oven, then cooled to 40°C.
Equal volumes of the media and agarose were mixed and 1.5ml
layered in 33mm Nunc dishes.

SCLC cells in exponential

phase growth were spun for lOmin at lOOOrpm then resuspended
in HITESA.

Agarose 0.6% was prepared by microwaving and

mixed with equal volumes of the media at 40©c.

Cell

suspension was added to obtain

1
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1 0

* cells/ml and

ml aliquots

were pipetted over the feeder layers.
incubated at 37o q ^Qr

3

Cultures were

weeks, then stained with 0.5mg/ml

nitro blue tetrazolium (freshly dissolved in water).
Colonies of >120um were counted using a microscope.
2.

1:10 dilution with agarose.

This method was found

to give more satisfactory results and has superceded that
described above.

Method:

The required additions were made

to aliquots

of HITESA, and kept at 40°C in a water bath.

agarose was

made up in water, microwaved for

maintained at 60°C.

5%

3 min, then

Using a warmed agar pipette, 1:10

dilutions of agarose in medium were made, and 1.5ml
immediately

run into 33mm Nunc dishes.

above) were

added to aliquots of HITESA at a density of 10**

cells/ml.
1 : 1 0

SCLC cells (as

3% agarose was prepared by microwaving and added

to medium.

1

ml was pipetted over the basal layers.

Incubation, staining and counting were as above.
Assay of intracellular Ca -~2 concentration
[Ca2^]i was measured with the fluorescent Ca2-*- indicator
fura-2-AME by modifying the method used in Swiss 3T3 cells.
Stock eolutions:

HITESA, electrolyte solution, fura-2-AME,

triton and EGTA, all as above.

Method:

SCLC cells in

exponential phase growth were spun for lOmin at lOOOrpm then
resuspended in 10ml HITESA in 25cm3 Falcon flasks at 2-6 x
10® cells/ml.
use.

They were eqilibrated at 37°C for >2h before

Flasks were incubated with 1*iM fura-2-AME for 5min,

then the cell suspension was spun at
cells resuspended in
quartz cuvette.

2

2 0 0 0

rpm for

1 0

s and the

ml warm electrolyte solution in a

Fluorescence was measured and calculations

made as for 3T3 cells (above).
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MATERIALS
Sigma supplied: acetyl choline, ACTH, angiotensin I, II
and III, bombesin, bradykinin,

[Thi3 -®, DPhe'2]bradykinin,

cholecystokinin- 8 , chorionic gonadotrophin, dynorphin, EGF,
a-endorphin, epinephrine, FMLP, FSH, galanin, gastric
inhibitory peptide, GHRH, glucagon, GRP, histamine, 5-HT,
insulin, leu-enkephalin, neuropeptide Y, neurotensin,
parathyroid hormone, physalaemin, substance K, substance P,
thrombin, TRH, vasopressin.
Peninsula supplied: Antagonists A, B, C, D, E, F, G, K
(table 3.1), atrial peptide,
calcitonin, endothelin,

[DesArg®, Leu®]bradykinin,

[Pmp1, OMeTyr2 , Arg®]vasopressin.

Bachem supplied: Antagonists A, G, H, J (table 3.1),
[DArg°, Hyp3 , Thi5 '®, DPhe’7 ]bradykinin, [Leu13-psi (CH2 NH) Leu 1 *]bombesin, N-acetyl GRP(20-26).
Radiochemicals were obtained from Amersham.
was from Calbiochem.
Bioprocessing.

Fura-2-AME

Recombinant PDGF was from

Agarose was from SeaKem.

were of the best available grade.
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All other reagents

3.
R E S U L T S
CHARACTERISATION OF BOMBESIN ANTAGONISTS IN SWISS 3T3 CELLS
A potent and specific bombesin antagonist would be
useful to test the hypothesis that bombesin is an autocrine
growth factor for SCLC. and could have therapeutic
applications.

[DArg1 , DPro2 , DTrp7 '*, Leu11Jsubstance P is

a substance P antagonist that was found to block the
mitogenic effects of both bombesin and vasopressin in Swiss
3T3 cells (page 51).
range 100-300uM.

It is active in the concentration

The strategy we adopted to identify more

potent and specific bombesin antagonists was to test a
variety of substance P antagonists (Table 3.1) for their
ability to inhibit

1 2 5

I-GRP binding, GRP- and vasopressin-

stimulated mitogenesis in Swiss 3T3 cells.
ANTAGONIST D IS A POTENT BOMBESIN ANTAGONIST
At the concentration tested, 50/iM, [DArg1, DPro2 ,DTrp7,-!>, Leu 1

1 3

substance P (antagonist A in Table 3.1) has

little activity as a bombesin antagonist, so only more
potent antagonists were detected by this screening test.
repeated assays,

In

[DArg1 , DPhe®, DTrp7 *®, Leu11]substance P

(antagonist D) was the most potent GRP antagonist.

The

other analogues, including spantide (antagonist B) were less
potent than either antagonist A or antagonist D.

None of

the peptides stimulated DNA synthesis when tested at 20uM
with lug/ml insulin - ie. none exhibited any agonist
activity.

Similar results were obtained with antagonist A

from Bachem and Peninsula Laboratories, and with antagonist
D from Peninsula Laboratories and synthesized in house by Dr
J Rothbard.
Antagonist D was previously described as a substance P
antagonist that blocked the hyoscine-resistant opiate
withdrawal contracture in guinea pig ileum (Tsou et al,
1985).

Following its identification as the most promising

GRP antagonist, a detailed comparison was made with
antagonist A.

Figure 3.1 shows that 20uM antagonist D

markedly increased the concentration of GRP required to
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Table 3.1.

Amino acid sequences of the substance P

antagonists studied.

These peptides designated A-K were

tested at 50uM as inhibitors of GRP-induced DNA synthesis in
Swiss 3T3 cells in the presence of luCi/ml
insulin and 2.7nM GRP.

laH]Tdr, lug/ml

They were also screened for

inhibition of DNA synthesis induced by 6.9nM vasopressin
with lug/ml insulin, and for inhibition of i2 SI-GRP binding.
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-
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0.3

3
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GRP, nM

Figure 3.1.

Antagonist,

100

Inhibition of GRP-induced DNA synthesis by

antagonists A and D.

Left.

DNA synthesis was measured with

liiCi/ml [3 H]Tdr, lug/ml insulin and various concentrations
of GRP in the absence (■) or presence of 20uM antagonist A
(o) or 20ttM antagonist D (A) .

Values are expressed as a

percentage of [3 H]Tdr incorporation obtained with a
saturating concentration of GRP (3.6nM) in the absence of
antagonist (1 0 0 % - 8.4 x

1 0

scpm).

mean of duplicate determinations.

Each point represents the
Right. DNA synthesis

measured with 3.6nM GRP and varying concentrations of
antagonists A (o) and D (A).

Values are expressed as a

percentage of [3 H]Tdr incorporation in the absence of
antagonists (100% ■

8 . 6

x lOe^-pm) ^

the mean of 4 determinations.
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Each point represents

produce half-maximal stimulation of DNA synthesis, whereas
20uM antagonist A had little effect.

Inhibition of DNA

synthesis by antagonist D was completely reversed by high
concentrations of GRP, indicating that the inhibitory effect
of D was competitive and reversible.

Dose-response curves

for the two antagonists in the presence of 3.6nM GRP are
shown in figure 3.1 right.

Half-maximal inhibition of DNA

synthesis was obtained with 22uM antagonist D and 118/iM
antagonist A, a 5.4-fold difference in potency.
Antagonist D acts at the bombesin/GRP receptor
To determine the mechanism of action of antagonist D,
studies of

1 2 5

I-GRP binding were undertaken.

Figure 3.2

left shows that both antagonists A and D caused
concentration-dependent inhibition in the specific binding
of InM

1 2

SI-GRP.

Half-maximal inhibition of binding was

achieved with 2. 3uM antagonist D and 14uM antagonist A, a
6.1-fold difference in potency.

The 10-fold difference in

concentration of antagonists required for half-maximal
inhibition in the DNA synthesis and binding assays reflects
the opposing doses of GRP used - 3. 6 nM for DNA synthesis and
InM for binding.
The binding of various concentrations of

1 2 5

I-GRP was

measured in the absence or presence of 10uM antagonist D.

A

double reciprocal plot of these data (figure 3.2 centre)
shows that antagonist D markedly reduces the affinity of the
receptors for
is unchanged.

1 2 5

I-GRP, although the number of binding sites

This supports the view that antagonist D,

like antagonist A (Zachary & Rozengurt, 1985), binds
competitively to the GRP/bombesin receptor.
To substantiate this, affinity-labelling studies of the
My 75 000-85 000 bombesin receptor protein were undertaken
(figure 3.2 right).

Both antagonists inhibited

1 2

°I-GRP

labelling of the protein, but antagonist D was at least 4fold more potent than antagonist A.

These findings strongly

suggest that the two antagonists block binding of
bombesin/GRP to its receptor.
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Figure 3.2.
binding.
1 2

Effects of antagonists A and D on

Left.

1 2 c j-GRP

Inhibition of specific cell-associated

°I-GRP binding by various concentrations of antagonists A

(o) and D (A) in the presence of InM

1 2

SI-GRP.

Values are

expressed as a percentage of the specific binding obtained
in the absence of antagonists (100% * 7000cpm, non-specific
binding (nsb) - 460cpm).
3 determinations.

Each point represents the mean of

Centre.

Effect of antagonist D on the

affinity of binding sites for

1 2

SI-GRP.

Specific

1 2

SI-GRP

binding (B, pmols/10 6 ce1Is) was determined with various
concentrations of

1 2

SI-GRP in the absence (•) or presence

(A) of 10/iM antagonist D, and is shown in a double
reciprocal plot.

Each point represents the mean of

duplicate determinations.

Right.

Concentration-dependence

of inhibition by antagonists A and D of affinity-labelling
of the

75 000-85 000 bombesin receptor protein.
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Antagonist- D blocks GRP-induced signals
As described in the introduction, Ca 2 -«- mobilisation and
protein kinase C activation are among the earliest
intracellular signals elicited by bombesin/GRP.

In order to

confirm that the substance P antagonists A and D block
signalling at the GRP receptor, their effects on these early
events were examined.

Figure 3.3 left shows that the rapid,

transient rise in intracellular Ca2*1- induced by InM GRP was
prevented by 5uM antagonist D and the effect was reversed by
5QnM GRP. In contrast, antagonist A was effective at 20^M.
but not at 5uM.
Transmodulation of EGF binding is mediated by protein
kinase C (Zachary et a l , 1986).
binding to 22% of maximal

3.6nM GRP reduced

1 2

BI-EGF

(figure 3.3 right), but this

effect was reversed by antagonists A and D in a dosedependent manner.

Half-maximal reversal of inhibition was

obtained with 8.7uM antagonist D and 30uM antagonist A.
Thus antagonist D maintains its superiority over antagonist
A in the competitive inhibition of early signals induced by
GRP.
ANTAGONIST D IS ALSO A VASOPRESSIN ANTAGONIST
Antagonist A has previously been shown to block specific
binding of vasopressin to its receptor in Swiss 3T3 cells
and vasopressin-induced mitogenesis (Corps et a l , 1985;
Zachary & Rozengurt, 1986).

Antagonist D was therefore

tested for activity as a vasopressin antagonist.

Figure 3.4

left shows that at 20uM, both antagonists markedly increased
the concentration of vasopressin required for half-maximal
DNA synthesis, from 0. 6 nM in the absence of antagonist, to
17nM in the presence of antagonist A, and 55nM in the
presence of antagonist D.

Interestingly, vasopressin-

stimulated mitogenesis seemed more sensitive to the
antagonists than GRP-stimulated mitogenesis.

The inhibitory

effects of the antagonists were completely reversed by high
concentrations of vasopressin,
inhibition is competitive.
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indicating that the

In figure 3.4 right, dose-
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Figure 3.3.

100

Antagonist,

Effects of antagonists A and D on the early

cellular responses to GRP.

Left.

Ca=»* mobilisation in

Swiss 3T3 cells grown on 90mm plastic dishes, loaded with Fura
2-AME and scraped into cuvettes.

The additions were: GRP at

InM (gl) or 50nM (g50) ; antagonist A at 5iiM (A5) or 20uM
(A20); antagonist D at 5wM (D5). Right. Antagonists A (o)
and D (A) reverse the inhibition of ia*I-EGF binding induced
by 3.6nM GRP (■).

Values are expressed as percentages of

the specific binding obtained with 0.2nM ia5 I-EGF alone
(100* - 987cpm, nsb -74cpm).
of

6

determinations.
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Each point represents the mean

*

80-

3

10

30

100

300

10

Vasopressin, nM

100

Antagonist,

I

ii

Figure 3.4.

Inhibition of vasopressin-induced DNA

synthesis by antagonists A and D.

Left,

DNA synthesis was

measured with ljLiCi/ml [3 HJTdr, lug/ml insulin and various
concentrations of vasopressin in the absence (■) or presence
of 20uM antagonist A (o) or 20uM antagonist D (A).

Values

are expressed as a percentage of [3 H]Tdr incorporation
obtained with saturating levels of vasopressin (46nM)
absence of antagonist (100% - 9.3 x 10° cpm) .

in the

Each point

represents the mean of duplicate determinations.

Right.

DNA synthesis measured with 14nM vasopressin and varying
concentrations of the antagonists A (o) and D (A).

Values

are expressed as a percentage of [3 H]Tdr incorporation
obtained with 10% fetal bovine serum (100% - 7.2 x 10s
cpm).

Each point represents the mean of duplicate

determinations.
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response curves for the two antagonists are compared in the
presence of 14nM vasopressin.

Once again, antagonist D is

markedly more potent than antagonist A.
To determine whether antagonist D acts at the
vasopressin receptor,
undertaken.

[3 H]vasopressin binding studies were

Figure 3.5 shows that specific, cell-associated

binding of [3 H]vasopressin was inhibited by antagonists A
and D in a dose-dependent manner.

Transmodulation of the

EGF receptor can also be induced by vasopressin, acting
through protein kinase C (Rozengurt et al, 1981; Collins &.
Rozengurt,

1984).

This phenomenon was studied to examine

whether the antagonists blocked the early intracellular
signals stimulated by vasopressin.
14nM vasopressin reduced

1 2

Figure 3.6 shows that

SI-EGF binding to 44% of maximal.

This inhibition was reversed by the antagonists in a dosedependent manner, but antagonist D was more potent than
antagonist A.

Thus antagonist D, like antagonist A, is a

competitive antagonist of both GRP and vasopressin in Swiss
3T3 cells.
Specificity of antagonist D
Because antagonists A and D blocked the effects of 3
unrelated peptides (substance P, GRP and vasopressin), it
was important to test their specificity against other
mitogens.

Figure 3.7 left shows that 50uM antagonist D did

not inhibit DNA synthesis stimulated by fully mitogenic
concentrations of phorbol 12,13-dibutyrate. cholera toxin
with isobuty 1 methylxanthine (a phosphodiesterase inhibitor),
EGF or PDGF in the presence of insulin.

In contrast, the

same concentration of antagonist D inhibited the stimulation
of DNA synthesis by peptides of the bombesin family;
bombesin, GRPC14-27) and litorin.

Furthermore, addition of

20uM antagonist D inhibited the increase in cell number
caused by GRP and insulin in serum-depleted cells, whereas
cell proliferation stimulated by EGF and insulin was barely
affected (figure 3.7 right).

Thus antagonist D, like

antagonist A, inhibited mitogenesis in a selective manner.

75

100

I
40

g
cc

10
A ntagonist, pM

Figure 3.5.

Effects of antagonists A and D on

I3 H]vasopressin binding.

Specific, cell-associated

I3 H]vasopressin binding was measured with 12nM
[3 H]vasopressin alone (■) , or with various concentrations of
antagonists A (o) or D (A).

Values are expressed as

percentages of the specific binding obtained in the absence
of antagonists (100% - 1780cpm).
determined for each condition.
mean of 4 determinations.
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Non-specific binding was

Each point represents the

100
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Figure 3.6.

Inhibition of vasopressin-induced

transmodulation of the EGF receptor by antagonists A and D.
!

Antagonists A (o) and D (A) reverse the inhibition of

1 2

Si_

i

|

EGF binding induced by 14nM vasopressin (■) .

Values are

I

!

expressed as percentages of the specific cell-associated

|

binding obtained with 0.2nM

|
i

9408cpm, nsb - 468cpm).

1 2

SI-EGF alone (□) (100% «

Each point represents the mean of 4

determinations.
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Figure 3.7.
mitogenesis.
luCi/ml

Specificity of antagonist D inhibition of

Left.

DNA synthesis was estimated with

[3 H]Tdr and lug/ml insulin, with or without 20uM

antagonist D and the following mitogens: phorbol 12,13dibutyrate (Pbt2 ) 100nM; cholera toxin (CT) lOOng/ml with
isobutylmethylxanthine (IBMX) 10uM; EGF 0.5nM; PDGF 0.2nM;
bombesin 1.2nM; GRPC14-27) 1.2nM; litorin 2nM.

Each mitogen

(in the absence of antagonist) caused stimulation of DNA
synthesis comparable to that obtained with
serum.

1 0

% fetal bovine

Results are expressed as [3HlTdr incorporation in

the presence of antagonist as percentage of that obtained in
the absence of antagonist.
of 2 to

6

determinations.

Each value represents the mean
Right.

Effects of 20uM

antagonist D on the proliferation of cells stimulated by
0.5nM EGF or 2.7nM GRP.

Swiss 3T3 cells were cultured at

low density (inoculum 7.5 x 10* per 35mm dish) in 3.5% fetal
bovine serum for 3 days to obtain 3.4 x 10* cells/dish.
They were washed twice with DMEM, then incubated with 2m1 of
a 1:1 mixture of DMEM/Waymouth medium containing lmg/ml
bovine seum albumin and lug/ml insulin with the additions
indicated.

After 3 days incubation the cells were removed

with trypsin and counted using a Coulter counter.

Results

are expressed as the percentage increase in cell number in
the absence (black) or presence (white) of antagonist.
value represents the mean of 3 determinations.
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Each

BRADYKININ IS A MITOGEN FOR SWISS 3T3 CELLS
The increasing evidence implicating neuropeptides in
growth regulation, discussed in the Introduction, and the
knowledge that Swiss 3T3 cells can respond to a variety of
growth factors, suggested that further neuropeptide mitogens
might be identified in this system.

Of the peptides

tested, only bradykinin was found to be mitogenic.

The

following neuropeptides were tested in assays of DNA
synthesis at a range of concentrations, alone and in the
presence of insulin, and found to be ineffective (T Higgins
& E Rozengurt, Imperial Cancer Research Fund): angiotensin
II,

atrial natriuretic peptide, atriopeptin I, II and III,

cholecystokinin, dynorphin A, a-endorphin,

[Leuc jen^ ep]-ia\}n#

galanin, gastric inhibitory peptide, gastrin, neurotensin,
physalaemin, serotonin and substance P.
Bradykinin had previously been shown to act as a weak
mitogen for human fibroblasts (page 32), but figure 3.8
shows that, acting synergistically with insulin, maximal
[3 H]Tdr incorporation in Swiss 3T3 cells was achieved at
lOnM bradykinin.

Further, this value was equivalent to that

obtained with 10% serum or saturating concentrations of GRP
or vasopressin with insulin.

DNA synthesis was detectable

after 20h of incubation (figure 3.8 left) and maximal at
40h.

This contrasts with the time-course of GRP-stimulated

DNA synthesis, which precedes that of bradykinin by about
6

h.

This may reflect differences in the signal transduction

pathways of the two mitogens.
To determine whether bradykinin binds to its own
receptors in Swiss 3T3 cells, or utilises those of another
neuropeptide, binding studies were undertaken using the
radiolabelled peptides

1 2

SI-GRP and [3 H]vasopressin.

Figure

3.9 2eft shows that none of the three peptides interfered
with specific cell-associated binding of the radiolabelled
peptides, indicating that GRP, vasopressin and bradykinin
have distinct receptors in these cells.
The bradykinin receptors were further characterised
using specific antagonists.
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DNA synthesis stimulated by

0

10

20

30

Time, hours

Figure 3.8.
3T3 cells.

40

1

10

Bradykinin, nM

Bradykinin-stimulated mitogenesis in Swiss

Left.

Time-course of GRP- and bradykinin-

stimulated mitogenesis.

DNA synthesis was estimated in the

presence of lug/ml insulin alone (A) or with 19nM bradykinin
(■) or 1.8nM GRP (o) after various incubation times.

Each

point represents the mean of duplicate determinations (1 0 0 %
- 8.5 x 10scpm).

Right.

DNA synthesis was measured with

liuCi/ml [3 H]Tdr and various concentrations of bradykinin in
the absence (□) or presence (■) of insulin ljig/ml.

Values

are expressed as a percentage of I3 H]Tdr incorporation
obtained with a saturating level of bradykinin with insulin
(100% - 8.3 x 10s cpm).

Each point represents the mean of

duplicate determinations.
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10

J

Bradykinin receptors in Swiss 3T3 cells.

Effects of GRP, vasopressin and bradykinin on peptide

binding.

Specific binding of

GRP and [3 H]vasopressin

was measured in the presence of GRP 360nM; vasopressin (VP)
920nM; bradykinin (BK) 940nM.

Values represent the mean of

3 (12®I-GRP binding) or 4 determinations ([3 H]vasopressin
binding). Right.
Inhibition of bradykinin-stimulated DNA
synthesis by specific antagonists.

DNA synthesis was

measured in the presence of 9.4nM bradykinin, ljjCi/ml
[3 H]Tdr, lug/ml insulin and various concentrations of
[DesArg*, Leu®]bradykinin (•) , [Thi®*®, DPhe7 ]bradykinin
(A), and [DArg°, Hyp3 , Thi®'®, DPhe -7 ]bradykinin (■) .

Each

point represents the mean of duplicate determinations (1 0 0 %
- 6.9 x 10® cpm).
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bradykinin was not inhibited by either the Bx antagonist
[DesArg®, Leu®]bradykinin (Regoli et al, 1977) or the B x and
B 2 antagonist [Thi®'®, DPhe7 ]bradykinin (Regoli et a l ,
1986).

In contrast, the B 2 antagonist [DArg°, Hyp3 , Thi®'®,

DPhe"2]bradykinin (Schacter et al, 1987) caused marked
inhibition of DNA synthesis, with half-maximal effect at
lOOnM.

Thus the bradykinin receptor mediating mitogenesis

in Swiss 3T3 cells is a subtype of B 2 , like other bradykinin
receptors, not yet finally classified.
In other cell types, bradykinin is known to stimulate
inositol phosphate turnover and Ca2** mobilisation (Burch &
Axelrod, 1987; Jackson et al, 1987; Osugi et a l , 1987; Tilly
et al, 1987).

It was therefore compared with other Ca2^-

mobilising growth factors in Swiss 3T3 cells.

Figure 3.10

shows that, like GRP and vasopressin, bradykinin caused a
transient rise in cytosolic Ca2"*- with no measurable delay in
onset.

This differs from the response to PDGF, which occurs

10-15s later (Lopez-Rivas et a l , 1987; Nanberg &. Rozengurt,
1988).

Thus the three mitogenic neuropeptides GRP,

vasopressin and bradykinin act through distinct receptors in
Swiss 3T3 cells, but share the ability to rapidly mobilise
intracellular Ca2"-.

Unlike GRP and vasopressin, bradykinin

at concentrations up to lOOnM did not inhibit i2 ®I-EGF
binding, suggesting that it does not stimulate protein
kinase C.

The signal transduction pathways for bradykinin

have subsequently been examined in more detail, revealing
that protein kinase C is only transiently activated
(Issandou & Rozengurt, manuscript in preparation).
Antagonist D is a bradykinin antagonist
The finding that antagonists A and D could block the
effects of substance P, GRP and vasopressin led to the
question: can these antagonists also inhibit the mitogenic
effects of bradykinin?

Remarkably, they proved able to

inhibit bradykinin-induced DNA synthesis with the same
relative potency seen against GRP and vasopressin.

Figure

3-11 left shows that 20uM antagonist A had little effect on
the dose-response to bradykinin, but 20uM antagonist D
increased the concentration of bradykinin required for half-

6OO-1
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400

-

300
300

-

l200
VP

GRP
-K

CM

400

-

300

-
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O

1 min

Figure 3.10.

Ca^-mobi 1isation by growth factors.

Swiss

3T3 cells were grown on Cytodex beads and loaded with Fura2-AME.

Representative traces are shown for addition of GRP

(7nM), vasopressin (VP, 18nM), bradykinin (BK, 19nM), and
PDGF (0.8nM).
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Figure 3.11.

100

Inhibition of bradykinin-induced DNA

synthesis by antagonists A and D.
measured with l^Ci/ml

Lefi.

DNA synthesis was

[3 H]Tdr, lug/ml insulin and various

concentrations of bradykinin in the absence (■) or presence
of 20uM antagonist A (o) or 20uM antagonist D (A). Values
are expressed as percentages of (*H]Tdr incorporation
obtained with 10% fetal bovine serum. Each point represents
the mean of duplicate determinations (100% - 6.99 x 10 3 cpm).
Right.

DNA synthesis measured with 9.4nM bradykinin and

varying

concentrations of antagonists A (o) and D (A).

Values are expressed as percentages of [3 H]Tdr incorporation
in the absence of antagonist (100% - 7.56 x 10scpm).
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maximal DNA synthesis from 2,0nM to 14nM.

Dose-response

curves for the two antagonists in the presence of 9.4nM
bradykinin and insulin (figure 3.11 right) demonstrated that
antagonist D was almost 10-fold more potent than antagonist
A.

Thus the substance P antagonists A and D also block the

mitogenic effects of three neuropeptides in Swiss 3T3 cells:
GRP, vasopressin and bradykinin.

Their consistent relative

potencies against the three receptors suggests that
antagonists A and D may recognize a conserved domain on each
receptor.

This hypothesis will be further examined in a

later section.
IN SEARCH OF A SPECIFIC BOMBESIN ANTAGONIST
Although the strategy of screening substance P analogues
for bombesin antagonist activity had yielded, in antagonist
D, a more potent bombesin antagonist than was previously
known,

it had not led to the discovery of a more specific

antagonist.

The substance P antagonists A and D inhibited

the effects of bombesin, vasopressin and bradykinin with
identical relative potency, so it was impossible to predict
any structural modifications from their formulae to enhance
ligand specificity.

Because antagonist D differs from

antagonist A only at positions 2 and 5, attempts were made
to enhance their potency by modifying these analogues in
position 5 (Dr J Rothbard, Imperial Cancer Resea rch Fund).
Technical difficulties prevented this approach from being
pursued.
Inspection of the structural formulae of the substance P
antagonists in Table 3.1 (page

6 6

) reveals that most share

the carboxy-terminal sequence -Leu-Met-NH 2 with substance P
and bombesin.

In contrast, the two peptides shown to have

bombesin antagonist activity, antagonist A ([DArg1 . DPro2 ,DTrp'7'*, Leu 1 1 ]substance P) and antagonist D ([DArg1 ,DPhes , DTrp’7'®, Leu 1 1 ]substance P) , share the carboxyterminal motif -Leu-Leu-NHa.
analogues with this motif,

In view of this, two bombesin

[Leu14]bombesin(5-14) and

[Leu2,7]GRP were synthesized (Dr J Rothbard, Imperial Cancer
Research Fund).

They were tested in assays of
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1 2 5

I-GRP

binding and DNA synthesis in Swiss 3T3 cells.
inhibition of
about lpM.

1 2

Some

SI-GRP binding was seen at concentrations of

Disappointingly, they were found to have weak

agonist activity in the presence of insulin (figure 3.12
left), but no significant bombesin antagonist activity
(figure 3.12 right).

Thus the carboxy-terminal Leu-Leu

modification alone is insufficient to confer antagonist
activity on bombesin-like peptides.
A bombesin analogue with antagonist properties in a
pancreatic secretory assay was described by Heinz-Erian et
al (1987).

[DPhe12]bombesin was claimed to be a specific

bombesin antagonist in this system.

We synthesized a sample

(Dr J Rothbard, Imperial Cancer Research Fund) to test in
assays of mitogenesis in Swiss 3T3 cells.
be poorly soluble in water.

It was found to

In assays of DNA synthesis it

was weakly mitogenic, but toxic to the cells at high
concentrations (data not shown).

[DPhe12]bombesin was not

an antagonist of bombesin-stimulated mitogenesis in Swiss
3T3 cells.

These negative findings have subsequently been

confirmed by another group (Coy et al, 1988).

This suggests

that the bombesin receptors mediating short-term pancreatic
secretion and long-term fibroblast proliferation are
different, supporting the view that receptor subtypes exist.
[Leu1 3 -psi(CH 2 NH)Leu14]BOMBESIN IS A SPECIFIC BOMBESIN
ANTAGONIST
During a systematic study of peptide backbone
modifications in bombesin analogues. Dr DH Coy (Tulane
University, New Orleans, USA) synthesized the pseudopeptide
[Leu1 3 -psi(CH 2 NH)Leu 1 4 ]bombesin.

It was characterised in

guinea pig pancreatic acinar cells, where it caused 50%
inhibition (ICso) of bombesin-stimulated amylase release at
35nM (Coy et a l , 1988).

Dr Coy kindly sent us a sample of

[Leu1 3 -psi(CH 2 NH)Leu14]bombesin to test in Swiss 3T3 cells.
The effects of the pseudopeptide on GRP-induced DNA
synthesis are shown in figure 3.13.

[Leu1 3 -psj(CH 2 NH)-

Leu1*]bombesin markedly increased the concentration of GRP
required for half-maximal DNA synthesis from 0.8 nM alone to
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Figure 3.12.

10

Leu-analogues, ng/m l

Effects of [Leu1*]bombesin(5-14) and

[Leu27]GRP on DNA synthesis.
measured with luCi/ml

Left.

DNA synthesis was

[3 H]Tdr, lug/ml insulin and various

concentrations of the analogues bombesin (— o— ),
[Leu1*]bombesin(5-14)
( ■<

).

(--•— ), GRP (— □ — ) and [Leu2^]GRP

Values are expressed as a percentage of [3 H]Tdr

incorporation obtained with GRP lOOng/ml (100% « 7.44 x
1 0 °cpm).
Each point represents the mean of duplicate
determinations.

Right.

DNA synthesis measured with 2ng/ml

bombesin and various concentrations of [Leu1*]bombesin(5-14)
(— • — ) and [Leu27]GRP (— ■ — ) .

Values are expressed as a

percentage of [3 H]Tdr incorporation obtained with 2ng/ml
bombesin alone (o; 100% * 7.89 x 10®cpm).

Each point

represents the mean of duplicate determinations.
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Figure 3.13.

1000

Effects of [Leu*3 _psi(CHaNH)Leu^jbombesin

(LfLB) on GRP-stimulated mitogenesis.

Left.

DNA synthesis

was measured with ljjCi/ml [3 H]Tdr, lug/ml insulin and
various concentrations of GRP in the absence (o) or presence
of 500nM (□) or luM (■) (Leul3 -psi(CH^NH)Leu 1 *]bombesin.
Values are expressed as a percentage of [3 H]Tdr
incorporation obtained with a saturating dose of GRP in the
absence of antagonist.

Each point represents the mean of

duplicate determinations (100% - 7.6 x 10°cPm )• Right.
Dose-response curves for [Leu1 3 -psi(CHaNH)Leu1*]bombesin
inhibition of DNA synthesis induced by 2.7nM (□) or 3.6nM
(■) GRP.

Values are expressed as a percentage of [3 ]Tdr

incorporation obtained with 2.7nM GRP in the absence of
antagonist.

Each point represents the mean of duplicate

determinations (1 0 0 % -

8 . 0
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x

1 0

scpm) .

4. 8 nM in the presence of lpM [Leui 3 „ .,~u XTU>T
p s i (CH 2 N H )Leu
(figure 3.13 left).

]bombesin

Inhibition of DNA synthesis was

completely overcome by high concentrations of GRP,
indicating that the antagonist effect is competitive and
reversible.

The effect of the antagonist was dose-dependent

(figure 3.13 right) with an ICso of 240nM in the presence of
2.7nM GRP.
Since antagonists A and D selectively inhibit several
mitogenic neuropeptides,

it was necessary to rigorously test

the specificity of the pseudopeptide antagonist (figure
3.14).

As expected,

[Leu1 3 -psi(CH 2 NH)Leu14]bombesin blocked

the effects of the bombesin-like peptides GRP, bombesin and
litorin.

It had no effect on mitogenesis stimulated by

vasopressin or bradykinin.

No effect was seen on

mitogenesis stimulated by the polypeptide growth factors EGF
and PDGF, the protein kinase C activator phorbol 12,13dibutyrate, or the cAMP activators cholera toxin,
cAMP, and vasoactive intestinal peptide.

8

-bromo-

Thus, [Leu1 3 -psi-

(CH 2 NH)Leu*4 ]bombesin is both a potent and specific bombesin
antagonist in Swiss 3T3 cells.
Mechanism of action of fLeu13-Dsi (CHaNH)Leu14]bombesin
The effects of [Leu1 3 -psi(CH 2 NH)Leu1*]bombesin on

1 2 5

I-

GRP binding were studied to elucidate its mechanism of
action.

Figure 3.15 left shows that the antagonist at 500nM

strongly inhibited

1 2

SI-GRP binding.

A double reciprocal

plot of these data (figure 3.15 centre) shows that [Leu13—
p s i (CH2 NH)Leu14]bombesin reduced the affinity of the
receptors for

1 2 5

binding sites.

I-GRP, but did not affect the number of

The antagonist inhibited

1 2

S I-GRP binding in

a dose-dependent manner (figure 3.15 right) with an IC0 0

of

42nM.
In addition, cross-linking of 1 2 5 I-GRP to the M*- 7585 000 glycoprotein component of the bombesin/GRP receptor
(inset) was competitively blocked by increasing
concentrations of the pseudopeptide antagonist.

These

findings indicate that [Leu13-psi (CH2 NH) Leu3-*] bombesin, like
antagonists A and D blocks the responses to bombesin at
receptor level.
This was confirmed by demonstrating that [Leu1 3 -psi-

89

incorporation,
[3 HlTdr

GRP

VP

BN

Figure 3.14.

BK

P DGF EGF

PBt

8Bc

PGE^ P G E 2 V I P

Specificity of [Leu1 3 -pSj(CH2 NH)Leu1*]-

bombesin inhibition of mitogenesis.
measured with lijCi/ml
antagonist

CT

DNA synthesis was

[3 H]Tdr and lug/ml insulin without

(hatched bars), or with 20uM antagonist D (solid

bars) or luM [Leu13-psi (CH2 NH)Leu1'*] bombesin (shaded bars)
and the following mitogens:

GRP 3.6nM; bombesin (BN) 1.2nM;

litorin (LT) 1.8nM; vasopressin (VP) 9.2nM; bradykinin (BK)
9.4nM; PDGF InM; EGF 0.4nM; phorbol 12,13-dibutyrate

(PBt2)

lOOnM; cholera toxin (CT) lOOng/ml with isobutylmethy1xanthine (IBMX) 10uM;

8

-bromo-cAMP (8 Bc) 2.5mM;

prostaglandin Ex (PGEx) 282nM with IBMX 10uM; prostaglandin
E2

(PGEa) 567nM with IBMX 10uM; vasoactive intestinal

peptide (VIP) 3nM with Ro ( 4 - (3-butoxy-4-methoxybenzy1)-2imidozo1idine) 5uM.

Values are expressed as a percentage of

[3 H]Tdr incorporation obtained with fetal bovine serum, and
represent the mean of at least
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determinations.
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Figure 3.15.
on

1 2

Effects of [Leu»»-psJ-(CHaNH)Leu1-*]bombesin

°I-GRP binding.

Left.

specific cell-associated

1 2

various concentrations of
presence

Concentration-dependence:

SI-GRP binding was measured with

1 2

°I-GRP in the absence (o) or

(■) of 500nM [Leu 1 3 -psi(CH 2 NH)Leu 1

4

]bombesin.

Each

point represents the mean of duplicate determinations.
Centre.

The data from left panel shown in a double

reciprocal plot.
p s i CCH2 NH)Leu 1

4

Right.

Dose-response curve for [Leu13—

3bombesin inhibition of InM

1 2

S I-GRP binding.

Values are expressed as percentages of specific binding
obtained without antagonist
790cpm) .

(o)

(100% - 8383cpm, nsb -

Each point represents the mean of 3 determinations

(100% - 8.4 x

1 0 3

cpm) .

Inset.

Effect of [Leu 1 3 -psi(CH 2 NH)-

Leu14]bombesin on the affinity-labelling of the M r 75-85 000
bombesin receptor protein.
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(CH2 NH)Leu14]bombesin blocks the early intracellular signals
stimulated by GRP.

Transmodulation of the EGF receptor by

GRP, causing inhibition of

1 2

SI-EGF binding, was reversed by

[Leu1 3 -psi(CH2 NH)Leu14]bombesin in a dose-dependent fashion,
(figure 3.16 left) with half-maximal effect at 680nM.
Similarly, the increase in cytosolic Ca2-*- caused by addition
of 7.2nM GRP (figure 3.16 right) was blocked by 500nM
[Leu1 3 -psi(CH2 NH)Leu 1 4 ]bombesin, but this inhibition was
overcome by 72nM GRP.

In contrast,

[Leu 1 3 -psi(CH 2 NH)Leu14]-

bombesin did not prevent the Ca2-*- flux stimulated by 18nM
vasopressin, although this was readily blocked by lOpM
antagonist D.
Comparison of [Leu1 3 -gsi(CH^NH)Leu14]bombesin
and antagonist D
[Leu1 3 -psi(CH 2 NH)Leu14]bombesin is a specific bombesin
antagonist in Swiss 3T3 cells, and is more potent even than
antagonist D.

The varying IC&o values obtained in the

different assays reflects the opposing concentrations of GRP
used.

For example, an ICDo of 42nM was found in the

GRP binding study, where
3.15 right).
1 2 5

1 2

1 2 5

I-

SI-GRP was used at InM (figure

In contrast, an ICso of 680nM was found in the

I-EGF binding assay, where GRP was used at 3.6nM (figure

3.16 left).

Because of the steep dose-response curves for

GRP and [Leu1 3 -psi(CH2 NH)Leu14]bombesin (figure 3.13), these
figures are not incompatible, but emphasize the importance
of defining the system used when quoting ICso values.
Direct comparisons of [Leu1 3 -psi(CH 2 NH)Leu14]bombesin
and antagonist D were made in a number of different assays.
In each, it appeared that luM [Leu1 3 -psi(CH 2 NH)Leu14]bombesin was approximately equipotent to 20pM antagonist D
as a bombesin antagonist.

Figure 3.17 left shows that the

dose-responses for GRP-stimulated mitogenesis in the
presence of luM [Leu1 3 -psi(CH 2 NH)Leu14]bombesin and 20uM
antagonist D were superimposable.

In contrast, ljuM [Leu13—

psi(CH 2 NH)Leu14]bombesin had no effect on vasopressinstimulated DNA synthesis, while 20uM antagonist D caused
marked inhibition (figure 3.17 right).
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Figure 3.16.

Effects of tLeui3_psi (CHaNH)Leul-]boml)esin

on early cellular responses to GRP.

Left.

[Leu1 3 -psi-

(CH2 NH)Leu1*]bombesin (■) reverses the inhibition of *2 5 IEGF binding induced by GRP 3.6nM (o).

Values are expressed,

as percentages of specific binding obtained with 0.2nM
EGF alone (100% - 4775cpm. nsb - 308cpm) . Each point

1 2

SI-

represents the mean of 3 determinations.
Right. Effect of
(Leu1 3 -psi(CH 2 NH)Leu1*]bombesin on the changes in cytosolic
Ca2**' caused by GRP and vasopressin.

Quiescent Swiss 3T3

cells on Cytodex beads were loaded with Fura-2-AME.
Additions were: S, electrolyte solution; G, 7.2nM GRP; G+,
72nM GRP; L, 500nM [Leu1 3 -psi(CHaNH)Leu 1 *]bombesin; VP, 18nM
vasopressin; D, 10uM antagonist D.
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1

1

10

Figure 3.17.

10

100

Vasopressin, nM

GRP, nM

Comparison of antagonist D and [Leu1 3 -pSJ’_

(CHaNH)Leu 1 *]bombesin.

Left.

DNA synthesis was measured

with ljuCi/ml [3 H]Tdr, lug/ml insulin and various
concentrations of GRP in the absence (o) or presence of luM
[Leu13-psi (CH2 NH)Leu1,4]bombesin (■) or 20jiM antagonist D
(A) .

Values are expressed as a percentage of [3 H]Tdr

incorporation obtained with a saturating concentration of
GRP without anatgonists.

Each point represents the mean of

duplicate determinations (100% - 7.6 x 10®cpm).

Right.

DNA

synthesis with various concentrations of vasopressin in the
absence (o) or presence of ljiM [Leu1 *-psi (CHaNH)Leu1,4]bombesin (■) or 20*iM antagonist D (A) .

Each point

represents the mean of duplicate determinations (1 0 0 % x

1 0

»Cp m).
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6 . 8

N-acetyl-GRP(20-26) as a bombesin antagonist
A further GRP analogue has recently become commercially
available as a "bombesin antagonist".

N-acetyl-GRP(20-26)

was compared with [Leu*3 _p 5 j(CH2 NH)Leu14lbombesin and found
to be a specific bombesin antagonist of lesser potency.
Figure 3.18 left shows that 4/iM N-acetyl-GRP(20-26) was
equipotent to ljuM [Leu13-psi (CH2 NH)Leu 1 4 ]bombesin in the
inhibition of GRP-stimulated mitogenesis.

Both antagonists

were competitive, with reversal of their effects by excess
GRP.

Dose response curves for the two antagonists (figure

3.18 centre) confirm that [Leu13-psi(CHaNH)Leu14]bombesin
was a superior GRP antagonist to N-acetyl-GRP(20-26).

Like

[Leu1 3 -psi(CH 2 NH)Leu143bombesin, N-acetyl-GRP (20-26) showed
no antagonist activity against mitogenesis stimulated by
vasopressin or bradykinin (figure 3.18 right).
Binding studies were performed to establish that the
action of N-acetyl-GRP(20-26) was receptor-mediated.
inhibited specific cell-associated

1 2

It

SI-GRP binding to Swiss

3T3 cells, and affinity-labelling of the M*r 75-85 000
bombesin receptor protein in a dose-dependent manner (figure
3.19).

N-acetyl-GRP(20-26) is therefore a specific

bombesin/GRP receptor antagonist, but it is approximately 4fold less potent than [Leu1 3 -psi(CH 2 NH)Leu 1 4 ]bombesin.

A

series of more potent antagonists based on N-acetyl-GRP(2026) has now been described (Heimbrook et al, 1989).
TWO CLASSES OF ANTAGONIST
The characterisation of antagonists A and D led to the
startling conclusion that they can block the mitogenic
effects of three neuropeptides, bombesin, vasopressin and
bradykinin, but not those of other mitogens.

In the diverse

assays used with the three peptides, antagonist D was
consistently about 5-fold more potent than antagonist A.
This suggests that the antagonists recognize a common domain
in the different receptors.
Because bombesin, vasopressin and bradykinin are
structurally unrelated, the putative shared domain cannot be
the ligand binding site.

This implies that a second class
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Figure 3.18.
mitogenesis.

Effects of N-acetyl-GRP(20-26) on

Left.

Effects on GRP-stimulated mitogenesis.

DNA synthesis was measured with 1/iCi/ml [3 H]Tdr, l*ig/ml
insulin and various concentrations of GRP in the absence (o)
or presence of luM [Leu 1 3 -psi(CH 2 NH)Leu1*]bombesin (■) or
4uM N-acetyl-GRP(20-26)

(•).

Values are expressed as a

percentage of [3 H]Tdr incorporation obtained with 10% fetal
bovine serum (100% - 7.66 x 10scpm).
the mean of duplicate determinations.

Each point represents
Centre.

DNA

synthesis was measured with 3.6nM GRP and various
concentrations of [Leu 1 3 -psi(CH 2 NH)Leu1*]bombesin (■) or Nacetyl-GRP(20-26)

(•) .

Values are expressed as a percentage

of [3 H]Tdr incorporation in the absence of antagonists (100%
« 8.59 x 10scpm).

Each point represents the mean of

duplicate determinations.

Right*

Effects on vasopressin-

and bradykinin-stimulated mitogenesis.

DNA synthesis was

measured with 15nM vasopressin (•) or lOnM bradykinin (o)
and various concentrations of N-acetyl-GRP(20-26).

Values

are expressed as a percentage of [3 H]Tdr incorporation in
the absence of antagonist (vasopressin, 100% - 7.45 x
10scpm; bradykinin, 100% - 4.11 x 10°cpm) .

Each point

represents the mean of duplicate determinations.
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Figure 3.19.
binding.

Effects of N-acetyl-GRP(20-26) on

Inhibition of specific cell-associated

1 2

1 2

SI-GRP

SI-GRP

binding by various concentrations of [Leu 1 3 -psi(CH 2 NH)Leu1-*]bombesin (■) or N-acetyl-GRP(20-26)
presence of InM

1 2

SI-GRP.

(•) in the

Values are expressed as a

percentage of the specific binding obtained in the absence
of antagonists (100% - 6503cpm, nsb - 397cpm) .
represents the mean of 3 determinations.

Each point

Inset.

Concentration-dependence of inhibition of affinity-labelling
of the

75-85 000 bombesin receptor protein by [Leu1 3 -psi-

(CH3 NH)Leu1-1]bombesin (LLB) and N-acetyl-GRP(20-26)

100

(NAG).

of antagonists could exist which recognizes the ligandbinding site.

The demonstration that [Leu13-psi(CH2NH)-

Leu14]bombesin is a specific bombesin antagonist was
therefore an important step in substantiating this
hypothesis.
To further test this idea,

[Leu13-psi (CH2NH)Leu14]-

bombesin was compared with ligand-specific antagonists for
vasopressin and bradykinin.

As expected,

[Leu13-psi(CH2NH)-

Leu14]bombesin caused concentration-dependent inhibition of
GRP-stimulated mitogenesis, but had no effect on mitogenesis
stimulated by vasopressin or bradykinin (figure 3.20 left).
Similarly,

[Pmp1 , OMeTyr2 , Arg°]vasopressin (Kruszynski et

al, 1980) was active against vasopressin-, but not GRP- or
bradykinin-stimulated mitogenesis (figure 3.20 centre).
[DArg°, Hyp3 , This '°, DPhe"7]bradykinin blocked the effects
of bradykinin, but not those of GRP or vasopressin (figure
3.20 right).

Identical 1igand-specificity was observed when

the antagonists were tested in assays of Ca2^ mobilisation
(data not shown).

Thus the ligand binding sites of the

three receptors can be distinguished by ligand-specific
antagonists.
Two binding sites
The idea that the receptors for bombesin, vasopressin
and bradykinin might recognize two classes of antagonist led
to some simple questions about the nature of their binding
sites.
Firstly, do antagonists A and D interfere sterically
with ligand binding, although recognizing a distinct
receptor domain?

To test this, the relative potencies of

[Leu13-psi(CH2NH)Leu14]bombesin and antagonist D were
compared in inhibition of DNA synthesis stimulated by 27amino acid GRP and 7-amino acid bombesin(8-14) . ljuM [Leu13psi(CHaNH)Leu14]bombesin is equipotent to 20pM antagonist D
against GRP (figure 3.17 left).

If steric effects were

important, antagonist D would be predicted to be relatively
less potent against the shorter bombesin fragment.

Figure

3.21 left shows that ljuM [Leu13-psi (CH2NH)Leu14]bombesin is
exactly equipotent to 20uM antagonist D against bombesin(8-
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and bradykinin.
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Specific antagonists for GRP, vasopressin
DNA synthesis was measured with luCi/ml

t3H]Tdr, lug/ml insulin and 3.6nM GRP (•), 14nM vasopressin
(A) or 9.4nM bradykinin (■) in the presence of varying

concentrations of: left,
c»ntrm,

[Leu13-psi(CH2NH)Leu1*]bombesin;

[Pmp1 , OMeTyr2 , Arg°]vasopressin; right, [DArg°,

Hyp3 , This *°, DPhe^lbradykinin.

Values are expressed as a

percentage of [3H]Tdr incorporation obtained in the absence
of antagonist.

Each point represents the mean of at least 2

determinations (100% - 4.4 x 10scpm) .
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Investigations of antagonist D recognition

Effects of [Leu13-psi(CH2NH)Leu1*]bombesin and

antagonist D on bombesin(8-14)-stimulated mitogenesis.
synthesis was measured with luCi/ml

DNA

[3H]Tdr, lug/ml insulin

and various concentrations of bombesin(8-14) in the absence
(o) or presence of 20pM antagonist D (A) or lpM [Leul3-psi(CHaNHJLeu1*]bombesin (■).

Values are expressed as a

percentage of [3H]Tdr incorporation obtained with 10uM
bombesin(8-14) in the absence of antagonists.

Each point

represents the mean of duplicate determinations (100% * 8.44
x 10°cpm) .

Right.

Antagonist D inhibition of *a3I-GRP

binding at various concentrations alone (A) or with lOOuM
substance P (A) .

Values are expressed as a percentage of

specific X2SI-GRP binding in the absence of antagonists
(100% - 6689cpm, nsb - 530cpm) .
mean of 3 determinations.
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14), Indicating that the receptor binding sites do not
interfere sterically.
Secondly, is a substance P-like peptide the endogenous
ligand for the binding site recognized by antagonists A and
D?

An endogenous ligand could modulate the effects of the

mitogen and represent an important regulatory mechanism in
the control of growth.

As antagonists A and D are substance

P analogues, it was important to test for an effect with
substance P.

Figure 3.21 right shows that lOOuM substance P

did not affect the dose-response to antagonist D in
inhibition of 125I-GRP binding.

In another experiment a

dose-response to substance P was examined, but no
competition with antagonist D was found, even at
concentrations up to 600uM.

Thus substance P is not an

endogenous ligand for the receptor binding site recognized
by antagonist D.
ANTAGONIST G PREFERS VASOPRESSIN
The initial strategy adopted to identify novel
antagonists was to screen substance P antagonists for their
ability to inhibit a-25I-GRP binding, GRP- and vasopressinstimulated mitogenesis in Swiss 3T3 cells (Table 3.1).
Antagonist D performed well in each of these assays, but
[Arg®, DTrp'7'®, MePhe®]substance PC6-11)

(Laufer et

al, 1985; antagonist G in Table 3.1) was most active as a
vasopressin antagonist.

Its effects were studied in a

detailed comparison with antagonist D.
In assays of vasopressin-stimulated mitogenesis (figure
3.22 left) both antagonists markedly shifted the doseresponse curve for vasopressin, with antagonist D appearing
slightly more potent than antagonist G.
effects were competitive and reversible.

Their inhibitory
Dose-response

curves for the antagonists in the presence of 14nM
vasopressin were virtually superimposable (figure 3.22
centre), indicating that antagonists D and G are almost
equipotent as vasopressin antagonists.

A study of [3H3-

vasopressin binding (figure 3.22 right) confirmed that both
antagonists D and G, like [Pmp3-, OMeTyr2 , Arg®]vasopressin.
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Figure 3.22.

Comparison of antagonists D and G as

vasopressin antagonists.

Lmftm

Effects of antagonists D

and G on vasopressin-stimulated mitogenesis.
was measured with luCi/ml

DNA synthesis

[3H]Tdr, lug/ml insulin and

various concentrations of vasopressin in the absence (o) or
presence of 20juM antagonist D (A) or 20uM antagonist G (■) .
Values are expressed as a percentage of the [3H]Tdr
incorporation obtained with 2nM vasopressin in the absence
of antagonist (100% - 6.27 x 10°cpm).

Each point represents

the mean of duplicate determinations.

Centre.

DNA

synthesis measured with 14nM vasopressin and varying
concentrations of antagonists D (A) or G (■).

Values are

expressed as a percentage of [3H]Tdr incorporation in the
absence of antagonist (100% - 8.37 x 10®cpm).

Each point

represents the mean of duplicate determinations.

Right.

Effects of antagonists D and G on [3H]vasopressin binding.
Specific cell-associated binding was measured with 12nM
[3H]vasopressin alone (0) or with the following: vasopressin
(VP) lOOnM; bradykinin (BK) 100nM; GRP lOOnM;

[Pmp1 ,

OMeTyr2 , Arge ]vasopressin (PVP) lOOnM; antagonist D 50uM;
antagonist G 5 0 jliM.

Values are expressed as a percentage of

control, 0 (100% * 333cpm).
estimated for each condition.
mean of 4 determinations.
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Non-specific binding was
Each value represents the

act at the specific cell surface receptor for vasopressin.
In view of its potent effects as a vasopressin
antagonist, and the pattern of inhibition shown by
antagonists A and D against receptors for other mitogenic
neuropeptides, antagonist G was tested for antagonist
activity against GRP and bradykinin.

Figure 3.23 left shows

that although 20uM antagonist D markedly increased the GRP
concentration required for half-maximal DNA synthesis,
antagonist G had no effect at this concentration.

Dose-

response curves for the two antagonists in the presence of
3.6nM GRP are shown in figure 3.23 right.

They demonstrate

that antagonist G does indeed have dose-dependent activity
as a GRP antagonist, but it is almost 10-fold less potent
than antagonist D.
Antagonist G is a weak antagonist of GRP and bradykinin
To determine whether this weak GRP antagonist effect was
mediated by the bombesin/GRP receptor, we studied the
effects of antagonist G on 125I~GRP binding and
intracellular signalling.

Figure 3.24 left shows inhibition

of 12SI-GRP binding by antagonists A, D and G.

All three

antagonists inhibited binding in a dose-dependent manner,
and their dose-response curves are parallel, but antagonist
G was less potent even than antagonist A, and much less
potent than antagonist D.

The weaker affinity of antagonist

G for the bombesin receptor is also demonstrated by its poor
ability to inhibit affinity-labelling of the Mi- 75-85 000
bombesin receptor protein (figure 3.24 right).

These

findings indicate that antagonist G, like antagonist D, acts
at the bombesin/GRP receptor, but has a relatively low
affinity for it.
Following the discovery that antagonist G was relatively
more potent at the vasopressin than at the GRP receptor, it
was clearly important to determine whether it had high or
low affinity for bradykinin.

Figure 3.25 left shows that

20uM antagonist G was ineffective at inhibiting bradykininstimulated mitogenesis, whereas 20uM antagonist D markedly
increased the concentration of bradykinin required for halfmaximal DNA synthesis.

Dose-response curves for the two

107

0

1

10

0

GRP, nM

Figure 3.23.

100

Antagonist,

Inhibition of GRP-stimulated mitogenesis

by antagonists D and G.
with luCi/ml

10

Left.

DNA synthesis was measured

[3H]Tdr, lug/ml insulin and various

concentrations of GRP in the absence (o) or presence of 20uM
antagonist D (▲) or 20uM antagonist G (■) .

Values are

expressed as a percentage of [3H]Tdr incorporation obtained
with 10% fetal bovine serum (100% - 4.71 x 10°cpm).

Each

point represents the mean of duplicate determinations.
Right.

DNA synthesis measured with 3.6nM GRP and varying

concentrations of antagonists D (A) and G (■) .

Values are

expressed as a percentage of [3H]Tdr incorporation obtained
in the absence of antagonist (100% - 3.32 x 10°cpm) .
point represents the mean of duplicate determinations.
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Figure 3,24,
GRP binding.

Effects of antagonists A, D and G on aas

Left„

Inhibition of specific cell-associated

binding by various concentrations of antagonists A (•) , D
(A) and G (■) in the presence of InM 125I-GRP.

Values are

expressed as a percentage of the specific binding obtained
in the absence of antagonists (100% - 10800cpm, nsb 776cpm).

Each point represents the mean of 3

determinations.

Right.

Concentration-dependence of

inhibition by antagonists D and G of affinity-labelling of
the

75-85 000 bombesin receptor protein.
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Inhibition of bradykinin-stimulated

mitogenesis by antagonists D and G.
was measured with luCi/ml

Left.

DNA synthesis

[3H]Tdr, lug/ml insulin and

various concentrations of bradykinin in the absence (o) or
presence of 20uM antagonist D (A) or 20uM antagonist G (■) .
Values are expressed as a percentage of the [3H]Tdr
incorporation obtained with 10% fetal bovine serum (100% 4.72 x 10scpm) . Each point represents the mean of duplicate
determinations.

Right.

DNA synthesis was measured with

9.4nM bradykinin and various concentrations of antagonists D
(A) and G (■) .

Values are expressed as a percentage of

[3H]Tdr incorporation obtained in the absence of antagonists
(100% - 4.11 x 10®cpm).

Each point represents the mean of

duplicate determinations.

Ill

antagonists (figure 3.25

,
. . .. .
right) demonstrate that antagonist

G is a weak bradykinin antagonist, almost 10-fold less
potent than antagonist D, but at high concentrations it
completely abolished the mitogenic response to bradykinin.
Antagonist G had exhibited a preference for the
vasopressin receptor in assays of binding and mitogenesis.
The early intracellular mobilisation of Ca2"1" triggered by
vasopressin, GRP and bradykinin were studied to confirm that
this preference was maintained in the signalling process.
Figure 3.26 shows that both antagonist D and antagonist G at
5uM were able to block the rapid, transient rise in
cytosolic Ca2-*- induced by 5nM vasopressin, but this
inhibition was overcome by lOOnM vasopressin.

In contrast,

5uM antagonist G did not block the effect of InM GRP or lOnM
bradykinin, although it was blocked by 5uM antagonist D.
20uM antagonist G was needed to reversibly inhibit the Ca2-*mobilisation stimulated by InM GRP or lOnM bradykinin.
Specificity of antagonist G
As antagonist G had now been shown to have antagonist
activity against 4 neuropeptide receptors (substance P,
vasopressin, GRP and bradykinin) it was necessary to check
for activity against other mitogens for Swiss 3T3 cells.
Figure 3.27 shows that 40uM antagonist G did not inhibit
mitogenesis stimulated by the polypeptide growth factors EGF
and PDGF, the prostaglandins, the protein kinase C. activator
phorbol 12,13-dibutyrate, or the cAMP activators 8-bromocAMP and vasoactive intestinal peptide.

It therefore showed

the same selectivity as antagonists A and D, but with a
relatively higher affinity for the vasopressin receptor than
the bombesin or bradykinin receptors.

This suggests that

antagonist G recognizes the common binding domain on the
three receptors, but distinguishes the vasopressin receptor
from the others.
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Effects of antagonists D and G on

vasopressin-, GRP- and bradykinin-stimulated Ca2**mobi 1isation.

Cytosolic Ca2-” was measured in Swiss 3T3

cells grown on 90mm plastic dishes, loaded with fura-2-AME
and scraped into cuvettes.

The additions were: antagonist D

at 5uM (D5); antagonist G at 5uM (G5) or 20uM (G20);
vasopressin at 5nM (v5) or lOOnm (vlOO); GRP at InM (gl) or
50nM (g50); bradykinin at lOnM (blO) or lOOnM (blOO).
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Figure 3.27.
mitogenesis.

Specificity of antagonist G inhibition of

DNA synthesis was measured with ljuCi/ml

t3H]Tdr and lug/ml insulin without antagonist (solid bars),
or with 40uM antagonist D (hatched bars), or 40uM antagonist
G (shaded bars) and the following mitogens: vasopressin (VP)
15nM; EGF 0.4nM; PDGF 0.3nM; phorbol 12,13-dibutyrate

(PBt2)

100nM; cholera toxin (CT) lOOng/ml with isobutylmethylxanthine
(IBMX) 10uM; 8-bromo-cAMP (8Bc) 2.5mM; prostaglandin Ei
(PGEl) 200nM with IBMX lOuM; prostaglandin Ea (PGE2) 567nM
with IBMX 10uM; vasoactive intestinal peptide (VIP) 4.5nM
with Ro lOuM.

Values are expressed as a percentage of

[3H]Tdr incorporation obtained with 10% fetal calf serum,
and represent the mean of at least 2 determinations.
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DISCUSSION

Swiss 3T3 cells express specific receptors for a number
of different growth factors including EGF, PDGF, bombesin,
vasopressin and vasoactive intestinal peptide (VIP).

We

have now shown that bradykinin is also a potent mitogen for
these cells, and its effects are mediated through distinct
B2 receptors.

Bradykinin is released at sites of tissue

damage and mediates pain sensation, so its growth-promoting
actions suggest a possible role for it in integrating the
wound healing process.
In the search for a potent and specific bombesin
antagonist, we have established that two classes of
antagonist can block the mitogenic effects of bombesin,
vasopressin and bradykinin.

These are the 1igand-specific

antagonists and the substance P antagonists, which act at
all three receptors.
[Leu13-psi(CH2NH)Leu14]bombesin proved to be the most
potent and specific antagonist of bombesin-stimulated
mitogenesis in Swiss 3T3 cells.

At a concentration of ljuM,

it blocked 12SI-GRP binding, cross-linking of 12SI-GRP to
the M*- 75-85 000 bombesin receptor-associated protein, early
intracellular signals and DNA synthesis stimulated by GRP.
Most importantly, it was inactive against a wide range of
other mitogens.

[Leu13-psi(CH2NH)Leu1*]bombesin was

synthesized during a systematic study of pseudopeptide
analogues of bombesin (Coy et al, 1988) - an approach that
had already proved useful in the preparation of potent
somatostatin analogues (Sasaki et al, 1987).

Interestingly,

although having pure antagonist effects in Swiss 3T3 cells
and pancreatic acinar cells,

[Leu13-psi(CH2NH)Leu1*]bombesin

has been described to have partial bombesin agonist activity
in frog peptic cells (Dickinson et a l , 1988), providing
support for the existence of receptor subtypes.

Similarly,

[DPhe12]bombesin, which we found to have weak agonist
properties in Swiss 3T3 cells, acts as a bombesin antagonist
in pancreatic cells and rat brain (Heinz-Erian et al, 1987;
Merali et al, 1988).

N-acetyl-GRP(20-26), which we found to
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be a bombesin antagonist in Swiss 3T3 cells, has not been
tested in other cell systems.
Of the ten substance F‘ antagonists tested, antagonist D
([DArgi^ DPhe5 , DTrp'7*®, Leu11]substance P) was the most
potent bombesin antagonist.

At a concentration of 20uM it

blocked 12SI-GRP binding, cross-linking of a-aoI-GRP to the
75-85 000 bombesin receptor-associated protein, early
intracellular signals and DNA synthesis stimulated by GRP.
It also blocked the mitogenic effects of vasopressin and
bradykinin at their respective receptors, but not those of
other mitogens.

As these properties were shared by the less

potent analogue, antagonist A ([DArg1 , DPro2 , DTrp7 -9 ,Leu11 3substance P ) , we have suggested that the substance P
antagonists recognize a conserved domain on the bombesin,
vasopressin and bradykinin receptors.
The concept of receptors having more than one binding
site offers interesting possibilities for modulating their
responsiveness (Burgen,1981).

Similar models have been

described for the N-methy1-D-aspartate and gammaaminobutyric acid/benzodiazepine receptors in the central
nervous system (Foster & Fagg, 1987; Bureau & Olsen, 1988;
Foster & Kemp, 1989; Thomson et al, 1989).

This model also

leads to the question: what is the endogenous ligand for
this conserved domain?

We have shown that substance P does

not fulfill this function but, as in the case of the
benzodiazepine receptor, the solution could provide useful
information about the integrated responses of the
neuroendocrine system.
An alternative structural model is suggested by the
class

I histocompatibility antigens HLA-A2 and HLA-Aw68.

These glycoproteins are characterised by their ability to
recognize a variety of peptide antigens.

Their binding site

comprises a groove of 1 by 2.5nm formed between two ahelices overlying a platform of antiparallel 3-strands.
Pockets with negative or positive charge recognize peptide
side-chains, so that polymorphism accommodates antigen
diversity (Bjorkman et al, 1987a,b; Garrett et a l , 1989).
By analogy, the neuropeptide receptors could have a single
binding region with subsites recognizing ligands and
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antagonists.
As the molecular structures of the receptors for
bombesin, vasopressin and bradykinin remain unknown at the
time of writing, it is not possible to predict the nature of
the proposed common binding domain for the substance P
antagonists.

Bombesin, vasopressin and bradykinin share the

ability to rapidly and transiently mobilise cytosolic Ca2**-.
Their receptors might therefore all be linked to
phospholipase C by G proteins.

In contrast, the receptor

for the mitogenic neuropeptide VIP is probably linked to
adenylate cyclase by a G-protein (Zurier et al, 1988) but is
unaffected by these antagonists (figures 3.14 and 3.27).
PDGF is a polypeptide growth factor that stimulates Ca24mobilisation by a different pathway (Lopez-Rivas et al,
1987; Nanberg & Rozengurt, 1988).

PDGF-stimulated

mitogenesis is also unaffected by the substance P
antagonists.

These antagonists are therefore highly

selective in the signalling pathway they block.
It is interesting to note the emergence, in the past few
years, of a family of neuropeptide receptors with similar
structures.

These are characterised by seven helical

transmembrane domains, and are typically linked to G
proteins

(Dohlman et al, 1987; Lefkowitz & Caron, 1988).

The first and best described of these are the rhodopsins
(Nathans et al, 1986), but they have been rapidly followed
by the a- and (3-adrenergic receptors (Yarden et al, 1986;
Kobilka et al, 1987, 1988a; Lefkowitz & Caron, 1988) and the
muscarinic acetylcholine receptors (Bonner et al, 1987; Liao
et al, 1989).

Of particular interest, a number of receptors

for mitogenic neuropeptides have also been assigned to this
receptor family: the angiotensin receptor, encoded by the
mas oncogene (Young et al, 1986; Jackson et al, 1988); the
serotonin lc receptor, which can also function as a proto
oncogene (Julius et al, 1988, 1989); the substance K (Masu
et al, 1987) and substance P receptors (Yokota et al, 1989).
The most highly conserved regions of sequence for these
receptors encode the hydrophobic transmembrane domains, and
it is thought that ligand binding occurs in a pocket formed
by the juxtaposition of these segments (Dixon et al, 1987;

117

Kobilka et al, 1988b; Wong et al, 1988; Matsui et al, 1989).
In contrast, an intracytoplasmic loop Is thought to be the
site of G protein coupling (Kobilka et al, 1988b; O'Dowd et
al, 1988; Strader et al, 1989).

The available evidence on

the structure of the bombesin receptor (reviewed in the
Introduction)

is consistent with it also being a member of

this receptor family.

Receptors for bombesin and

vasopressin have been expressed in Xenopus oocytes injected
with mRNA from receptor-rich tissues, so it would be
expected that these receptors will soon be cloned (Meyerhof
et al, 1988a, b; Moriarty et al, 1988).
Antagonist G ([Arg15, DTrp'7’**, MePhe® ]substance P (6— 11) )
proved to be an interesting compound.

Like antagonists A

and D, it was able to block the mitogenic effects of GRP,
vasopressin and bradykinin, suggesting that it interacts
with the same conserved receptor domain.

Because

antagonist G shares 4 amino-acids with the C-terminal
pentapeptide of antagonists A and D (table 3.1), it is
tempting to assume that this motif is impoi^int for
recognition of the common binding domain.

This is

reminiscent of the conserved C-terminal heptapeptide of
bombesin that is required for its biological activity (page
16) .
Unlike antagonists A and D, G is a markedly more potent
antagonist of vasopressin than of GRP or bradykinin,
indicating a slightly different receptor interaction.

This

suggests that the truncated N-terminal confers greater
affinity for the bombesin and bradykinin receptors.

Recent

reports on the effects of substance P antagonists in
pancreatic acinar cells have acknowledged that they can
interact with multiple neuropeptide receptors, most notably
those for bombesin and cholecystokinin (Jensen et a l , 1988;
Zhang et al, 1988), but none have found the consistent
relationships described here.
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4. R E S U L T S
STUDIES WITH BOMBESIN ANTAGONISTS IN SCLC CELL LINES
The first bombesin antagonist to be identified was
[DArg1 , DPro2 , DTrp’7'*, Leu11 ]substance P (Antagonist A).
It was found to block the mitogenic effects of bombesin and
vasopressin in Swiss 3T3 cells (see Introduction) and we
have more recently found that it is also a bradykinin
antagonist (page 82).

This was the first bombesin

antagonist available to test in SCLC cell lines.
ANTAGONIST A INHIBITS SCLC GROWTH
SCLC cells incubated in serum-free HITESA medium at a
density of 5 x 10* cells/ml achieve a 10-fold increase in
number in about 10 days.

Antagonist A was tested in this

liquid culture assay (figure 4.1).

Control cells without

antagonists (figure 4.1 2eft) achieved a 10-fold increase in
number in 7 (H82) and 12 (H69) days.

At this time, the

cells exposed to antagonist were counted (figure 4.1 right).
Antagonist A was found to have a dose-dependent effect,
ha If-maximal at lOOuM.

The dose-response was remarkably

similar in the classic H69 and variant H82 cell lines.
To determine whether this effect was toxic and non
specific, reversibility was examined.

Figure 4.2 shows that

growth of three SCLC lines was completely suppressed by
150uM antagonist A (a concentration that reversibly inhibits
GRP-stimulated mitogenesis in Swiss 3T3 cells).

Near-normal

growth was restored by washing the cells and resuspending
them in fresh HITESA.

Thus antagonist A reversibly inhibits

SCLC growth in a specific, non-toxic fashion.
Antagonist A suppressed SCLC growth at concentrations of
150-200uM.

The search for more potent bombesin antagonists

in the model Swiss 3T3 cell system had shown that other
substance P antagonists could also act as bombesin
antagonists.

We therefore tested the analogues shown in

table 3.1 (page 66) for their ability to inhibit the growth
of SCLC jn vitro.
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Inhibition of SCLC growth by antagonist A.

SCLC cell lines H69 (A) and H82 (•) were incubated at a
density of 5x 10* cells/ml in HITESA medium alone (left) or
with various concentrations of antagonist A (right).
Control vials were sampled at intervals over 14 days (Jeft)
and the dose-response to antagonist (right) was counted when
the controls had achieved about 10-fold increase in cell
number (indicated by the dotted lines), ie. day 7 for H82
and day 12 for H69.

Each point represents the mean of 5

determinations and the mean standard deviation was 12.1 ±
3.6 (sd)% of each value for H82 and 14.3 ± 5.7% for H69.

Cell number x l(T

100
H 69

H 417

H 128

10:

Days

Figure 4.2.
growth.

Antagonist A reversibly inhibits SCLC

Cells from 3 SCLC cell lines (H69, H128 and H417)

were incubated in the absence (•) or presence (□,■) of 150uM
antagonist A.

After 4 days they were resuspended at a

density of 5 x 10* cells/ml in the absence (#,□) or presence
(■) of 150*iM antagonist A (day 0).

Cell number was

determined at intervals over 14 days.
the mean of 3 determinations.
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Each point represents

ANTAGONISTS D AND 6 INHIBIT SCLC GROWTH

Substance P and its antagonists were tested at 100/jM for
inhibition of growth in H345 and H69 cell lines (figure
4.3).

Cells were inoculated at 5 x 10*. cells/ml and counted

after 11 (H345) or 8 (H69) days, when control samples had
achieved 10-fold increase in number.

As expected, substance

P itself neither enhanced nor inhibited growth.

Antagonists

A and B (spantide) caused some growth inhibition, and the
other analogues had mild and variable effects.

In contrast,

antagonists D and G almost completely abolished the growth
of both cell lines.
Antagonist D inhibition of SCLC growth
The effects of antagonists A and D on H69 cells are
compared in figure 4.4.

The cells achieved a 10-fold

increase in number in HITESA by day 10 (inset), and the
dose-responje experiment was counted on day 13 (arrowed) .
Both antagonists inhibited growth in a dose-dependent
manner.

Half-maximal inhibition was obtained with 24uM

antagonist D and 82uM antagonist A.

Similar results were

seen in the H128 and UCH25 cell lines.

Importantly, the

relative potencies of the two antagonists were the same as
those observed with GRP-, vasopressin- and bradykinin
stimulated DNA synthesis in Swiss 3T3 cells.

This suggests

that antagonists A and D interact with a binding site in
SCLC that is similar to those recognized in Swiss 3T3 cells.
The reversibility of antagonist D inhibition of SCLC
growth was tested in a wash-off experiment.

Figure 4.5

left shows that 30uM antagonist D suppressed the growth of
H69 cells, but that normal growth was restored by washing
the cells and resuspending them in fresh medium.

Similar

results were obtained in the H209 and H345 cell lines.

Thus

the effects of antagonist D in SCLC are non-toxic and
reversible.
A further demonstration of the effects of antagonist D
was made in the clonogenic assay.

Transformed or tumour

cells including SCLC are able to form colonies in suitable
agarose media (Carney et al, 1980; Bepler et al, 1987a).
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SCLC growth.
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Effects of 10 substance P antagonists on

Cells from the SCLC lines H345 (]*ft) and H69

(right) were inoculated at a density of 5 x 10* cells/ml in
HITESA alone (0) or with lOOuM substance P (SP) or the other
antagonists indicated (cf. table 3.1), all at lOOuM.
Samples were counted at day 11 (H345) or day 8 (H69).
value represents the mean ± sd of 5 determinations.
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Figure 4.4.
and D.

Inhibition of H69 growth by antagonists A

Cultures of H69 cells were incubated in HITESA

medium in the absence (•) or presence of various
concentrations of antagonist A (o) or antagonist D (A).
Samples were incubated for 13 days, when the controls
(inset) had achieved 10-fold increase in number, indicated
by the arrow.

Each point represents the mean ± sd of 5

determinations.
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70

Effects of antagonist D on SCLC growth.

Antagonist D inhibition of H69 growth is reversible.

Cells were incubated in the absence (•) or presence (D.A> of
30uM antagonist D.

After 4 days they were resuspended at a

density of 5 x 10“* cells/ml

(day 0) in the absence (•.□) or

presence (A) of 30uM antagonist D.

Cell number was

determined at intervals over 14 days.
the mean of 5 determinations.

Each point represents

The mean standard deviation

was 10.0 ± 8.6 (sd)% of each value.
Right.
Antagonist D
inhibition of H69 colony-formation in soft agar.
Cells were
inoculated at a density of 10* cells/ml in 0.3% agarose over
a 0.5% agarose layer in HITESA with various concentrations
of antagonist D, using the double strength method.

After 21

days, colonies were stained with nitro-blue tetrazolium and
counted.

Values represent the mean ± sd of 5

determinat ions.
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Colony number

Cell number x 10 -4

100

This may represent the existence of a sub-population of
tumour stem-cells, so it was important to test the
antagonist in this assay.

Figure 4.5 right shows that

antagonist D inhibited colony-formation in a dose-dependent
fashion with half-maximal effect at a similar concentration
to that required in the liquid growth assay.
GRP does not reverse the effects of antagonist D
Detailed studies of the mechanism of action of
antagonist D in Swiss 3T3 cells showed it to be a
competitive bombesin antagonist, acting at receptor level to
block GRP-stimulated mitogenesis.

Its effects were readily

overcome by addition of excess GRP or bombesin (chapter 3).
In contrast, in SCLC antagonist D suppressed intrinsic in
vitro cell proliferation. Although its effects in SCLC are
reversed by washing,

it was important to determine whether

exogenous GRP could overcome the inhibition of antagonist D.
In an experiment in H69 cells, 50uM antagonist D
suppressed growth in liquid culture, and its effects were
almost completely reversed by 10% heat-inactivated fetal
bovine serum.

However, GRP 36nM, vasopressin 92nM and

substance P 50uM had no effect, whether used singly or in
combination.

A further experiment in H69 cells used 40uM

antagonist D to inhibit cell growth.

GRP was given at

various concentrations over the range 0.72-72nM, but no
reversal of growth inhibition was seen.
Figure 4.6 demonstrates that GRP, bradykinin,
vasopressin and substance P were unable to reverse the
growth inhibition of 40uM antagonist D in 2 cell lines.
The concentrations of agonists used are saturating for Swiss
3T3 cells.

In contrast, heat-inactivated serum consistently

reversed the inhibition of antagonist D in SCLC (table 4.1).
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Effects of agonists with antagonist D in

Cultures of H69 (jeft) and H345 (right) cells were

incubated in HITESA medium alone (0) or with the following
additions: 190nM bradykinin (BK); 72nM GRP; 40jiM antagonist
D (D); 180nM vasopressin; lOuM substance P (SP).

Samples

were incubated for 13 days (H69) or 10 days (H345), until
growth of controls was maximal.
mean ± sd of 5 determinations.
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Each value represents the

Table 4,1;

Effects of 10% heat-inactivated fetal bovine
serum on SCLC grown with antagonist D

Cell line

H69

H345

H69

Antagonist

D 40uM

D 40uM

D 50uM

Incubation

8 days

11 days

11 days

70.8 ± 4.0

28.4 ± 2.8

35.0 ± 2.8

9.8 ± 1.3

2.7 ± 0.5

4.6 ± 0.7

Antagonist + serum 60.9 ± 6.0

15.3 ± 0.9

20.5 ± 3.6

Cell number x 10-*
Controls
Antagonist

Each value represents the mean ± sd of 5 determinations

These findings have several possible explanations.
Firstly, that the bombesin receptor in SCLC differs from
that in Swiss 3T3 cells, such that binding of the antagonist
is non-competitive.

The observation that washing or adding

serum can reverse the inhibition of antagonist D argues
against this.

Secondly, the effects of the antagonist might

not be receptor-mediated in SCLC cells.

We were unable to

measure 12SI-GRP binding in these cells, so this could not
be addressed directly (but data on receptor-mediated Ca2*mobilisation is presented in chapter 5).

However, the

finding that antagonists A and D exhibited the same relative
potency in Swiss 3T3 cells and SCLC supports the view that
they interact with similar binding sites in the two cell
types.

Thirdly, further neuropeptide receptors might be

blocked by antagonist D in SCLC, in addition to those for
GRP, vasopressin, bradykinin and substance P.

This leads to

the intriguing idea that other known or unknown
neuropeptides could be important growth factors for SCLC.
This thesis is explored in the next chapter.
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Does prior therapy affect SCLC response to antagonist D?

The SCLC cell lines studied were derived from a variety
of sources, from untreated patients and those who had
already been exposed to cytotoxic drugs (table 2.1, page
59).

Although antagonist D was effective at inhibiting

growth in all the lines tested, it was not possible from
these data to correlate sensitivity to antagonist D with
chemosensitivity.

We were fortunate therefore to obtain

from Dr H Berendsen (University Hospital, Groningen, The
Netherlands) three SCLC cell lines derived from one patient,
before treatment, and at first and final relapse.

These

have been well characterised, and demonstrate progressive
resistance to chemotherapy (Berendsen et al, 1983; De Vries
et a l . 1989).
The three cell lines varied considerably in their growth
rate, having doubling times of 26h in GLC14 (pretreatment),
27h in GLC16 (1st relapse) and
(De Vries et al, 1989).

44h in GLC19 (2nd relapse)

Figure 4.7 shows that the three

cell lines varied in their sensitivity to antagonist D, with
GLC16 requiring 10-fold more antagonist than GLC14 for halfmaximal growth inhibition, and GLC19 intermediate between
them.

Resistance to antagonist D is not therefore simply

related to drug resistance.

Further studies with these cell

lines are now being undertaken in our laboratory.
Antagonist D is less effective in NSCLC
Antagonist D is clearly a potent inhibitor of SCLC
growth.

It has been effective in vitro in each of 9

different SCLC cell lines tested, from various sources, and
with differing phenotypes.

It was found to be less

effective in nor.-SCLC (NSCLC).

Figure 4.8 contrasts the

effects of 40uM antagonist D on the growth of the SCLC cell
line H128 and 2 NSCLC lines. The experiment was performed in
HITESA medium supplemented with 1% fetal bovine serum
because the NSCLC cells grow poorly in serum-free medium.
These cell lines are adherent, so growth plateaued earlier
(day 7 vs day 11 for H128) and maximal growth was less in
the NSCLC.

Nevertheless it is clear that the antagonist was
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Figure 4.7.

Effects of antagonist D on 3 SCLC cell

lines from one patient.

Cultures of GLC14 (o), GLC16 (□) ,

and GLC19 (A) cells were incubated in HITESA with varous
concentrations of antagonist D.
was counted.

After 10 days, cell number

Each point represents the mean of 5

determinations.

The mean standard deviation was 14.5 ±

9.9(sd)% of each value.
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Figure 4.8.

NSCLC

Effects of antagonist D on proliferation

of SCLC and NSCLC cell lines.

Cells were inoculated at a

density of 5 x 10* cells/ml in HITESA medium supplemented
with 1% fetal bovine serum, in the absence (open) or
presence (solid) of 40uM antagonist

D.

Cell number was

determined when control cells had achieved maximal growth,
at day 11 for HI28 and day 7 for the NSCLC cell lines.
Results are expressed as the percentage increase over basal.
Each value represents the mean ± sd of 5 determinations.
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markedly less effective in the NSCLC cell lines.
Interestingly, the sk-lu-1 cells, which are adenocarcinoma,
appeared more sensitive to antagonist than the squamous skmes-1 line.

Adenocarcinoma tumours are glandular, more

often chemosensitive than other NSCLC, and show some overlap
with the SCLC phenotype.
Antagonist G inhibition of SCLC growth
Antagonist G was identified as a substance P antagonist
with higher affinity for the vasopressin receptor than those
for bombesin and bradykinin in Swiss 3T3 cells (chapter 3).
Among the substance P antagonists tested in SCLC, antagonist
G was identified as having similar potency to antagonist D
(figure 4.3).

Their effects are compared in figure 4.9.

Dose-respcnse for the two antagonists are virtually
superimposable in two SCLC cell lines, with ha If-maximal
inhibition of growth at about 20uM.
As antagonists A and D had been shown to be non-toxic in
wash-off experiments, antagonist G was tested in the same
way.

Figure 4.10 2&ft shows that 75uM antagonist G

completely suppressed growth of H69 cells, but that cells
pre-incubated for 4 days with antagonist were restored to
normal growth when resuspended in fresh HITESA medium.
Similar reversibility was demonstrated in H345 cells.
Although antagonist G inhibition of SCLC growth was
reversed by washing the cells, it proved impossible to
reverse with exogenous peptides.

In H69 and H345 cells, the

inhibition of 75uM antagonist G was unaffected by the
combination of lOOnM GRP, lOCnM vasopressin, lOCnK
bradykinin and lQOnM chclecystokinin.
The effects of antagonists D and G were compared in the
clonogenic assay shown in figure 4.10 J'ight.

H510A cells

were inoculated at 10* cells/ml in 0.3% agarose over a 0.5%
agarose layer, in HITESA medium.

A cloning efficiency of

almost 1% was observed in the controls.

Both antagonists

inhibited colony-formation in a dose-dependent manner, but
antagonist D was slightly more potent than G.
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Figure 4.9.
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Inhibition of SCLC growth by antagonists D '

Cultures of H209 (left) and H510A (right) cells were

incubated in HITESA medium in the absence (o) or presence of
various concentrations of antagonist D (A) or antagonist G
(■) .

Samples were incubated for 13 days (H209) or 12 days

(H510A), until the controls had achieved maximal growth.
Each point represents the mean of 5 determinations.

The

mean standard deviation was 15.2 ± 7.4(sd)% of each value for
H209, and 19.9 ± 9.0% for H510A.
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Effects of antagonist G on SCLC growth.

Antagonist G inhibition of H69 growth is reversible.

Cells were incubated in the absence (o) or presence (□,■; of
75uM antagonist G.

After 4 days they were resuspended at a

density of 5 x 10* cells/ml

(day 0) in the absence (o,D) or

presence (■) of 75uM antagonist G.

Cell number was

determined at intervals over 14 days.
the mean of 5 determinations.

Each point represents

The mean standard deviation

was 10.4 ± 5.8 (sd)% of each value.

Right,

Effects of

antagonists D and G on H510A colony-formation in soft agar.
Cells were inoculated at a density of 10* cells/ml in 0.3%
agarose over a 0.5% agarose layer in HITESA with various
concentrations of antagonist D (open) or antagonist G
(hatched ), using the 1:10 dilution method.
counted after 21 days incubation.
± sd of 5 determinations.
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Colonies were

Values represent the mean

Colony number

H510A

H69

Are antagonists D and G cell cycle-specific?
To investigate the mechanism of action of the
antagonists in SCLC, cellular DNA content was assessed by
flow cytometry, using the fluorescent DNA indicator
propidium iodide (figure 4.11).

The major peak, of relative

fluorescence 65, represents the diploid cell population, and
the minor peak at 130,

the tetraploid G 2population.

The

peaks are broader than

expected for normal cells, reflecting

the variation in chromosome number seen in SCLC cell lines
(page 60).

In the H69 cells, some accumulation of cells is

seen in G2 with the antagonists, but this is a non-specific
finding.

No significant differences were seen with

antagonists in H209 or H345 cells.

Thus antagonists

D and G

do not cause a cell eye 1e-spec ific block to growth.
Effects of antagonists D and G in vivo
In view of the striking inhibition of SCLC growth
obtained in vitro with antagonists D and G. and their
potential therapeutic value, preliminary animal studies have
been started.

Both antagonists have been given by slow

intravenous injection in doses calculated to achieve blood
levels of 40uM and lOOuM, without adverse effect.

These are

concentrations at which complete inhibition of tumour
growth is seen in vitro.

Comprehensive toxicity studies are

now planned (in collaboration with Dr M Alison, Hammersmith
Hospital, London) and xenograft studies are in progress (Dr
S Langdon, Western General Hospital, Edinburgh).
SPECIFIC BOMBESIN ANTAGONISTS IN SCLC
The striking ability of the "broad-spectrum" substance P
antagonists to inhibit SCLC growth is of major interest and
potential therapeutic importance.

Our inability to reverse

their effects with exogenous GRP or other peptides prevented
us from using these antagonists to test the hypothesis that
bombesin is an autocrine growth factor for SCLC.

The

ligand-specific bombesin antagonists were therefore tested
in SCLC with the dual intention of testing this hypothesis
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Antagonist G

Flow cytometry of SCLC exposed to

DNA content of individual cells of H69 (*Cp)

and H345 (bottom) preincubated for 7 days in HITESA alone
(left), or 40uM antagonist D (centre), or 40uM antagonist G
(right) .

Cells were fixed with 95% ethanol/5% acetic acid

then incubated with 0.05mg/ml propidium iodide, a
fluorescent dye that intercalates with DNA.

Cells were

passed through a 75um filter and analysed by a fluorescence
activated cell sorter.
number.

Vertical axis: relative

cell

Horizontal axis: relative fluorescence intensity,

proportional to cellular DNA content.
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and finding a more specific treatment.
Mobilisation of intracellular Ca2+ is one of the
earliest receptor-mediated signals triggered by GRP in Swiss
3T3 cells.

We have found that a Ca2'*' flux can also be

measured in some SCLC cell lines following GRP addition,
using the fluorescent indicator Fura-2-AME (see chapter 5).
Figure 4.12 demonstrates this, and shows that the GRPstimulated signal can be blocked by modest doses of Nacetyl-GRP(20-26),

[Leu13-psi(CH2NH)Leu14]bombesin

antagonists D and G.

This confirms that the bombesin

receptor in these cells is similar to that in Swiss 3T3
cells, responding to the same ligand-specific antagonists.
[Leu13-£>si (CHaNH) Leu1,4]bombesin fails to inhibit SCLC
growth
The ligand-specific antagonist [Leu13-psi (CH2NH)Leu34 ]bombesin blocks GRP-stimulated mitogenesis at concentrations
of about luM in Swiss 3T3 cells (page 93).

It was tested in

SCLC cell lines H69, H128 and UCH25 at concentrations of
0.5-5pX, but no growth inhibition was seen.

Figure 4.13

shows that the growth curves for H345 cells incubated in
HITESA alone or HITESA with 10uM [Leu13-psi(CH2NH)Leu14]bombesin are superimposable.

Similar results were obtained

with H128 and UCH25 cells.
Tg [T.f>n13-jgsi (CHsNH)Leu14 1bombesin degraded by-SCLC?
The plasma half-life of bombesin in man is 2.8 min
(Knigge et al, 1984).

As [Leu13-psi(CH2NH)Leu1*]bombesin is

a very close analogue of bombesin, it may have a similarly
short half-life in vivo.

In contrast, the substance P

analogues, containing multiple D-amino acids, may be rather
more resistant to proteolysis.
Because [Leu13~psi(CH2NH)Leu14]bombesin did not inhibit
SCLC growth in liquid culture assays, the question arose: is
[Leu13-p=;(CH2NK)Leu14]bombesin degraded by SCLC in vitro?
Figure 4.14 shows the results of an experiment designed to
test this.

lOpM [Leu13-psi(CH2NH)Leu14]bombesin was

incubated in HITESA medium alone or with H345 cells, and
assayed indirectly by measuring inhibition of 125I-GRP
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Inhibition of GRP-stimulated Ca^-*-

mobilisation in SCLC.

H345 cells were incubated with luM

fura-2-AME in HITESA for 5 min, then resuspended in
electrolyte solution in a luminescence fluorimeter.
Additions were: g, GRP 2nM; g20, GRP 20nM; NAG, 4uM Nacetyl-GRP(20-26) ; LLB, ljuM [Leu *3-ps i (CH2NH) Leu1*4]bombesin
D, 10iiM antagonist D; G, IOjliM antagonist G.
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Figure 4.13.

[Leu13-psi(CH2NH)Leu1*]bombesin fails to

inhibit SCLC growth.

H345 cells were inoculated at a

density of 5 x 10* cells/ml in HITESA alone (o) or in the
presence of IOjjM [Leu13-psi (CH2NH)Leu1*] bombesin (A).
number was determined at intervals over 14 days.
represents the mean of 5 determinations.

Each point

The mean standard

deviation was 9.03 ± 2.77(sd)% of each value.
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Figure 4.14.
by SCLC?

Is [Leu13_psi (CHs5NH)Leu1*]bombesin degraded

Aliquots of HITESA alone (o), HITESA with lOuM

[Leu13-psi(CH2NH)Leu1*]bombesin (•), H345 in HITESA alone
(□) , and H345 with 10uM [Leu13-psi(CH2NH)Leu1*]bombesin (■)
were incubated at 37°C and sampled at intervals over 14
days.

Specific cell-associated 125I-GRF binding was

measured in Swiss 3T3 cells, using the supernatant from the
samples in place of binding medium, with InM 125I-GRF.
left.

Top

Specific binding of 123I-GRP in sampled medium.

Aliquots containing [Leu13-psi (CH2NH)Leu1**]bombesin (#,■:
were diluted 1:10 in HITESA before assaying.

Top right.

Calibration curve of 12SI-GRP binding to Swiss 3T3 cells
using HITESA in place of binding medium, InM 12SI-GRP and
various concentrations of [Leu13-psi (CH2NH)Leu1*]bombesin
(•).

Lower.

Deduced [Leu13-psi(CH2NH)Leu1*]bombesin (LLB)

concentration with time, derived from the data shown above,
of lOpM [Leu*®-psj (CH2NH)Leu1,4]bombesin in HITESA alone (•)
or incubated with H345 cells (■) .
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binding in Swiss 3T3 cells.

Figure 4.14 top left shows that

H345 cells alone did not significantly secrete substances
that inhibited with 12ffI-GRF binding (eg. GRP).

A

calibration curve (figure 4.14 top right) shows a nearlinear relationship between 123I-GRP binding and [Leu13-ps:-(CH2NH) Leu14 ]bombesin concentration in the range lOnM-luM,
so samples containing lOpM [Leu13-psi(CH2NH)Leu1*]bombesin
were diluted 1:10 in HITESA to bring them within the range
of the assay.

The deduced relationship between [Leu13-psi-

(CH2NH)Leu14]bombesin concentration of the incubated samples
and time (figure 4.14 lower) indicates that the effective
concentration of [Leu13-psi(CH2NH)Leu14]bombesin fell to 20%
over 2 weeks in HITESA alone.

In the presence of H345

cells, the effective concentration of [Leu13-psi(CH2NK)Leu14]bombesin fell to almost

1%.

Internalization is

unlikely to account for this, because the process is so
slow.

Thus there is some evidence that

[Leu13-psi(CH2NH) -

Leu14]bombesin is degraded by SCLC cells in vitro.
To test whether [Leu13-psi(CH2NH)Leu14]bombesin is able
to inhibit SCLC growth under optimal conditions. H345 cells
were incubated in the absence or presence of 10uM [Leu33—
psi (CHssITH) Leu14]bombesin (at 5 x 104 cells/ml and 5 x 10B
cel Is/2m 1).

The medium was changed 5 times during growth,

so that the predicted [Leu13-psi(CH2NH)Leu"14]bombesin
concentration in the medium would not fall below 5pM.
Despite this, no inhibition of growth occurred with [Leu13—
psi(CH2NH)Leua43bombesin.
N-acetyl-GRP(20-26) fails to inhibit SCLC growth
N-acetyl-GRP(20-26) had been shown to act as a specific
bombesin receptor antagonist in Swiss 3T3 cells and to block
GRF-stimulated mitogenesis at concentrations of about 4uK
(page 96).
It specifically blocked GRP-stimulated Ca2^
mobilisation in SCLC, and was therefore tested in growth
assays.

Figure 4.15 shows the effects of 2-50pM N-acetyl-

GRP (20-26) on the growth of H69 and H345 cells.

During the

experiment, controls had achieved about 10-fold increase in
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Effects of N-acety1-GRP(20-26) on SCLC

Cells from H69 (je ft) and H345 (right) SCLC cell

lines were inoculated at 5 x 10* cells/ml in HITESA alone
(0) or with 40iiM antagonist D (D) or N-acety 1-GRP (20-26)
(NAG) at the concentrations indicated.

Samples were counted

on day 9 (H69) or day 13 (H345) when controls had achieved
maximum growth.

Each value represents the mean ± sd of 5

determinations.
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number, which was completely suppressed by 40uM antagonist
D.

N-acety1-GRP(20-26) showed no consistent dose-dependent

effect on growth.
OTHER LIGAND-SPECIFIC ANTAGONISTS
The substance P antagonists A,D and G, which also block
GRP, vasopressin and bradykinin, were effective in
suppressing SCLC growth, whereas the bombesin-specific
antagonists were not.

Although the effects of the substance

P antagonists were not reversed by exogenous GRP,
vasopressin, bradykinin or substance P, it remains possible
that one of these is a key growth factor for SCLC.
this,

To test

ligand-specific antagonists for bombesin, vasopressin

and bradykinin were used (figure 4.16).

None of these

inhibited the growth of the two SCLC cell lines, although
each was used at a dose 10 times that required to block
ligand-stimulated mitogenesis in Swiss 3T3 cells.

In a

further study in UCK25 cells, these antagonists were given
in combinations, but even [Leu13-p£ i (CK2NH)Leu1* ]bombesin,
[Pmp1 , OMeTyr2 , Arge ]vasopressin and [DArg°, Hyp3 , Thi* •3 ,
DPhe^]bradykinin together were unable to inhibit growth.
Thus it appears that the effects of antagonists D and G are
not mimicked by the additive effects of blocking bombesin,
vasopressin and bradykinin.
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Ligand-specific antagonists in SCLC.

Cultures of H69 (left) and UCH25 (right) cells were
incubated in HITESA medium alone (0) or with the following
additions: 50uM antagonist D (D) ; 5uK (L5) or IOjiM (L10)
[Leu13-psi(CH2NK)Leu1*]bombesin; lOOnM [Pmp1 , OMeTyr2 ,
Arg®]vasopressin (V); 3.9iM [DArg°, Hyp3 , Thi3 '°, DPhe^]bradykinin.

Samples were counted on day 10 (H69) or day 12

(UCH25) when controls had reached maximal growth.
are expressed as mean ± sd of 5 determinations.
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Values

5. R E S U L T S
FURTHER NEUROPEPTIDES STUDIED IN SCLC
The discovery that the substance P antagonists A,D and G
can inhibit SCLC growth in vitro, whereas ligand-specific
antagonists for bombesin, vasopressin and bradykinin cannot,
suggested that additional neuropeptides might regulate SCLC
growth.

As SCLC is characterised by the presence of

intracytoplasmic neurosecretory granules and its ability to
secrete a variety of hormones and peptides (table 1.2, page
49), candidate growth factors are abundant.
GROWTH FACTORS ARE NOT IDENTIFIED IN LIQUID CULTURE
ASSAYS
The liquid culture assay, in which SCLC cells are
suspended in chemically-defined medium, and counted at
intervals, proved a useful method for detecting growthinhibitory effects of antagonists.

In contrast, repeated

attempts to demonstrate growth stimulation in this system
(table 5.1) were unsatisfactory.

This may be because the

cells are able to grow exponentially in HITESA medium and
cannot be stimulated to grow faster, whatever the challenge.
Others have reported a similar experience (Layton et al,
1988).
Table 5.1:

Effects of mitogens on SCLC grown in HITE SA

Cell line

Mitogen

H 6 9 , H417

Bombesin 62nM

Nil

H128, H417

GRP 0.36, 3.6, 36, 360, 3600nM

Nil

H69

GRP 0.72, 1.78, 3.6, 7.2, 17.8, 36, 72nM

Nil

H128

GRP 1.1, 3.6, 11, 36, H O n M

Nil

H69 , H128

GRP 3.6, 36, 110, 360, 1100, 1800, 3600nM

Nil

H128, H417, UCH25
H128, K417

Growth effect

Vasopressin 92nM

Nil
Nil

EGF 2nM

HG9 (in HTES) Insulin 0.1-lOug/ml

Nil

H69(in HTES) IGFX 0.5-50ng/ml

Nil
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MULTIPLE NEUROPEPTIDES MOBILISE Ca2+ JN SCLC

Our studies in Swiss 3T3 cells (chapter 3) had indicated
that the substance P antagonists were able to selectively
inhibit the effects of a range of mitogenic Ca2*-mobi1ising
peptides.

In the search for further neuropeptides whose

effects in SCLC were blocked by these antagonists, we
therefore sought peptides able to mobilise Ca2“- in SCLC.
GRP-stimulated Ca2^ fluxes had recently been described in
SCLC cell lines using the fluorescent indicators quin-2-AME
and fura-2-AME (Heikkila et al, 1987; Moody et al, 1987).
We modified our technique used in Swiss 3T3 cells, and found
the most satisfactory results were obtained using a 5 min
incubation of the cells with luM fura-2-AME, before
resuspending them in electrolyte solution at 37°C (page 63).
Vasopressin and bradykinin caused marked increases in
the cytosolic Ca2^ of H345 and H510A cells respectively
(figure 5.1).
Ca2* responses,

Repeated additions resulted in no further
indicating that rapid homologous

desensitisation occurs.

The cells remained sensitive to

unrelated peptides, GRP and vasopressin.

Thus, multiple

responses could be demonstrated in one preparation by
sequential additions of different peptides.
Using this approach, a wide variety of peptides and
hormones were tested.

Figure 5.2 shows responses

obtained with bradykinin, vasopressin, GRP, thrombin,
galanin, cholecystokinin and neurotensin in 3 cell lines.
Because homologous desensitisation occurs, the ability to
respond to sequential additions of different peptides
suggests that they are acting through distinct receptors.
In total, 32 peptides and hormones were tested for Ca2"'mobilising ability in 5 SCLC cell lines (table 5.2).
Strikingly, all the cell lines responded to a number of
different peptides, although their responses to individual
peptides were heterogeneous.

Cholecystokinin, galanin, GRP

and neurotensin caused rapid and transient increases in
cytosolic Ca2'*- in several of the cell lines, but vasopressin
was active in all, and bradykinin in 4 of the 5 cell lines
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H 510A
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Figure 5.1.

Homologous desensitisation of Ca^-*-

responses by vasopressin and bradykinin.

Cytosolic Ca2“- was

measured in SCLC cells loaded with fura-2-AME.

Peptides

were added at lOOnM: VP, vasopressin; BK. bradykinin.
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Figure 5.2.
Cass-*-

scLC.

1 m in

Multiple peptides mobilise intracellular
Cytosolic Ca2* was measured in cells loaded

with fura-2-AME.

Peptides were added at lOOnM except where

otherwise indicated: VP, vasopressin; BK, bradykinin; CCK,
cholecystokinin-8.
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H-510A
Acetylcholine
ACTH
Angiotensin 1
Angiotensin II
Angiotensin III
Atrial peptide
Bradykinin
Calcitonin
CCK-8
Chorionic gonadotrophin
Dynorphin
a-endorphin
Endothelin
Epinephrine
FMLP
FSH
Galanin
GHRH
GIP
Glucagon
GRP
Histamine
5-hydroxy tryptamine
Leu-enkephalin
Neuropeptide-Y
Neurotensin
Parathyroid hormone
Substance K
Substance P
Thrombin
TRH
Vasopressin

Table 5.2.

H-345

H-209

H-128

n

n

H-69

+
+
-

n

++
++

+

+

++
n

++

+

++

n

n

+

++

+ +

+

++

n
n

+ +

-

+ +

+ +

-

-

+

Peptides tested for C a ^ - m o b i 1ising ability

in SCLC cell lines.

Intracellular Ca2**- was measured with

the fluorescent indicator fura-2-AME.

The peptides were

used at luM except the following: acetylcholine 2.5uM;
adrenocorticotrophin (ACTH) 2u/ml; chorionic gonadotrophin
lOu/ml; follicle stimulating hormone (FSH) 0.5u/ml; gastric
inhibitory peptide (GIP) 2uM; glucagon lOug/ml; parathyroid
hormone lOOnM; thrombin lu/ml.

Responses have been scored:

- no response; + small response; ++ consistently large
response; n not done.

Other abbreviations: CCK- 8 ,

cholecystokinin- 8 ; FMLP, N-formy1-met-leu-phe; GHRH, growth
hormone releasing hormone; TRH, thyrotropin releasing
hormone.
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studied.

The effects of vasopressin and bradykinin were

therefore characterised in detail.
Effects of vasopressin and bradykinin
Vasopressin and bradykinin increased cytoplasmic Ca2-*- in
a dose-dependent fashion in the nanomolar range (figure
top).

5. 3

They appear to elevate intracellular Ca2* by two

mechanisms: the initial phase results from Ca2* mobilisation
from intracellular stores, since it still occurred after
chelation of extracellular Ca2* with 1.8mM EGTA (figure 5.3
middle) .

This argues against the primary involvement of

a Ca2* channel.

The sustained phase of Ca2* elevation is

probably due to Ca2* influx, as it was abolished by
treatment with EGTA.

As in other systems, including Swiss

3T3 cells (Lopez-Rivas et al, 1987) and the response of SCLC
to GRP (Heikkila et al, 1987), stimulation of protein kinase
C with phorbol 12,13-dibutyrate attenuated the Ca2*
responses to both vasopressin and bradykinin (figure 5.3
bottom).
Ligand-specific antagonists block Ca2* mobilisation
The finding (above) that homologous desensitisation of
Ca2* responses occurs in SCLC, without loss of sensitivity
to unrelated ligands, suggests that the different peptides
act through distinct receptors.
receptors was investigated using

The nature of these
1

igand-specific

antagonists.
Figure 5.4 left shows that vasopressin acts through a V x
receptor, which was blocked by the selective antagonist
[Pmp3 , OMeTyr2 , Arg°]vasopressin.

Blockade of the bombesin

receptor with [Leu1 3 -psi(CH 2 NH)Leu1*]bombesin did not
preclude a response to vasopressin, and vice versa.
Bradykinin stimulates Ca2* mobilisation through a classic B 2
receptor, as shown by competitive blockade with the B 2specific antagonists [Thi5 *®, DPhe*7]bradykinin and [DArg°,
Hyp3 , Thi*'®, DPhe 7 ]bradykinin, and the absence of effect
with the B x antagonist [DesArg®, Leu®]bradykinin (figure 5.4
right).

Identical results were obtained in the H69 and H345

cell lines.

The bombesin- and vasopressin-specific
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Figure 5.3.

Effects of vasopressin (VP, left) and

bradykinin (BK, right) on intracellular Ca2** in SCLC.

Top:

dose-dependence of responses. . Middle; effects of tr: eatment
with the Ca2**--chelator EGTA 1.8mM.

B o t t o m effects of

protein kinase C stimulation with phorbol 12,13-dibutyrate
(PBt2 ) 200nM.
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Figure 5.4.

Ligand-specific antagonists block Ca2-*-

mobilisation in SCLC.
and vasopressin (VP):
(LLB);

t
BK
BK lOOnM
lOnM

Left.

Specific antagonists for GRP

[Leu 13-psi (CHaNH) Leu1*] bombesin ljuM

[Pmp1 , OMeTyr2 , Arg°]vasopressin lOOnM (PVP).

Right.

Specific antagonists for bradykinin (BK): [DesArg®, Leu®]bradykinin lOuM (DAL);

(Thi®*®, DPhe**] bradykinin lOuM (TDP);

[DArg°, Hyp3 , Thi®'°, DPhe^]bradykinin 7 .7tM (BKA).
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antagonists did not preclude a response to bradykinin, nor
did the

antagonists preclude responses to GRP or

vasopressin.

This supports the view that multiple

neuropeptide receptors mediating Ca2"- mobilisation are
expressed by SCLC.
MULTIPLE NEUROPEPTIDE GROWTH FACTORS FOR SCLC?
The observation that several neuropeptides can stimulate
Ca2"- mobilisation in SCLC has implications for the growth of
these cells.

Although the precise role of Ca2*" in the

control of cell proliferation remains undefined, studies in
Swiss 3T3 cells have shown that this ionic response is part
of a mitogenic signalling cascade (Rozengurt, 1986) and this
system has provided a model for the response of SCLC to GRP
(Trepel et al, 1988a).

Bradykinin and galanin have not been

sought in SCLC, but cholecystokinin, neurotensin and
vasopressin are known to be secreted by many SCLC (table
1.2, page 49).

Other neuropeptides may be secreted by

various normal cells in the lung and act on nearby tumour
cells.

Binding sites for cholecystokinin have been

demonstrated in SCLC (Yoder & Moody, 1987), but binding
si 1 6 5

for other peptides have not.

In view of the evidence linking neuropeptides to growth
(chapter

1

), the demonstration of multiple neuropeptide

receptors on SCLC leads to the question; can these .
neuropeptides act as growth factors for SCLC?

I can only

present preliminary data addressing this point.
Figure 5.5 1b ft shows a small but definite increase in
cloning efficiency of H345 cells grown in soft agar with
bradykinin, with maximal effect at lOOnM.
consistently in a series of experiments.

This was seen
The stimulatory

effect of vasopressin (figure 5.5 right) was less
reproducible, with maximal stimulation occurring between
and lOOnM.

10

There is therefore preliminary evidence to

suggest that some of the neuropeptides for which we have
identified receptors on SCLC can act as growth factors for
these cells.
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Figure 5.5.
SCLC.

Left.

Bradykinin and vasopressin are mitogens for

H345 cells were inoculated at a density of 10*

cells/ml in 0.3% agarose over a 0.5% agarose layer in HITESA
with various concentrations of bradykinin, using the double
strength method.
incubation.

Colonies were counted after 21 days

Values are expressed as a percentage of

control, and represent the mean ± sd of 15 determinations.
Right. H345 cells were incubated in the agarose cloning
assay, with various concentrations of vasopressin, using the
1:10 dilution method.
determinations.

Values represent the mean ± sd of 5

* P<0.05; ** P<0.01; *** P<0.001.
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ANTAGONISTS D AND G INHIBIT Ca*- MOBILISATION BY
MULTIPLE NEUROPEPTIDES
The search for further neuropeptide mitogens for SCLC
was stimulated by the finding that antagonists D and G
suppressed SCLC growth, but that this effect was not reversed
by bombesin, vasopressin, bradykinin and substance P.

We

therefore tested the antagonists against the neuropeptides
now shown to mobilise Ca2-* in SCLC.
Figure 5.6 shows that both antagonists at the modest
dose of 10)uM inhibited Ca2^ mobilisation due to lOnM
bradykinin, cholecystokinin and vasopressin.

Similarly,

figure 5.7 shows that lOuM antagonists D and G inhibited the
effects of 2nM GRP, 2nM neurotensin and lOnM galanin,
although incomplete suppression of responses is seen with
antagonist G at this dose.

Thus, antagonists D and G, which

suppress SCLC growth in vitro can block the Ca2 -*--mobi1ising
effects of the neuropeptides GRP, vasopressin, bradykinin,
cholecystokinin, galanin and neurotensin in these cells.
This confirms that they act as receptor antagonists in SCLC.
In liquid culture, growth inhibition of H69 and H345
cells by 40uM antagonist D or 75juM antagonist G was not
reversed by a combination of GRP, vasopressin, bradykinin,
cholecystokinin, galanin and neurotensin, each at 10CnM.
Further studies of each of these peptides will establish
their dose-response curves, then detailed examination of the
reversibility of antagonist inhibition can be performed.
remains possible, however, that an undiscovered peptide is
critical to SCLC growth.
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Antagonists D and G inhibit Ca2*

mobilisation induced by bradykinin, cholecystokinin and
galanin.

Cytosolic Ca2* was measured in H510A cells loaded

with fura-2-AME.

Additions were: bradykinin (bk),

cholecystokinin (cck) and vasopressin (vp) at lOnM;
cholecystokinin at lOOnM (cck+); antagonists D and G at
lOiiM.
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Additions were: GRP
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(nt+); galanin at lOnM (gal) and 200nM (gal+); antagonists D
and G at lOuM.
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6.

GENERAL

DISCUSSION

In this thesis I have presented data characterising two
groups of bombesin antagonists in Swiss 3T3 cells, and
testing their effects in SCLC.

This has led to some novel

conclusions on both the nature of neuropeptide receptors
(discussed in chapter 3, page 115) and the biology of SCLC.
I shall now consider the possible future role of bombesin
antagonists in SCLC, and the appropriateness of Swiss 3T3
cells as a model for SCLC.

Finally, alternative therapeutic

strategies will be discussed.
BOMBESIN ANTAGONISTS AND SCLC
Our observation that antagonist A inhibited the growth
of SCLC cells in vitro was the first demonstration that a
bombesin antagonist had any anti-tumour effect.

The only

previous evidence that blocking the effects of bombesin
could inhibit tumour growth came from work using a bombesin
antibody (Cuttitta et al, 1985).

We showed a dose-dependent

inhibition of SCLC growth that was reversed by washing the
cells.

Our results were confirmed by Layton et al (1988),

who also commented on the inability of bombesin to reverse
the inhibition of antagonist A.

Bepler et al (1988b)

susequently demonstrated inhibition of

1 2

®I-GRP binding,

Caa-*- mobilisation and clonal growth in H345 cells by
antagonist A.

Although inhibition of the Ca2'*’ signal was

reversed by excess bombesin, inhibition of growth was not.
The discovery that antagonists D and G were more potent
inhibitors of SCLC growth than antagonist A prompted more
detailed investigation of their activity.

No other work

using these antagonists in SCLC has been published.

They

were found to have reversible, dose-dependent effects on
SCLC growth in liquid and semisolid (agarose) media.
Importantly, they were effective in every SCLC cell line
tested.

In view of their broad ligand specificity in Swiss

3T3 cells, reversal of their effects was attempted with GRP,
vasopressin and bradykinin, without success.

The subsequent

demonstration that they block Ca2"- mobilisation due to
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cholecystokinin, galanin and neurotensin suggests that their
effectiveness in SCLC could be due to blockade of another,
or several, mitogenic neuropeptides.
Although preliminary evidence has been presented that
suggests the antagonists have a relative preference for SCLC
over NSCLC, future studies should include a panel of
different tumour types.

It might be anticipated that the

substance P antagonists would have some effect against other
neuroendocrine tumours, such as neuroblastomas and
carcinoids.

Little effect might be expected against

squamous tumours, but endocrine tumours, such as breast
cancer, are more likely to be growth inhibited by these
antagonists.
The antagonists D and G have been given to nude mice
with no acute toxicity, and are now undergoing study in
xenograft-bearing mice (page 135).

If any anti-tumour

activity is shown, full toxicological testing will be
undertaken , before proceeding to phase I and II clinical
studies (Carter et al, 1987).

A possible scenario for

clinical testing in SCLC might be as maintenance treatment
in patients who have obtained complete clinical remission of
their disease with chemotherapy.

These patients have

minimal residual disease, but most will relapse within

2

years and die despite conventional treatment.
Bombesin-specific antagonists
Although the bombesin-specific antagonists [Leui3-pSi_
(CH2 NH)Leu14]bombesin and N-acetyl-GRP(20-26) inhibited GRPstimulated Cas* mobilisation in SCLC, suggesting effective
receptor blockade, they did not inhibit growth of these
cells.

This contrasts with the unequivocal growth

inhibition obtained with the substance P antagonists.

It

also differs from the experience of Trepel et al (1988b) and
Mahmoud et al (1989).

These authors observed [Leu1 3 -psi-

(CHaNH)Leu14]bombesin inhibition of SCLC growth in the
clonogenic assay.

I, and others, have not been able to

demonstrate SCLC growth inhibition by [Leui»_pSJ-(CH2 NH) Leu14]bombesin (Macauley & Millar, personal communication;
Scoles et al, personal communication).
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Possible

explanations for this discrepancy includes degradation of
antagonist by SCLC, for which I have presented some evidence
(figure 4.14, page 140); the over-riding importance of other
growth factors; differences in experimental technique.
New antagonists
In recent months several new bombesin antagonists have
been described.

These include analogues of N-acetyl-GRP(20-

26) (Heimbrook et a l , 1989) and short-chain analogues of
[Leu13-psi (CH2 NH)Leu*■*]bombesin (Coy et al, 1989).

These

have been tested in pancreatic acinar and Swiss 3T3 cells,
and «hown to be bombesin-specific, with enhanced potency
compared to the previously described antagonists.

They have

not been tested in SCLC.
Combining the two strategies, Saari et al (1989) have
synthesised a GRP analogue in which an ether linkage takes
the place of the reduced peptide bond in [Leu1 3 -psi(CH 3 NH)Leu 1 *]bombesin, producing [Leu2 *-psi(CH 2
GRP(20-27).

0

)Leu2 r 1-N-acety 1 -

This peptide is also a potent bombesin

antagonist in Swiss 3T3 cells, but is untested in SCLC.
Interestingly, reduction of peptide bonds in substance P
analogues, to yield pseudopeptide derivatives, appears to
enhance their specificity for substance P and make them
relatively less potent antagonists of bombesin and other
peptides (Qian et al, 1989).
New bombesin-specific antagonists will continue to be
tested in SCLC, but the evidence presented in chapter 5, of
multiple neuropeptides potentially influencing SCLC growth,
suggests that broad-spectrum antagonists are more likely to
be clinically useful in this disease.

It is possible that

chemical modification to the structures of antagonists D and
G could yield more potent and effective inhibitors of SCLC
growth.

Other changes could be introduced to make them less

irritant or cardioactive (Ljungqvist et al, 1986).
The present generation of substance P antagonists are
likely to have fairly short half-lives in vivo, despite the
protection from proteolysis conferred by D-amino acids.
Furthermore, they are unlikely to be orally effective.
Future research might therefore focus on non-peptide
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antagonists, similar to those synthesised for
cholecystokinin, gastrin and renin (Chang & Lotti, 1986;
Evans et al, 1986; Lotti & Chang, 1989; Morishima, 1989),
which are orally bioavailable.

The design of effective

drugs demands a clear understanding of the underlying
clinical, therapeutic, physiological and pharmacological
aspects of the problem (Black, 1989).
3T3 CELLS AS A MODEL FOR SCLC
Swiss 3T3 murine fibroblasts have been used here as a
model system for defining the actions of mitogens, and
characterising growth factor antagonists.

The use of growth

factors in chemically defined media in quiescent cells has
permitted detailed study of their mechanisms of action,
alone and in combination (Rozengurt, 1986).

Swiss 3T3 cells

were chosen to characterise bombesin antagonists because the
effects of bombesin had been extensively investigated in
these cells (see Introduction).

Testing in SCLC has

confirmed that 3T3 cells are an appropriate model: this
choice has been vindicated by several findings of this
study.
Firstly, the demonstration that GRP can induce rapid,
transient mobilisation of Caa- in some SCLC cell lines
provides preliminary evidence that similar signalling
pathways are utilised in SCLC and Swiss 3T3 cells.

Our

findings corroborate those of Heikkila et al (1987) and
Moody et al (1987), who showed that various bombesin-like
peptides elicited Ca2"*' mobilisation in a subset of SCLC cell
lines, at nanomolar concentrations.

These observations have

been extended by Trepel et al (1988a), who studied GRPinduced inositol phosphate metabolism in SCLC cell lines.
They demonstrated that bombesin stimulates a rapid increase
in inositol 1,4,5-trisphosphate in H345 cells.

Short-term

pretreatment with phorbol esters inhibited it, but long-term
pretreatment (causing down-regulation of protein kinase C)
blocked this effect, consistent with results in Swiss 3T3
cells.

In contrast, treatment with pertussis toxin and

cholera toxin regulated inositol phosphate metabolism in
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SCLC, but not Swiss 3T3 cells, suggesting that signal
transduction in SCLC is not identical to the model system.
Signalling mechanisms in SCLC are worthy of further
investigation, to determine whether protein kinase C, cAMP
and oncogene activation parallel those induced in Swiss 3T3
cells by bombesin.
Secondly, the ability of a number of bombesin
antagonists characterised in Swiss 3T3 cells to block GRPinduced responses in SCLC supports the contention that the
receptors in the two systems are similar.

Both the ligand-

specific antagonists [Leui3 _p5J((CHaNH)Leu1*]bombesin and Nacetyl-GRP(20-26), and the substance P antagonists D and G,
inhibited GRP-induced Ca2'*' mobilisation in H345 cells
(figure 4.12).

The inhibitory effect of [Leu1 3 -psi(CHaNH)-

Leu1*]bombesin on Ca2'*' mobilisation has been confirmed by
Trepel et al (1988b) and Mahmoud et al (1989), and that of
antagonist A by Bepler et al (1988b).
Thirdly, the existence of multiple receptors for
mitogenic neuropeptides on Swiss 3T3 cells has proved to be
a surprisingly accurate model for SCLC.

When this study

started, vasopressin and bombesin were the only peptides
known to be mitogenic for Swiss 3T3 cells, but now
bradykinin (page 79), vasoactive intestinal peptide (Zurier
et a l , 1988), endothelin (Yanigasawa et al, 1988; Takuwa et
a l , 1989) and vasoactive intestinal constrictor (Fabregat &
Rozengurt, submitted for publication) have been added to the
list.

The finding that SCLC cells express receptors for

GRP, vasopressin, bradykinin, cholecystokinin, galanin and
neurotensin (chapter 5) prompts speculation that their role
is also mitogenic.

Although I was only able to present

preliminary data to support this contention (figure 5.5,
page 154), it clearly demands further investigation.
This should initially involve clonogenic assays, to
establish dose-response relationships and determine whether
responses are restricted to cell lines expressing receptors.
Radio-labelled ligands would usefully confirm that specific
binding sites are detectable on the cells.

Ligand-specific

antagonists will also be useful to distinguish these.
will be interesting to see whether the redundancy in
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signalling pathways observed in Swiss 3T3 cells is also a
feature of SCLC.

Clinico-pathological studies will be

required to determine the clinical relevance of neuropeptide
receptor expression.

These will include studies of receptor

expression in tumour tissue and cell lines from patients
with chemosensitive and chemoresistant disease, to provide
correlations with prognosis (page 129). Equally, secretion
of these peptides should be sought in the blood and tumours
of SCLC patients to establish whether autocrine or paracrine
growth stimulation can occur.

In this way, a picture should

emerge of the importance of neuropeptide growth factors in
SCLC.
Therapeutic strategies
Using the information gained from the Swiss 3T3 system
on the mechanisms of mitogenesis, it has become possible to
construct a model of growth regulation that we believe to be
relevant to SCLC.

Therapeutic interventions could be made

at any point in the mitogenic process linking extracellular
ligand to DNA synthesis (figure 6.1).

Antagonists and

antibodies to both ligand and receptor could block growth
factor binding to the target cells.

In the cell membrane,

active K-»- transport can be blocked by drugs such as ouabain
(Mendoza et al, 1986a).

The bombesin receptor is linked to

phospholipase C (PLC) by a pertussis toxin-insensitive Gprotein that can be inhibited by GDP-B-S in permeabi1ised
cells (Erusalimsky et al, 1988).
Protein kinase C itself may be the target for
bryostatin, a macrocyclic lactone isolated from marine
bryozoans, which appears to inhibit tumour growth by
activating protein kinase C (Dale et al, 1989).

The

oncogenes jun and myc are overexpressed in SCLC (see
Introduction).

Possible therapeutic strategies might

include the development of antibodies or antisense
oligonucleotides to these oncogenes, but this would require
novel methods of delivering such drugs within the cell.
Although caution is prudent when considering
interventions with such general effects on cell metabolism,
this should not exclude these approaches from consideration.
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Drugs such as the calcium channel blockers (eg, nifedipine,
verapamil) and lithium have been found to have specific
therapeutic applications despite their general effects.
Complex interactions between growth factors will occur
in vivo

Autocrine and paracrine growth stimulation in a

heterogeneous cell population will lead to unpredictable
synergisms and inhibitions.

Prolonged exposure of Swiss 3T3

cells to vasopressin desensitises them to further treatment
with this peptide (homologous desensitisation, Collins &.
Rozengurt, 1983).

The recent findings that prolonged

vasopressin treatment also desensitises cells to bombesin
(Millar & Rozengurt, 1989), and long-term treatment with
bombesin itself leads to homologous desensitisation (Millar
& Rozengurt, submitted for publication) indicate the
potential for complexity that exists.

An optimist can take

the view that chronic treatment of tumours with nanomolar
doses of key peptides could break the autocrine loops
stimulating growth, and so alter the endocrine milieu to
produce a clinical response,

in an analogous manner to the

endocrine treatment of breast cancer.
CONCLUSIONS
1.

Swiss 3T3 cells have proved to be an appropriate and

versatile model system in which to test the effects of
growth factors and antagonists implicated in the regulation
of SCLC growth.
2.

Bradykinin is a mitogen for Swiss 3T3 cells.

It is

active at nanomolar concentrations, and synergises with
insulin.

It binds to B 2-subtype receptors and stimulates a

rapid, transient rise in cytosolic Ca3'*’.
3. The substance P analogues [DArg1 , DProa ,DTrp^'*, Leu11]substance P (antagonist A),

[DArg1 , DPhe*,-

DTrp'7’'*, Leu 1 1 ]substance P (antagonist D) and [Arg®,
DTrp**'®, MePhe°lsubstance P( 6 -ll)

(antagonist G) interact

with a common domain on the receptors for 3 mitogenic
neuropeptides, bombesin, vasopressin and bradykinin, in
Swiss 3T3 cells.

They block ligand-binding, early

intracellular signals and DNA synthesis.
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4.

These antagonists also inhibit the growth of various

SCLC cell lines in liquid and semisolid culture.

They block

mobilisation stimulated by GRP, vasopressin,
bradykinin, cholecystokinin, galanin and neurotensin in
SCLC.
5.

[Leu 1 3 -psi(CHaNH)Leu14]bombesin and N-acety1-GRP(20-

26) are bombesin-specific antagonists in Swiss 3T3 cells,
which block the binding of GRP to its receptor, early
intracellular signals and DNA synthesis.
6

.

These antagonists block GRP-stimulated Ca2-*-

mobilisation in SCLC cell lines, but do not inhibit growth.
7.

SCLC cell lines are heterogeneous, but all those

examined responded to a variety of neuropeptides (GRP,
vasopressin, bradykinin, cholecystokinin, galanin and
neurotensin) by mobilising intracellular Ca2-*-.

These

effects appear to be mediated by ligand-specific receptors,
and can be blocked by antagonists D and G.
8

.

As SCLC typically secrete a variety of peptides and

hormones, their growth may be regulated by multiple
autocrine and paracrine loops involving mitogenic
neuropeptides.
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ABSTRACT
In the search for a more potent bombesin an
tagonist, we found [D-Argl,D-Phe5,D-Trp7‘9,LeuI1]substance P
to be effective in mouse fibroblasts and to inhibit the growth of
small cell lung cancer, a tumor that secretes bombesin-like
peptides that may act as autocrine growth factors. In murine
Swiss 3T3 cells, [D-Argl ,D-Pbe5,D-Trp7 *,Leul,]substance P
proved to be a bombesin antagonist as judged by the following
criteria: (i) inhibition of DNA synthesis induced by gastrinreleasing peptide and other bombesin-like peptides; (u) inhi
bition of l25I-labeled gastrin-releasing peptide binding to the
bombesin/gastrin-releasing peptide receptor; (iii) reduction in
cross-linking of the M r 75,000-85,000 protein putatively a
component of the bombesin/gastrin-releasing peptide recep
tor; (iv) blocking of early cellular events that precede mitogenesis—calcium mobilization and inhibition of epidermal growth
factor binding. [D-Argl,D-Phes,D-Trp7’’ ,Leu1>]substance P
was 5-fold more potent than the antagonist [D-Arg\D-Pro2,i>Trp7,9,Leun]substance P. [D-Arg’jD-Phe^D-Trp7, ,LeunJsubstance P also inhibits mitogenesis induced by vasopressin but
not that induced by a variety of other mitogens. Both antag
onists reversibly inhibited the growth of small cell lung cancer
in vitro in a concentration-dependent manner. Peptide antag
onists could, therefore, have far-reaching therapeutic implica
tions.

antagonist also inhibits mitogenesis stimulated by the neu
rohypophyseal hormone vasopressin (19). It appears that
peptide A interacts with several independent cellular recep
tors to block their biological effects.
Bombesin-like peptides are present in high concentrations
in small cell lung cancer (SCLC) (20-22). They can stimulate
the growth of SCLC cells in vitro (23, 24) and may act as
autocrine growth factors (2, 25). The dilutional hyponatraemic syndrome, which commonly complicates SCLC, is
associated with ectopic production of vasopressin (26, 27).
Thus, the identification of more potent antagonists, which
recognize the receptors for both peptides, could be of con
siderable interest in future clinical approaches to the treat
ment of SCLC.
Here we report that [D-Arg1,D-Phe5,D-Trp7-9,Leu1^sub
stance P (peptide D in Fig. 1) is 5-fold more potent than
peptide A in preventing the cellular effects of GRP and
vasopressin in mouse 3T3 cells and in inhibiting the growth
of SCLC cells in serum-free medium.

MATERIALS AND METHODS
Swiss 3T3 cells were maintained in culture, and assays of
DNA synthesis were performed by measuring [3H]thymidine
incorporation as described (2, 28). Receptor binding assays
utilized 12SI-labeled GRP and EGF (3, 9). Cross-linking of
125I-labeled GRP to a M r 75,000-85,000 surface protein was
carried out as described (15). Cytosolic [Ca2+ ] was mea
sured by fluorimetry by using the indicator fura-2 (6). SCLC
lines were obtained from the American Type Culture Col
lection.
Radiochemicals were obtained from Amersham. Bombe
sin, GRP, insulin, and vasopressin were from Sigma. Pep
tides A, B, C, D, E, F, and K (Fig. 1) were obtained from
Peninsula Laboratories (San Carlos, CA), and peptides A,
G, H, and J were from Bachem Fine Chemicals (Torrance,
CA).

Regulatory peptides that act as local hormones or neurotransmitters are increasingly implicated in the control of cell
proliferation (1). The amphibian tetradecapeptide bombesin
and structurally related mammalian peptides, including gas
trin-releasing peptide (GRP), are potent mitogens for Swiss
3T3 cells (2, 3). The peptides bind to high-affinity cell-surface receptors in these cells (3) and elicit a complex array of
early biological responses (4), including enhanced inositol
phospholipid breakdown and mobilization of Ca2+ from
intracellular stores (5-7), stimulation of Na + / H + antiport
activity (6), activation of protein kinase C (8-10), inhibition
of 125I-labeled epidermal growth factor (EGF) binding (8, 9,
11), and induction of the cellular oncogenes c-fos and c-myc
(12-14). Zachary and Rozengurt (15) identified a surface pro
tein in Swiss 3T3 cells with M T 75,000-85,000 as a putative
component of the bombesin/GRP receptor.
The widely distributed tachykinin substance P, which has
slight amino acid sequence homology with bombesin (Fig.
1), neither inhibits the binding of GRP nor stimulates DNA
synthesis in Swiss 3T3 cells (2, 3). However, [D-Arg\DPro2,D-Trp7-9,Leun ]substance P (peptide A in Fig. 1), which
was synthesized as a substance P antagonist (16), was found
to block the secretory effects of bombesin in pancreatic
acinar cells (17) and to antagonize the growth-promoting
effects of bombesin in Swiss 3T3 cells (3, 6, 9,17,18). This

RESULTS
Peptide D Is a Potent Inhibitor of GRP-Mediated Mitogen
esis. To identify a more potent antagonist of bombesin-like
peptides, we have tested 10 substance P antagonists at 50
/tM (Fig. 1) for their ability to inhibit mitogenesis stimulated
by GRP [the mammalian homologue of bombesin (29)] in
Swiss 3T3 cells. Peptide D was clearly the most potent GRP
antagonist. In contrast, peptides B, C, E, F, G, H, J, and K
Abbreviations: EGF, epidermal growth factor; GRP, gastrinreleasing peptide; PDGF, platelet-derived growth factor; peptide A,
lD-Arg1.D-ProJ,D-TrpT-, tLeu1I]substance P; peptide D, [D-Arg’ .DPhe3,D-Trp7-9,Leun ]substance P; SCLC, small cell lung cancer.
*To whom reprint requests should be addressed.
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Fig. 1. Amino acid sequences of the substance P antagonists studied. These peptides were tested as inhibitors of GRP-induced DNA
synthesis in Swiss 3T3 cells in the presence of [}H]thymidine at 1 /tCi/ml (1 Ci = 37 GBq) (1 /iM ), insulin at 1 Mg/ml, GRP at 2.7 nM, and the
substance P antagonist to be tested at SO /*M (details as in Fig. 2). The peptides were also screened at SO /iM for inhibition of
vasopressin-induced DNA synthesis and binding of m l-labeled GRP to Swiss 3T3 cells. Peptide D was the most potent in repeated assays.
Similar results were obtained with peptide A from Bachem Fine Chemicals and Peninsula Laboratories. Peptide D synthesized in the Imperial
Cancer Research Fund Laboratories by J. Rothbard gave similar results the peptide obtained from Peninsula Laboratories. Substance P itself
exhibited no antagonist activity.

presence of insulin. In contrast, the same concentration of
peptide D markedly decreased the stimulation of DNA syn
thesis by bombesin and GRP-(14-27)-peptide, which share a
highly conserved COOH-terminal heptapeptide with GRP.
Furthermore, addition of peptide D at 20 /tM inhibited the
increase in cell number caused by treatment of serumdepleted cells with GRP and insulin, whereas cell prolifera
tion stimulated by EGF and insulin was only slightly affected
(Fig. 3 Right). Thus peptide D, like peptide A (3), inhibited
the reinitiation of DNA synthesis and cell division in a se
lective manner.
Peptide A has been shown to block specific binding of vas
opressin to its receptor in Swiss 3T3 cells and vasopressininduced mitogenesis (18, 19). Peptide D at 50 /tM inhibited
vasopressin-induced DNA synthesis in Swiss 3T3 cells (Fig.
3). In a detailed comparison, addition of peptides A and D at
20 / lM increased the concentration of vasopressin required
to achieve half-maximal DNA synthesis from 0.6 nM (vaso
pressin alone) to 17 nM with peptide A and 55 nM with pep
tide D.
Peptide D Binds Competitively to the GRP Receptor. The
preceding results demonstrate that peptide D is a potent
inhibitor of GRP-induced DNA synthesis that exhibits spec-

were less potent than either peptide A or peptide D. Spantide
(peptide B) had no antagonist activity even at 100 /iM . None
of the peptides stimulated DNA synthesis when tested at 20
/iM with insulin at 1 /ig/ml— i.e., none exhibited any agonist
activity.
Following the identification of peptide D as the most
promising GRP antagonist, we compared its potency with that
of peptide A. Fig. 2 shows that peptide D at 20 /*M markedly
increased the concentration of GRP required to produce
half-maximal stimulation of DNA synthesis whereas addition
of peptide A also at 20 /iM had only a slight effect. Inhibition
of DNA synthesis by peptide D was completely reversed by
high concentrations of GRP, indicating that its inhibitory
effect was competitive and reversible. The dose-response
curves for the two antagonists in the presence of 3.6 nM GRP
are shown in Fig. 2 Right. Half-maximal inhibition of DNA
synthesis was obtained with 22 /iM peptide D and 118 /iM
peptide A.
Specificity of Peptide D Inhibition of Mitogenesis. Fig. 3
Left shows that peptide D added at 50 /iM did not inhibit
DNA synthesis stimulated by fully mitogenic doses of phorbol 12,13-dibutyrate, cholera toxin with isobutylmethylxanthine, EGF, or platelet-derived growth factor (PDGF) in the
d*

TOioo■
8060-

I-

20-

0.3

3
GRP, nM

10

30

10

100

Antagonist, *M

Fig.2. Inhibition of GRP-induced DNA synthesis by peptides A and D. ( L e f t ) Confluent and quiescent cultures ofSwiss 3T3 cells in 35-mm
plastic dishes were washed twice with Dulbecco's modified Eagle's medium (DMEM) then incubated at 37°C in 2 ml of a 1:1 mixture of
DMEM/Waymouth medium containing [3H]thymidine at 1 /iCi/ml (1 /tM), insulin at 1 /ig/ml, and various concentrations of GRP in the absence
(■) or presence of 20/tM peptide A (o) or 20 /tM peptide D (a). After 40 hr DNA synthesis was estimated by the incorporation of [3H]thymidine
into acid-precipitable material. Values are expressed as a percentage of [3H]thymidine incorporation obtained with a saturating level of GRP
(36 nM) in the absence of antagonist (100% - 8.4 x 10scpm per dish). Each point represents the mean of duplicate determinations. ( R i g h t )
Cultures of Swiss 3T3 cells were washed and incubated as above, except that the concentration of GRP was fixed at 3.6 nM with various
concentrations of peptides A (o) and D (a). Values are expressed as a percentage of [3H]thymidine incorporation obtained in the absence of
antagonists (100% = 8.6 x 103cpm per dish). Each point represents the mean of four determinations.
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Fig. 3. Effect of peptide D on the stimulation of DNA synthesis
and cell division by various mitogens. ( L e f t ) DNA synthesis assays
(as in Fig. 2) were performed with [3H]thymidine at 1 /xCi/ml (1 /xM)
and insulin at 1 p , g/ml with or without peptide D at 50 ftM and the
following factors at the concentrations indicated: phorbol 12,13-dibutyrate (PBt2) at 50 ng/ml; cholera toxin (CT) at 100 ng/ml with
isobutylmethylxanthine (1BMX) at 10 /aM; EGF at 0.5 nM; PDGF at
0.2 nM; bombesin at 1.2 nM; GRP-(14-27)-peptide at 1.2 nM;
vasopressin at 14 nM. Each addition (in the absence of antagonist)
caused stimulation of DNA synthesis comparable to that achieved
with 10% (vol/vol) fetal bovine serum. Results are expressed as the
percentage of DNA synthesis obtained in the presence of peptide D.
Each point represents the mean of two to six determinations. ( R i g h t )
Effects of peptide D on the proliferation of Swiss 3T3 cells stimu
lated by EGF or GRP. The cells were cultured at low density (7.5 x
104 per 35-mm dish) in 2.5 ml of DMEM containing 3.5% (vol/vol)
fetal bovine serum. After 3 days of incubation at 37°C the dishes
contained 3.4 x 10* cells (mean). They were washed twice with
DMEM and then transferred to 2 ml of a 1:1 mixture of D M E M /
Waymouth medium containing bovine serum albumin at 1 mg/ml
and insulin at 1 n % / m \ , with or without 20 /aM peptide D and either
0.5 nM EGF or 2.7 nM GRP. After 3 days of incubation, cells were
removed from the dishes with a trypsin solution and counted by
using a Coulter Counter. Results are expressed as the percentage
increase in cell number in the absence (solid bars) or presence (open
bars) of peptide D. Each point represents the mean of three deter
minations.

ificity against other mitogens. To elucidate its mechanism of
action, we examined the effect of peptide D on the specific
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binding of 125I-labeled GRP to Swiss 3T3 cells. Fig. 4 Left
shows that both peptides A and D caused a concentrationdependent inhibition in the specific binding of 125I-labeled
GRP (1 nM). Half-maximal inhibition of binding was achieved
with 2.3 /iM peptide D and 14 jaM peptide A, a 6.1-fold
difference in potency.
The binding of various concentrations of 125I-labeled GRP
was measured in the absence and presence of 10 /aM peptide
D. A double-reciprocal plot of these data (Fig. 4 Center)
shows that peptide D markedly reduces the affinity of the
receptors for 12,l-labeled GRP, although the number of bind
ing sites is unchanged. This is consistent with results obtained
with peptide A (3) and strongly suggests that these peptides
bind competitively to the GRP receptor.
To further substantiate these findings, we investigated the
effects of the two antagonists on the affinity labeling of the
M r 75,000-85,000 protein that is a putative bombesin recep
tor (15) (Fig. 4 Right). They were both able to differentially
inhibit the M r 75,000-85,000 protein obtained by cross-linking
123I-labeled GRP to Swiss 3T3 cells with ethylene glycol
bis(succinimidylsuccinate). Half-maximal inhibition (obtained
from the autoradiographs by scanning densitometry) was
achieved with 5.5 /aM peptide D and 20 /aM peptide A.
Peptide D Inhibits the Early Events Elicited by GRP. One of
the earliest events stimulated by addition of bombesin or
GRP to quiescent Swiss 3T3 cells is an increase in cytosolic
Ca2+ concentration (4). Fig. 5 Left shows that the increase
in cytosolic Ca2* caused by the addition of GRP (1 nM) to
quiescent Swiss 3T3 cells was prevented by the addition of
peptide A at 20 /aM but not at 5 /aM. In contrast peptide D
was effective at 5 /aM. These effects were specific and re
versible since peptide D at 5 /aM did not prevent a response
to PDGF and because the effects of the antagonist in
preventing Ca2* mobilization in response to 5 nM GRP was
reversed by addition of GRP at 50 nM.
Inhibition of 125I-labeled EGF binding by GRP, which is
mediated by the protein kinase C pathway (9), was reversed
in a concentration-dependent fashion by peptides A and D
(Fig. 5 Right). Half-maximal reversal of inhibition was ob
tained with 8.7 /aM peptide D and 30 /aM peptide A.
Peptide A and Peptide D Inhibit the Growth of SCLC Cell
Lines. SCLC is known to secrete bombesin-like peptides
(20-22) that might act as autocrine growth factors (2, 25).

o£
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Fig. 4. Effects of peptides A and D on the binding of 125I-labeled GRP ([123I]GRP) to Swiss 3T3 cells. ( L e f t ) Inhibition of specific
123J-labeled GRP binding by peptides A and D. Confluent and quiescent cells were washed twice with DM EM then incubated at 37°C in 1 ml
of binding medium (3) containing 12}I-labeled GRP at 1 nM and various concentrations of peptide A (o)and D (a). Cell-associated 125I-labeled
GRP binding was measured after 30 min. Values are expressed as percentage of the specific binding obtained in the absence of antagonists.
Nonspecific binding was determined by the addition of 300-fold excess of unlabeled GRP. Each point represents the mean of three
determinations. ( C e n t e r ) Effect of peptide D on the affinity of binding sites in Swiss 3T3 cells for 12Sl-labeled GRP. Cells were incubated in
binding medium containing various concentrations of 12}I-labeled GRP in the absence ( • ) or presence (a) of 10 /aM peptide D. Specific binding
(B) is expressed in pmol per 106 cells and is shown in a double-reciprocal plot. Each point represents the mean of duplicate determinations.
( R i g h t ) Effects of peptides A and D on the affinity labeling of the bombesin receptor-associated M r 75,000-85.000 protein. Confluent cultures
of Swiss 3T3 cells were washed twice with DMEM and incubated at 15°C in 1 ml of binding medium (pH 7.0) (15) containing 0.5 nM 12'1-labeled
GRP and various concentrations of the antagonists. After 2 hr, the cultures were washed twice with binding medium then incubated in 1 ml of
binding medium containing 6 mM ethylene glycol bis(succinimidylsuccinate) at pH 7.4 for 15 min at 15°C. The cultures were then washed twice
with cold and solubilized in 0.1 ml of 2 x sample buffer (15), then immediately heated at 100°C for 5 min, and electrophoresed on a 10%
polyacrylamide gel.
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Fig. 5. Effects of peptides A and D on the early cellular responses stimulated by GRP. (Left) Effects on cytosolic Ca2* concentration
([Ca2*],). Quiescent Swiss 3T3 cells grown on Cytodex 2 beads (Pharmacia) were washed twice with DM EM and incubated for 10 min with
fiira-2 tetraacetoxymethyl ester at 1 /iM , then washed three times, and suspended in 2 ml of electrolyte solution (6) in the fluorimeter at 37°C
and stirred. Fluorescence was recorded continuously in a Perkins-Elmer LS5 luminescence spectrometer with an excitation wavelength of 335
nm and emission wavelength of 510 nm. After a period of equilibration, the following additions were made: solvent (S); peptide A at 5 ^.M (A,
5) and 20 mM (A. 20); peptide D at 5 uM (D, 5). After 3 min, GRP was added at 1 nM (G) or at 50 nM (G, 50); PDGF at 1 nM (P). (Right) Peptides
A and D reverse the inhibition of I-labeled EGF binding induced by GRP. Swiss 3T3 cells were incubated for 1 hr at 37°C in 1 ml of binding
medium (9) containing 0.2 nM 125I-labeled EGF and 3.6 nM GRP alone (■) or in the presence of various concentrations of peptide A (c) or
peptide D ( a ) . Values are expressed as percentages of the specific binding obtained with 0.2 nM 123I-labeled EGF alone. The nonspecific binding
was obtained by the addition of 500-fold excess of unlabeled EGF. Each point represents the mean of six determinations.

Thus it was plausible but not proven that an antagonist to
bombesin/GRP would inhibit SCLC growth, so we tested
the effects of peptides A and D on SCLC cells in vitro.
Fig. 6 shows that the growth of the SCLC lines H69, H128,
and H417 in serum-free medium was abolished by addition of
peptide A at 150 *iM, a concentration that reversibly inhibits
GRP-induced mitogenesis in Swiss 3T3 cells. The inhibition
of growth by the antagonist in SCLC cell lines was reversed
by washing the cells and resuspending them in serum-free
medium. In contrast, normal growth was not restored by
addition of GRP at 72 nM with antagonist.
The effects of peptides A and D on H69 cells are compared
in Fig. 7. The cells achieve 10-fold increase in number in =12
days in serum-free medium (Inset). Both antagonists inhib
ited growth in a dose-dependent manner; half-maximal effect
was seen with 24 jiM peptide D and with 82 /iM peptide A.
The difference in potency is of the same order of magnitude
as that demonstrated in Swiss 3T3 cells.

adrenergic agonists, and histamines, have had a large impact
on clinical medicine, and attention is now focused on pro
ducing peptide hormone antagonists that are effective in vivo
(31). An antagonist must bind to the specific receptor with
out producing the conformational changes that initiate the
biological response. Synthetic peptide antagonists, such as
those that are active against parathyroid hormone (32) and
glucagon (33), are already providing useful structure-activity
information. Many such peptide and nonpeptide antagonists
have been developed empirically (17, 34-36), but designing
antagonists remains problematic. Unexpectedly, the sub
stance P antagonist peptide A, which has minimal structural
homology with bombesin, was found to be an antagonist for
bombesin-stimulated enzyme secretion from dispersed pan
creatic acini (17) and to block its growth-stimulatory effects
(3, 18). To identify a more potent antagonist, we have sys
tematically screened substance P antagonists for activity
against bombesin-like peptides.
Peptide D has been described (37) as a substance P an
tagonist that blocked the hyoscine-resistant opiate with
drawal contracture in guinea pig ileum. The results pre
sented here demonstrate that peptide D is a potent GRP
antagonist in mouse 3T3 cells. During the course of these/
studies we also found that peptide D blocks mitogenesis
induced by vasopressin, but not that induced by phorbol

DISCUSSION
There has been increasing interest in the use of peptide
hormone antagonists both as tools for biomedical research
and as potential therapeutic agents. Antagonists to classical
monoamine transmitters, such as acetylcholine, a- and 0-
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Fig. 6. Peptide A reversibly inhibits the growth of SCLC cell lines. Stock cultures of cell lines H69, H128, and H417 were maintained in
RPM1 1640 medium with 10% (vol/vol) fetal bovine serum (heat inactivated) in a humidified atmosphere of 10% COZ/90% air at 37°C. They
were passaged every 7 days. Identical growth was obtained in the serum-free medium of RPM1 1640 supplemented with HITES (30) (10 nM
hydrocortisone, insulin at 5 /ig/ml, transferrin at 100 Mg/ml, 10 nM 170-estradiol, 30 nM sodium selenite) and 0.25% bovine serum albumin.
Cells were washed twice with RPM1 1640 medium then incubated in the serum-free medium in the absence ( • ) or presence (□, ■) of 150 m M
peptide A. After 4 days they were again washed twice with RPM1 1640 medium then resuspended at a density of 5 x 104 cells per ml in the
absence ( • , □) or presence (■) of 150 ^M peptide A (day 0). Cell number was determined at intervals over 14 days by using a Coulten Counter
after disaggregation of cell clumps by passing through 19-gauge and 21-gauge needles. Each point represents the mean of three determinations.
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Fig. 7. Inhibition of SCLC cell growth i n v i t r o by peptides A
and D is concentration-dependent. Cultures of H69 cells were
washed twice with RPMI 1640 medium, then incubated in serumfree medium (as in Fig. 6) in the absence (•) or presence of various
concentrations of peptides A (o) and D (a). Cell number was
determined in a Coulter Counter after disaggregation of cell clumps
by passing through 19-gauge and 21-gauge syringe needles. Samples
were incubated for 13 days, when the controls ( I n s e t ) had achieved
10-fold increase in number, indicated by the arrow. Each point
represents the mean (±S D ) of five determinations.

12,13-dibutyrate, cholera toxin with isobutylmethylxanthine,
EGF, or PDGF. The observation that both peptides A and D
prevent the actions of three unrelated peptides (GRP, sub
stance P, and vasopressin) through their specific receptors is
intriguing and warrants further investigation. Remarkably, pep
tide D is consistently = 5-fold more potent than peptide A (and
both are more potent by far than the closely related peptide B,
spantide) suggesting that the substitution of D-phenylalanine
for glutamine at position 5 is critical to its activity.
Lung cancer is the commonest fatal malignancy in the
developed world, and its incidence is increasing rapidly (38).
SCLC constitutes 25% of lung cancers and is, therefore, of
major clinical and economic importance. Evidence that
bombesin-like peptides, which are secreted by these tumors
(20-22), can act as autocrine growth factors (25) has prompted
the search for clinically useful GRP antagonists. We have
presented evidence that two peptides that are antagonists of
GRP and vasopressin profoundly inhibit the growth of SCLC
cells in vitro although the participation of other growthpromoting peptides cannot be excluded. More potent and
specific antagonists could, therefore, be useful as therapeutic
agents with potentially high tissue penetration.
We thank J. W. Sinnett-Smith for expert technical assistance.
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Bombesin and bombesin antagonists: Studies in Swiss 3T3 cells and
human small cell lung cancer*
P.J. W oll & E. Rozengurt
Imperial Cancer Research Fund, PO Box 123, Lincoln's Inn Fields, London WC2A 3PX, UK.

Summary Bombesins are potent growth factors for murine Swiss 3T3 cells. Using these cells in chemically
defined conditions we have been able to characterise the bombesin receptor and the early signals preceding
D N A synthesis. We describe two substance P analogues [DArg1, DPro2, DTrp7'9, Leu"] substance P and
[DArg1, DPhe5, DTrp7-9, Leu11] substance P which competitively block the binding of bombesins to their
receptor and all the events leading to mitogenesis. Bombesins are secreted by human small cell lung cancers
(SCLC) and may act as autocrine growth factors for these tumours, so the development of peptide bombesin
antagonists could have therapeutic implications. We demonstrate that the antagonists can reversibly inhibit
the growth of SCLC i n v i t r o , with relatively little effect on other lung tumours.

Growth factors are implicated in a wide variety of
physiological
and
pathological
processes
including
embryogenesis, haemopoiesis, wound healing, immune
responses, atherosclerosis and neoplasia (Evered et al., 1985;
Sporn & Roberts, 1986). An important link between growth
factors and their receptors and oncogene products has also
been established (Heldin & Westermark, 1984; Weinstein,
1987). Thus, the elucidation of the mechanism of action of
growth factors has emerged as one of the fundamental
problems in biology and may prove crucial for under
standing the unrestrained proliferation of cancer cells.
Many studies of growth factors have used cultured
fibroblasts, such as 3T3 cells, as a model system. These cells
cease to proliferate when they deplete the medium of its
growth promoting activity. Such quiescent cells can be
stimulated to reinitiate DNA synthesis and cell division
either by replenishing the medium with fresh serum, or by
the addition of growth factors or pharmacological agents in
serum-free medium (Rozengurt, 1983) (Figure 1). Studies
performed with combinations of growth factors have
revealed an important aspect of their action: the existence of
potent and specific synergistic interactions (Rozengurt,
1986). This finding suggested that growth factors bind to
different receptors, and generate multiple intracellular signals
which interact synergistically to initiate a proliferative
response.
A new and intriguing development is the discovery that
neuropeptides such as bombesin, vasopressin, vasoactive
intestinal peptide (VIP), and substance K (Zachary et al.,
19876) can also act as growth factors for cells in culture
(Figure 1). Bombesin-like peptides are potent mitogens for
Swiss 3T3 cells (Rozengurt & Sinnett-Smith, 1983) and have
attracted interest as possible autocrine growth factors for
small cell lung cancer (SCLC). Here we summarize our
recent studies using bombesin-like peptides for elucidating
the signal transduction pathways leading to mitogenesis and
lung bombesin antagonists in SCLC.

Bombesin

Growth factors
PDGF
EGF
TGF
FGF
IGF

Neuropeptides
Bom besin
Vasopressin
Bradykinin
VIP

DNA synthesis

Pharmacological agents
Phorbol esters
Diacylglycerol
cA M P accum ulation
D isruption of m icrotubules
P erm eability m odulators

Figure 1 Growth
factors,
neuropeptides
and
various
pharmacological agents can stimulate mitogenesis in quiescent
Swiss 3T3 cells.

the neuromedins) where they may act as neurotransmitters
(Minamino et al., 1983; 1984; 1985).
Bombesin-like peptides are abundant in fetal lung
(Wharton et al., 1978; Price et al., 1983; Yamaguchi et al.,
1983) and the mRNA for GRP is maximally expressed at
16-30 weeks (Spindel et al., 1987). Thereafter levels decline
rapidly, and in adulthood these peptides are found sparsely
in bronchial neuroendocrine cells. Speculation that
bombesins may be growth factors for fetal lung has been
supported by the paucity of expression in the immature
lungs of infants with respiratory distress syndrome (Ghatei et
al., 1983).

Mitogenic response of Swiss 3T3 cells to bombesin

Bombesin is a tetradecapeptide first isolated from amphibian
skin (Anastasi et al., 1971). Structurally-related peptides
(Table I) in amphibians and mammals are widely distributed,
but found notably in the gut (e.g. gastrin-releasing peptide
GRP) where they have secretory effects (McDonald et al.,
1979; Lezoche et al., 1981) and central nervous system (eg
Correspondence: E. Rozengurt.
•Presented, by invitation at the BACR/CRC/ICRF Symposium
on ‘Growth factors', London, December 1987.
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In serum-free medium, bombesin induces D N A synthesis and
cell division in the absence of other growth-promoting agents
with a half-maximal effect at In M . The ability of bombesin,
like-platelet-derived growth factors (PDGF), to act as a sole
mitogen for Swiss 3T3 cells contrasts with other growth
factors which are only active in synergistic combinations
(Rozengurt, 1986). The stimulation of D N A synthesis by
bombesin is markedly potentiated by insulin. This hormone,
probably acting in lieu of insulin-like growth factor-1
(IG F ,), both increases the maximal response elicited by
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T a b le I

Amino acid sequences of bombesin-like peptides

M A M M A L IA N
G R P (l-27 ) Human

Val

Pro
—Met

Leu
Tyr

Pro
Pro

Ala
Arg

Gly
Gly

Gly Gly
Asn His

Thr
Trp

Val
Ala

Leu
Val

Thr
Gly

LysHis Leu

Met

-N H ,

G R P (l-27) Porcine

Ala

Pro
—Met

Val
Tyr

Ser
Pro

Val
Arg

Gly
Gly

Gly
Asn

Gly
His

Thr
Trp

Val
Ala

Leu
Val

Ala
Gly

LysHis Leu
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-N H ,

Met

Tyr

Pro

Arg
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Trp
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Gly
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G RPI0 (Neuromedin C)

Gly

Asn
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Trp

Ala

Val

Gly

His
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Met

-N H ,

Neuromedin B

Gly

Asn

Leu

Trp

Ala

Thr

Gly

His

Phe

Met

-N H ,

Gly

Asn

Gin

-N H ,

G R P(l4-27) Porcine

A M P H IB IA N
Bombesin

pGlu Gin

Arg

Leu

Trp

Ala

Val

Gly

His

Leu

Met

Trp

Ala

Val

Gly

His

Leu

Met

-N H ,

Gin

Trp

Ala

Val

Gly

His

Phe

Met

-N H ,

pGlu Gin

Trp

Ala

Val

Gly

His

Phe

Met

-N H ,

Bombesin (8-14)
Ranatensin

pGlu Val

Litorin

bombesin and decreases the bombesin concentration required
to produce a half-maximal response (from 1nM to 0.3 nM).
Other bombesin-like peptides including GRP behave
similarly in the stimulation of D N A synthesis (Zachary &
Rozengurt, 1985a).
Specific bombesin receptors in Swiss 3T3 cells

To establish the presence of specific receptors for bombesin
in Swiss 3T3 cells we used radioiodinated [ 125I]GRP. This
binds to the intact, quiescent cells in a specific, saturable and
reversible manner (Zachary & Rozengurt, 1985a). Scatchard
analysis indicates the presence of a single class of highaffinity sites of K d ~ 1nM and ~ 1.25 x 10s binding sites per
cell. [ 12iI]GRP binding was not inhibited by other mitogens
for Swiss 3T3 cells including PDGF, fibroblast derived
growth factor (FDGF), epidermal growth factor (EGF),
vasopressin, phorbol 12,13, dibutyrate (PBt2), insulin and two
neuropeptides, VIP and substance P (Zachary & Rozengurt,
1985a). [12SI]GRP binding was inhibited by other bombesin
like peptides in proportion to their ability to stimulate DNA
synthesis. These results strongly suggest that bombesins
interact with receptors that are distinct from those for other
mitogens in Swiss 3T3 cells.
Physical properties o f the bombesin receptor

To investigate the physical properties of the bombesin/GRP
receptor, we used an affinity-labelling method to identify
surface components of Swiss 3T3 cells which specifically
recognize [ 125I]GRP. Analysis of extracts of cells which had
been preincubated with [ 125I]GRP and then treated with
disuccinimidyl cross-linking agents revealed the presence of a
major band migrating with apparent M r 75,000-85,000
(Zachary & Rozengurt, 1987a).
Several lines of evidence support the conclusion that this
protein is a component of the bombesin receptor: (1) the M r
75,000-85,000 protein was not found in other cell lines which
do not exhibit receptors for bombesin-like peptides; (2) The
inhibition of [ I25I]G R P affinity-labelling of this band with
unlabelled GRP corresponded closely with the ability of
GRP to inhibit the binding of the labelled ligand in a
parallel set of cultures. Other bombesin-like peptides also
inhibited the cross-linking of [ ,25I]G R P to this component
in a dose-dependent manner; (3) [ ,2SI]GRP affinity-labelling
of the M r 75,000-85,000 band was unaffected by other
mitogens and peptide hormones; (4) the dependence of
affinity-labelling of the M r 75,000-85,000 protein on the
concentration of [ 125I]GRP closely paralleled the ability of
unlabelled GRP to stimulate D NA synthesis and a variety of
other biological responses in Swiss 3T3 cells.
A solubilized preparation of the radiolabelled M, 75.00085,000 protein binds to wheatgerm lectin-sepharose columns
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and can be eluted with N-acetyl-D-glucosamine, suggesting
that it is a glycoprotein. In addition, treatment with endo-/?N-acetyl glycosaminidase F reduced the apparent molecular
weight of the affinity-labelled band from 75,000-85,000 to
42,000, indicating the presence of N-linked oligosaccharide
groups (Sinnett-Smith, Zachary & Rozengurt, unpublished
results). These findings would be consistent with a receptor
of the type recently described for substance K (Masu et al.,
1987).
Bombesin does not cause down-regulation o f its receptor

The binding of polypeptide growth factors such as EGF and
PDGF to their receptors is followed by rapid internalization
and intracellular degradation of the ligand and the receptor
(James & Bradshaw, 1984; Goldstein et al.. 1985). This
process results in a marked reduction in the number of
surface binding sites in the target cells (down-regulation). In
contrast, exposure of Swiss 3T3 cells to mitogenic concen
trations of bombesins for different times up to 24 h did not
cause any significant change in the number of cell surface
binding sites for these peptides (Zachary & Rozengurt,
19876). Furthermore, pretreatment with GRP did not cause
either an alteration in the concentration dependence of
binding of the labelled peptide or a reduction in the level of
the M r 75,000-85,000 surface protein component of the
bombesin receptor.
It has been proposed that the internalisation and
degradation of growth factor receptors and their ligands may
have a signalling function in mitogenesis (King &
Cuatrecasas, 1981; James & Bradshaw, 1984; Bergeron et al.,
1985; Wakshull & Wharton, 1985). The fact that the
bombesins are able to stimulate D NA synthesis and trigger a
wide variety of signalling events without reducing the
number of their surface receptors suggests that extensive
receptor down-regulation is not always an obligatory process
in mitogenesis.

Early events elicited by bombesins
The binding of growth factors to their receptors promotes
the generation of early signals in the membrane, cytosol and
nucleus which lead to cell proliferation (Rozengurt, 1986).
Since the initiation of D N A synthesis occurs 10 to 15 h after
the addition of the mitogens, it is expected that knowledge
of the early events will provide clues to primary regulatory
mechanisms. These are summarized in Figure 2.
Ion jluxes

One of the earliest events to occur after the binding of
various mitogens to their receptors is an increase in the
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Early events elicited by bombesin in quiescent Swiss

3T3 cells.

fluxes of Na +, K + and H + across the plasma membrane.
Bombesins stimulate a rapid influx of N a + into Swiss 3T3
cells via an amiloride-sensitive N a +/H + antiport (Mendoza
et al., 1986). This increases intracellular N a + and causes
cytoplasmic alkalinization. Since the activity of the Na +/K +
pump is regulated by intracellular Na +, there is a secondary
stimulation of N a+/ K + pump activity which increases K +
and restores the electrochemical gradient for Na +. The
ability of bombesin, like PDGF and other growth factors, to
induce cytoplasmic alkalinization suggests that the activation
of N a +/H + exchange is a primary effect of the mitogens
rather than a compensatory mechanism for the extrusion of
protons resulting from a growth factor-induced acceleration
of cellular metabolism.
In addition to rapid changes in monovalent ion fluxes,
bombesins cause a rapid mobilization of Ca2+ from intra
cellular stores, which leads to a transient increase in the
concentration of cytosolic Ca2+ (Mendoza et al., 1986). This
Ca2+ flux is distinct from that caused by PDGF (LopezRivas et al., 1987). The mobilization of Ca2+ by bombesins
and other mitogens may be mediated by inositol 1,4,5trisphosphate (IP 3), which has been proposed to act as a
second messenger in the action of many ligands that
stimulate phospholipase C-mediated inositol lipid turnover
and Ca2+ efflux (Berridge & Irvine, 1984). IP 3 is formed as
a result of phospholipase C catalysed hydrolysis of
phosphatidyl 4,5-bisphosphate (PIP2) in the plasma
membrane, a process that also generates 1,2-diacylglycerol
(DAG). Bombesins have been shown to cause enhanced
inositol lipid metabolism in Swiss 3T3 cells leading to the
formation of IP 3 (Heslop et al., 1985; Lopez-Rivas et al.,
1987; Muir & Murray, 1987; Takuwa et al., 1987).
Activation o f protein kinase C

Protein kinase C (which is stimulated by DAG ) has received
considerable attention because it is a major receptor for the
tumour promoters of the phorbol ester family (Nishizuka,
1984). Since phorbol esters and l-oleoyl-2-acetylglycerol
(OAG) can act as mitogens for quiescent cells, protein kinase
C may play a role in the initiation of a proliferative response
(Dicker & Rozengurt, 1980; Rozengurt et al., 1984). The M r
80,000 cellular protein termed 80K has been shown to be a
specific substrate of protein kinase C in intact cultured cells
(Rozengurt et al., 1983; Bishop et al., 1985; Blackshear et al.,
1985; 1986; Rodriguez-Pena & Rozengurt, 1986). Although
the nature and role of the 80K protein remain obscure,
changes in its phosphorylation state provide a marker for
protein kinase C activation in intact cells (Figure 2).
Addition of bombesins causes a rapid (15 seconds)
increase in 80K phosphorylation in quiescent Swiss 3T3
cells (Isacke et al., 1986; Zachary et al., 1986). Removal of
the peptide results in rapid (half-life 90s) dephosphorylation
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of 80K. Prolonged, prctrcatmcnl (40 h) with PBt, leads to
the disappearance of measurable protein kinase C activity
and prevents the increase in 80K phosphorylation by
subsequent addition of phorbol esters, phospholipase C, or
OAG (Rodrigucz-Pena & Rozengurt, 1984; Ballaster &
Rosen, 1985; Stabel et al., 1987). This treatment completely
abolished the effect of bombesin on 80K phosphorylation
(Zachary et al., 1986). The stimulation of protein kinase C
may play an important role in mediating the proliferative
response elicited by bombesins in Swiss 3T3 cells. In support
of this, bombesin stimulation of DNA synthesis is abolished
by long-term exposure to phorbol esters (Rozengurt &
Sinnett-Smith, 1987). This inhibition can, however, be fully
reversed by insulin. Thus, activation of protein kinase C
represents one of the pathways through which bombesins
can initiate cell proliferation. A number of growth factor
receptors and retroviral oncogene products exhibit tyrosinespecific protein kinase activity. Whether or not bombesin
stimulates tyrosine phosphorylation remains controversial
(Isacke et al., 1986; Cirillo et al., 1986).
Protein kinase C, ion fluxes and transmodulation o f EGF
receptor

In addition to its role in stimulating cell division, protein
kinase C may also be important in coordinating the network
of early events triggered by bombesins. Activation of protein
kinase C leads to increased activity of the N a */H '1' antiport
system (Vara et al., 1985). Stimulation of ion fluxes by
bombesins is only partially inhibited, however, by PBt2
pretreatment suggesting that these peptides can stimulate
N a +/ H + antiport activity by an alternative mechanism
(dotted line. Figure 2) (Mendoza et al., 1986). Protein kinase
C activation can also inhibit Ca2+ mobilization, suggesting
some feedback control (Lopez-Rivas et al., 1987).
[125I]EGF binding to specific surface receptors in Swiss
3T3 cells is markedly inhibited by bombesins (Brown et al.,
1984; Zachary et al.. 1986). The effect is rapid in onset and
results from a decrease in the apparent affinity of the EGF
receptor population for EGF. Considerable evidence
implicates protein kinase C in the regulation of EGF
receptor affinity by bombesin and other transmodulating
agents (Zachary & Rozengurt, 19856): the inhibition of EGF
binding induced by either PBt2 or bombesin is prevented by
the removal of protein kinase C from the cells by prolonged
treatment with phorbol esters; the EGF receptor is
phosphorylated by protein kinase C at a specific site (Thr
654) both in vitro and in vivo (Lin et al., 1986). Thus,
transmodulation of the EGF receptor may result from the
covalent modification of the EGF receptor catalysed by
protein kinase C, though other mechanisms are not excluded.
Cyclic nucleotides

A sustained increase in the intracellular level of cyclic AMP
(cAMP) can act as a mitogenic signal for many cell types
(Rozengurt, 1986). Activation of protein kinase C either
directly by PBt2 or by vasopressin (through receptors which
are not directly coupled to adenylate cyclase), has recently
been shown to enhance cAMP accumulation in Swiss 3T3
cells (Rozengurt et al., 1987). We have found that bombesin
also markedly potentiates the accumulation of cAMP caused
by cAMP-elevating agents such as forskolin, an effect
mediated at least in part by protein kinase C (Millar &
Rozengurt, unpublished results).
Induction o f the proto-oncogenes c-fos and c-myc

Like PDGF and other growth factors, bombesins rapidly
and transiently induce the expression of the cellular
oncogenes c-fos and c-myc (Letterio et al., 1986: Palumbo et
al., 1986; Rozengurt & Sinnett-Smith, 1987). Enhanced
expression of c-fos occurs within minutes of bombesin
addition and is followed by increased expression of c-myc.
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The time-coursc and magnitude of these effects arc similar to
those induced by a saturating concentration of PDGF.
Bombesin-induced oncogene expression is markedly
reduced by densitization of the protein kinase C pathway,
implicating the activation of this phosphotransferase in the
sequence of events leading to increased oncogene expression.
However, because bombesin causes a marked increase in
cytosolic Ca2+ and since elevation of Ca2+ by addition of
the Ca2+ ionophore A23187 enhances c-fos and c-myc
induction by PBt2, it is likely that the induction of these
cellular oncogenes by bombesin is mediated by the
coordinated effects of Ca2+ mobilization and activation of
protein kinase C (Figure 2) (Rozengurt & Sinnett-Smith,
1987). However, additional signalling pathways may exist.

The mRNA for preproGRP encodes a single copy of the
GRP molecule and a 95 amino acid carboxy-terminal
extension peptide, the actions of which are unknown
(Spindel et al., 1984; Sausville et al., 1986; LebacqVerheyden et al., 1987).
In view of the potent mitogenic activity of bombesins in
the Swiss 3T3 model system, we suggested that secretion of
these neuropeptides by SCLC could constitute part of an
autocrine growth circuit (Rozengurt & Sinnett-Smith, 1983).
Bombesins are reported to stimulate SCLC grown in vitro
(Weber et al., 1985; Carney et al., 1987). Cuttitta et al.
(1985) demonstrated that monoclonal antibodies to
bombesin inhibited the clonal growth of two SCLC cell lines
in vitro and the growth of one of the lines as xenografts in
nude mice. These findings strengthened the hypothesis of
autocrine growth stimulation by bombesins in SCLC.

Effect o f pertussis toxin

In many cell types, pertussis toxin (which ADP-ribosylates
and inactivates guanine nucleotide regulatory proteins) inter
feres with the receptor-mediated cleavage of PIP, thereby
inhibiting the production of IP3 and DAG. Letterio et al.
(1986) reported that pertussis toxin blocks bombesin stimula
tion of DNA synthesis and induction of c-myc expression, an
effect mediated at least in part by activation of protein
kinase C. It was suggested that the bombesin receptor might
be coupled to phospholipase C by a pertussis toxin-sensitive
G protein. Recent experiments from our laboratory do not
support this hypothesis. While pertussis toxin selectively
inhibited bombesin-stimulated mitogenesis at an early stage
in the action of the peptide, the toxin did not interfere with
polyphosphoinositide breakdown, Ca2 + mobilization or
activation of protein kinase C (Zachary et al., 1987a). We
therefore concluded that the pertussis toxin-sensitive step in
the stimulation of mitogenesis by bombesin and structurally
related peptides can be dissociated from the phospholipase C
signalling pathway.

Bombesin antagonists
If bombesins are important in sustaining the unrestrained
proliferation of SCLC, then the interruption of the putative
autocrine growth loop with bombesin antagonists should
suppress the growth of this tumour. An antagonist must
bind to the specific receptor without producing the confor
mational changes which trigger the biological response.
Antagonists to neurotransmitters (such as acetylcholine), (St
and 0-adrenoceptors and histamines have had a large impact
on clinical medicine, and synthetic peptide antagonists to
parathyroid hormone and glucagon are under development
(Rosenblatt, 1986). Potent and specific bombesin antagonists
could be crucial for testing the hypothesis of autocrine
growth stimulation in SCLC.
[D A rg fD P ro 2,DTrp7'9,Leu1'] substance P

The tachykinin substance P has minimal structural homology
with bombesin (Table II) and neither inhibits the binding of
[ 125I]GRP nor stimulates DNA synthesis in Swiss 3T3 cells.
Unexpectedly, the substance P antagonist [DArg1, DPro2,
DTrp7,9, Leu11] substance P (Peptide A in Table II) was
found to block the secretory effects of bombesin in
pancreatic acinar cells (Jensen et al., 1984) and it was
subsequently shown to antagonise the growth-promoting
effects of bombesin in Swiss 3T3 cells (Zachary &
Rozengurt, 1985a). It has now been shown to block all the
early events leading to bombesin-stimulated mitogenesis in
these cells (Table III). It also inhibits mitogenesis stimulated
by vasopressin (Corps et al., 1985; Zachary & Rozengurt,
1986).
SCLC cell lines grown in serum-free medium achieve 10fold increase in number in about 12 days. Figure 3 (left)
shows that the growth of H69 cells was suppressed by
peptide A at 150/tM (a concentration that reversibly inhibits
GRP-induced mitogenesis in Swiss 3T3 cells) but restored by

Bombesin and lung cancer
Lung cancer is the commonest fatal malignancy in the
developed world and its incidence is increasing (Bailar &
Smith, 1986). SCLC constitutes 25% of these; it follows an
aggressive course and, despite being initially chemosensitive,
only 5% of patients survive 2 years after diagnosis (Spiro,
1985). These tumours are associated with ectopic production
of many different hormones, including vasopressin, adrenocorticotropin (ACTH) and bombesin. High concentrations of
bombesins are present in specimens of SCLC and are
secreted by SCLC cell lines in vitro (Moody et al., 1981;
Wood et al., 1981; Erisman et al., 1982). The mRNA for
GRP has been demonstrated in SCLC using synthetic
oligodeoxyribonucleotide probes, and correlates well with
immunoreactive GRP (Suzuki et al., 1987). Cloned cDNAs
to preproGRP have been prepared from SCLC and
pulmonary carcinoid tumours but not other lung tumours.

Table I I

Amino acid sequences of bombesin, substance P and the substance P antagonists tested as inhibitors of GRP-stimulated D N A synthesis
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Effects of [D A rg 1, DPro2, DTrp7,9, Leu "] substance P in Swiss 3T3 cells

[DArg1, DPro2, DTrp7 9, Leu11] substance P reversibly blocks:
R e fe re n c e

[ 12SI] GRP binding
Cross-linking of [12* I] GRP to the M r 75,000-85,000 glycoprotein
80K phosphorylation
EGF transmodulation
Ca27 mobilization
Activation of N a+/ K + pump
Increase in c - f o s and c - m y c expression
Stimulation of D NA synthesis by bombesin-like peptides
Stimulation of D N A synthesis by vasopressin

I
2
3
3
4
4
5
1
6.7

DNA synthesis stimulated by PDGF, EGF, phorbol esters and
c-AMP-increasing agents is not affected

1

References: 1, Zachary & Rozengurt, 1985a; 2, Zachary & Rozengurt, 1987a; 3.
Zachary e t a l . , 1986; 4, Mendoza e t a l . , 1986; 5, Rozengurt & Sinnett-Smith, 1987; 6,
Zachary & Rozengurt, 1986; 7, Corps e t a l . , 1985.

washing the cells and re-suspending them in serum-free
medium. Figure 3 (right) demonstrates that the effect of the
antagonist is concentration dependent. These results suggest
a specific, non-toxic effect.
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In order to identify more potent bombesin antagonists we
have tested ten substance P antagonists at 50//M (Table II)
for their ability to inhibit GRP-stimulated mitogenesis in
Swiss 3T3 cells. [DArg1, DPhe5, DTrp7,9, Leu11] substance
P (Peptide D in Table II) was clearly the most potent GRP
antagonist. None of the other peptides was superior to
peptide A but peptide D was consistently 5-fold more
potent. None of these peptides exhibited agonist activity.
Clearly the substitution of DPhe for Gin at position 5 is
critical to the enhanced activity of peptide D.
Detailed studies of peptide D have now been completed
(Woll & Rozengurt, 1988). Its effects on the dose-response
curve for GRP in an assay of D N A synthesis is shown in
Figure 4 (left). The dose-response curve is shifted to the right
but retains its shape, indicating that the effect of the
antagonist is competitive and reversible. The dose-response
curve for peptide D in the presence of GRP 3.6 nM is shown
in figure 4 (right). Half-maximal inhibition of D N A
synthesis was obtained with 22 /iM antagonist.
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Figure 4, Left: Stimulation of D N A synthesis by GRP in
quiescent Swiss 3T3 cells in the absence (■ ) or presence (A ) of
peptide D 40 /iM. Cells were incubated in Dulbecco's modified
Eagle’s,AVaymouth medium (D M E W M ) containing [ 3H]
thymidine 1/iCim l-1 and insulin 1/rgml-1 . DNA synthesis was
assessed after 40 h by [3H]thymidine incorporation into acidinsoluble material (Dicker & Rozengurt, 1980: Rozengurt &
Sinnett-Smith, 1983). Right: Effects of varying concentrations of
peptide D on D N A synthesis in the presence of 3.6 nM GRP and
insulin 1/ig m l-1 .
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Figure 3, Left: [DArg1, DPro2, DTrp7,9, Leu11] substance P
(peptide A in Table II) reversibly inhibits the growth of the H69
SCLC cell line. Cells were incubated in HITES medium (Camey
e t a l . , 1981) supplemented with 0.25% bovine serum albumin in
the absence ( • ) or presence (O ) of peptide A 150/xm. Additional
samples ( □ ) were preincubated with 150/iM peptide A and
resuspended in medium without antagonist. All samples were
plated on day 0 with an inoculum of 5 x 10* cells. Cell number
was determined using a Coulter counter. Each point represents
the mean of 3 determinations. Right: Peptide A inhibits the
growth of H69 cells in a concentration-dependent manner. Cells
inoculated at 5 x 10*ml-1 were incubated in serum-free medium
(as above) containing varying concentrations of peptide A. Cells
were counted on day 13. Each point represents the mean ( ± s.d.)
of 5 determinations.
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Figure 5, Left: Stimulation of D N A synthesis by vasopressin in
quiescent Swiss 3T3 cells in the absence (■ ) or presence (A ) of
peptide D 20/iM. Cells were incubated in D M E W M with [3H]
thymidine 1/iCim l-1 and insulin l/ig m l_1. D NA synthesis was
assessed after 40 h by [ 3H ] thymidine incorporation into acid
insoluble material (as in Figure 4). Right: Effects of varying
concentrations of peptide D on DNA synthesis in the presence of
14nM vasopressin and insulin l/ig m !- !.

Like peptide A, peptide D exhibits specificity in blocking
mitogenesis. It does not interfere with D N A synthesis
stimulated by PBtz, cholera toxin with isobutylmethylxanthine, EGF or PDGF. Vasopressin-stimulated DNA
synthesis, however, is markedly inhibited in a competitive
and reversible manner (Figure 5). Thus peptide D is an
antagonist for at least three distinct neuropeptides whose
effects are mediated through specific receptors.
Binding of [ 125I]G R P to the bombesin/GRP receptor in
Swiss 3T3 cells is not inhibited by vasopressin or substance
P. In contrast, peptide D inhibits [ l25I]GRP binding in a
dose-dependent manner (Figure 6, left) which is half-
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Figure 6, Left: Inhibition of [ l25I] GRP binding to Swiss 3T3
cells by peptide D. Quiescent cells were incubated with I nM
[ 125I] GRP and varying amounts of peptide D for 30 min (Zachary)
& Rozengurt, 1985a). Binding is expressed as percentage of the
specific binding obtained in the absence of antagonist. Right:
Effects of peptide D on affinity labelling of bombesin receptorassociated M r 75.000-85.000 protein. Confluent Swiss 3T3 cells
were incubated for 2h in binding medium containing 0.5 nM
[ l25I] GRP and varying amounts of peptide D. After washing,
they were incubated for 15 min with the cross-linking agent
ethylene glycol bis (succinimidyl succinate) then solubilized and
electrophoresed on a 10% polyacrylamide gel (inset) (Zachary &
Rozengurt, 1987a). Results are expressed as percentage of the
control on scanning densitometry of the autoradiographs.

maximal at 2.3 /iM. Cross-linking of the M r 75,000-85,000
protein component of the bombesin/GRP receptor is
inhibited by peptide D with half-maximal effect at 5.5 /iM
(Figure 6, right). These findings indicate that the effects of
peptide D on mitogenesis stimulated by the bombesins are
mediated through the specific bombesin receptor.
Peptide D inhibits the growth of SCLC cell lines in vitro
with half-maximal effect at 24/iM in the H69 cell line (Woll
& Rozengurt, 1988). As in the Swiss 3T3 system, the new
antagonist is ~5-fold more potent than peptide A. The
effects on non-small cell lung cancer (NSCLC) cell lines are
less striking. Figure 7 contrasts the effects of the new
antagonist at 40/iM on growth in chemically defined medium
supplemented with 1% serum of the H128 SCLC line and
two NSCLC lines, sk-mes-1 (squamous) and sk-lu-1 (adeno
carcinoma). Although the NSCLC lines do not grow as
readily as SCLC line in vitro, the antagonist has much less
inhibitory effect on them than on the SCLC line.
Conclusion

The use of the Swiss 3T3 murine fibroblast system in
chemically defined conditions has allowed comprehensive

vo

200-

H128

Qi :I
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Figure 7 Effects of peptide D on proliferation of SCLC and
NSCLC cell lines. Cells were incubated in HITES medium
supplemented with 0.25% albumin and 1% fetal bovine serum
in the absence ( □ ) or presence (■ ) of peptide D 40//M. Cell
number was determined when maximal growth had been
achieved, at Day 11 for H I28 and at Day 7 for sk-mes-1 and
sk-lu-1. Results are expressed as the mean (±s.d.) of 5
determinations.

investigation into the mechanism of action of bombesins as
mitogens. Detailed knowledge of these growth-regulatory
pathways has led to formulation of hypotheses concerning
the control of tumour growth in SCLC. These hypotheses
will be subject to critical testing using synthetic bombesin
antagonists such as [DArg1, DPhe5, DTrp7,9, Leu11] sub
stance P. Although this antagonist profoundly inhibits the
growth of SCLC in vitro, it is not yet clear whether this
effect is mediated through bombesin alone or other neuro
peptide growth factors. Both [DArg1, DPro2. DTrp7'9,
Leu11] substance P and [DArg1, DPhe5, DTrp7,9, Leu11]
substance P antagonise the effects of three neuropeptides,
bombesin, vasopressin and substance P through their distinct
receptors. It is tempting to speculate that these antagonists
could bind to a common domain in the three receptors. A
possible model for this is provided by the recent molecular
cloning of a receptor for the neuropeptide substance K,
which has seven transmembrane segments and shows amino
acid sequence homology with other neurotransmitter recep
tors and with the mas human oncogene (Hanley & Jackson,
1987; Masu et al., 1987). More potent and specific bombesin
antagonists could prove useful as investigative tools and
potential therapeutic agents with high tissue penetration.
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[Leu13-*(CH9NH)Leu14]BOMBESIN IS A SPECIFIC BOMBESIN RECEPTOR
ANTAGONIST IN SVISS 3T3 CELLS
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The pseudopeptide [Leu -iKCHjNFOLeu ]bombesin blocks
bombesin-stimulated mitogenesis in Swiss 3T3 c e lls in a competitive
and reversible manner, but not that of other mitogens. I t in h ib its
the mobilization of i n tr a c e l lu l a r Ca + and a c tiv atio n of protein
kinase C by bom besin-lik^geptides. I f acts at receptor lev e l, as
shown by in h ib itio n of [
I[GRP binding and reduction in crosslinking of |£e Mr 75-85,000 receptor-associated protein. Thus [Leu iKC^NHJLeu [bombesin is a sp e cific bombesin receptor antagonist in
Swiss 3T3 c e lls which blocks long-term growth promoting e ffe c ts of
bombesin-like peptides » ? 1988 Academic Press, Inc.
SUMMARY:

Bombesin-like peptides are widely d istrib u ted in mammals and have
diverse functions including neurotransmission in the c e n tral nervous
system (1,2,3) and stim ulation of exocrine secretion in the pancreas
and gut (A,5).

They are potent mitogens in v itr o (6) and have been

proposed to act as growth factors for human f e t a l lung (7) and human
small c e ll lung cancer (8).

Peptide antagonists to bombesin could

therefore have wide application and may distinguish receptors or
mechanisms leading to actions as d iffe re n t as short-term pancreatic
secretion and long-term mitogenesis.
The previously described antagonist [DPhe 12[bombesin (9) was
e ffe c tiv e in a pancreatic secretory assay, but not in blocking

Abbreviations: EGF, epidermal growth factor; GRP, g a s trin -re le a s in g
peptide; IC50, concentration giving 50X inh ib itio n ; Lil’LB,
[Leu -♦(CHjNlOLeu [bombesin; Tdr, thymidine.
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bombesin-stimulated DNA synthesis (10). In c o ntrast, the substance P
1
2
7 9
11
1
5
analogues [DArg ,DPro ,DTrp ’ , Leu [substance P and [DArg ,DPhe ,
DTrp7 ’ 9 ,Leu 11 [substance P act as bombesin antagonists in mitogenic
assays (11,12) but are also antagonists of vasopressin-stimulated DNA
synthesis (12-14). The recently described pseudopeptide [Leu 13-<|r
(CH NH)Leu 14 [bombesin vas synthesized during a systematic study of
2

peptide backbone modifications in bombesin analogues (10).

I t vas

characterized in guinea pig pancreatic acinar c e ll s , vhere i t caused
50Z in h ib itio n (IC^q) of bombesin-stimulated amylase release at 35nM.
In one assay i t also inhibited bombesin-stimulated DNA synthesis in
13

Sviss 3T3 c e ll s . In order to define the a c tiv ity of [Leu -iKCHjNH)
Leu 14 [bombesin against the grovth-promoting e ffe c ts of bombesin, ve
have now characterized i t s s p e c if ic ity and mechanism of action in
Sviss 3T3 c e ll s .

MATERIALS AND METHODS
^ Culture of Swiss 3T3 c e lls (15) and assays of DNA synthesis by
[ HJthymidine ([ H]Tdr) incorporation (6,15) y§5e as previously
described. Receptor.binding assays u tiliz e d
I -la b e lle d g a s tr in releasing peptide ([
I]GRP) and epidermal growth factor ([
I]EGF)
(11,16). Cytosolic [Ca ] vas measured by fluorimetry using the
indicator fura-2 (17). The M 75-85,000 component of the bombesin
receptor vas id e n tifie d by cross-linking of [
I[GRP (18).
M aterials; Radiochemicals vere obtained from Amershym. Bombesi^,^
GRP..insulin and vasopressin vere from Sigmy^ [DArg ,DPhy^,DTrp ’ ,
Leu [substance P vas from Peninsula. [Leu -^(CH NH)Leu [bombesin
vas prepared as previously described (10). Fura-2 tetraacetoxymethyl
e s te r vas from Calbiochem.
2

RESULTS AND DISCUSSION
Sviss 3T3 c e ll s a tt a in quiescence in serum-depleted medium and can
be stimulated to resume c e ll division by adding defined growth
fac to rs, including bombesin and i t s mammalian homologue, g a s tr in releasing peptide, GRP (6).

[Leu

13

~^(CH NH)Leu
2

14

[bombesin markedly

increased the concentration of GRP required for half-maximal DNA
synthesis from 0.8nM alone, to 4.8nM in the presence of lyM [Leu 13^(CH NH)Leu
2

14

[bombesin (Fig. 1A).

In h ib itio n of DNA synthesis vas

360

217

( 5H)Tdr

in c o rp o r a tio n ,
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Figure 1 Effects of [Leu -^(CI^NiOLeu [bombesin (L^LB) on GRPstlmulated mitogenesis.
A. Dose-response curves for GRP-induced DNA synthesis. Quiescent
cultures of Sviss 3T3 cells vere vashed tvice, then incubated at 37°C
vith lyCi/ml [ HJTdr, lug/ml insulin and various concentrations of GRP
in the absence (o) or presence of 500nM ( □ ) or lyM ( ■ ) L^LB. After
40h DNA synthesis vas estimated by [ HJTdr incorporation into acidprecipitable material. Each point represents the mean of 2
determinations (100% « 7.6 x 10 cpm).
B. Dose-response curve for L*LB inhibition of DNA synthesis
induced by 2.7nM ( □) or 3.6nM ( ■ ) GRP in the presence of lyCi/ml
[ HJTdr and lug/ml insulin. Each point represents the mean of 2
determinations (100% « 8.0 x 10 cpm).
Figure 2 Dose-response curves for vasopressin-induced DNA synthesis.
Cultures vere incubated vith lyCi/ml [ HJTdr, lpg/ml insulin and
various concentrations of vasopressin in theQabsence (o) or presence
of lyM L*LB ( ■ ) or 20yM [DArg ,DPhe .DTrp'’ .Leu^Jsubstance P (A).
Each point represents the mean of 2 determinations (100% * 6.8 10 cpm).

completely overcome by high concentrations of GRP, indicating that the
e ffe c t is competitive and reversible.

The e ffe c t of the antagonist

vas dose dependent (Fig. IB) v ith an IC^q of 240nM in the presence of
2.7nM GRP.

As expected, the antagonist also blocked DNA synthesis

stimulated by other bombesin-like peptides including bombesin and
lito rin .
Bombesin and vasopressin bind to d i s t i n c t receptors in Sviss 3T3
c e lls (11,13).

Since the substance P antagonists in h ib it the

stim ulation of DNA synthesis by both bombesin and vasopressin (11-14),
i t vas important to te s t rigorously the s p e c if ic ity of the nev
antagonist.

[Leu 13-iKCI^NHJLeu 14 [bombesin did not in h ib it mitogenesis

stimulated by p late le t-d e riv e d grovth fac to r, EGF, phorbol 12,13dibutyrate, cholera toxin or 8-bromoadenosine 3 ': 5 '- c y c l i c monophos
phate.

Importantly, i t vas tested in assays of vasopressin-stimulated

mitogenesis at a concentration (lyM) f u lly e ffe c tiv e against GRP, but
there vas no displacement of the dose-response curve (Fig. 2).
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c o ntrast, a concentration of [ DArg*, DPhe**, DTrp^’^, Leu**]substance P
(20yM) equipotent against GRP (12) caused marked in h ib itio n of
vasopressin-stimulated DNA synthesis. In addition, [Leu 13-^(Cf^NH)
Leu 14 Jbombesin did not in te r fe re v ith the binding of [ 3HJvasopressin
to Sviss 3T3 c e ll s .

Thus [Leu

13

-iKCHjNHJLeu

14

]bombesin is both a

potent and sp e c ific antagonist of bombesin/GRP in Sviss 3T3 c e lls .
Addition of bombesin or GRP to quiescent fib ro b la sts leads to an
array of early signals vhich precede DNA synthesis (19).

Among these

early in tr a c e l lu l a r signals are tra n sie n t r is e s in cytosolic Ca/+
concentrations (17) and protein kinase C a c tiv a tio n , vhich mediates
125
in h ibition of [
I]EGF binding (16). Ve have shovn that both these
signals are blocked by [Leu
Inhibition of [

125

13

-tKCHjNIOLeu

14

]bombesin (Fig. 3).

I]EGF binding by GRP (3.6nM) vas prevented in a

100

600 -

500

500 400 -

400-1

300 -

300 -

400 -

80 ■

60 -

300 -

200J

200
L

u.

40-

0+

500-1
400 400-1

“ 20-

300 300 -

100

200J

1000

VP

L H B , nn
13
14
Figure 3 Effects of [Leu -iKCi^NIOLeu ]bombesin on early cellular
responses stimulated by GRP.
...
A. LifrLB reverses the inhibition of [
I]EGF binding induced by
GRP. Quiescent Sviss 3T3 cells vere incubated for lh at 37*C in
binding medium (11) containing 0.2nM [
I]EGF and 3.6nH GRP alone (o)
or in the presence of various concentrations of Lil’LB ( ■ ) .
Values are
expressed as percentages of the specific binding obtained vith 0.2nH
[
I]EGF alone. Each point represents the mean of 3 determinations.
B. Effect of L^LB on the cytosolic Ca * changes caused by GRP and
vasopressin. Quiescent Sviss 3T3 cells on Cytodex 2 beads (Pharmacia)
vere vashed and incubated for 10 min vith lyM fura-2, then resuspended
in electrolyte solution (17) in the fluoriaeter and stirred.
Fluorescence vas recorded continuously vhile additions vere made as
indicated: S, electrolyte solution; G, 7.2nM GRP; G+,.72nM GRP; L,.,
500nM L*LB; VP, 18nN vasopressin: n. lOyM [DArg ,DPhe ,DTrp ’ ,Leu ]substance P.
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Figure A [Leu -^(C^NIOLeu
]bombesin blocks the effects of
bombesin/GRP at the receptor.
A. Concentration-dependence of.I
I]GRP binding to Sviss 3T3
cells.
Specific cell-associated [
I]GRP binding (11) vas measured
in quiescent cells incubated for 30
^ ° C *n h i d i n g medium
containing various concentrations of [
I]GRP in the absence (o) or
presence ( ■) of 500nM L^LB. Each point represents the mean of 2
determinations.
Specific binding is expressed in pmol per 10 cells.
B. Data from A. shovn in a double reciprocal plQte
C. Dose-response curve for L^LB inhibition.of [
I]GRP binding
to Sviss 3T3 cells. Specific cell-associated [
I]GRP binding vas
measured in quiescent
incubated for 30 min at 37°C in binding
medium containing InM [
I]GRP alone (o) or vith various concent
rations of LpLB (■).
Values are expressed as percentages of binding
obtained vithout antagonist. .Each value represents the mean of 3
determinations (100Z - 8.4 10 cpm).
Inset Effect of L^LB on the affinity-labelling of the M 7585,000 bombesin receptor-associated protein. Quiescent cultures of
Sviss 3T3 cells vere vashed vith binding medium (18)..then incubated
at 24#C in binding medium (pH 7.0) containing InM [
IJGRP and
various concentrations of L^LB. After 10 min they vere vashed, then
incubated at 24°C in binding medium (pH 7.4) containing 6mM ethylene
glycol bis (succinimidyl succinate). After 10 min they vere vashed
vith cold medium and solubilized in sample buffer, immediately boiled
for 5 min, then electrophoresed on a 10X polyacrylamide gel.

concentration-dependent fashion v ith half-maximal e ffe c t at 680nM
(Fig. 3A).

The increase in cytosolic Ca^+ caused by addition of 7.2nM

GRP (Fig. 3B) vas attenuated by 500nM [Leu^-iKCI^NIOLeu^Jbombesin,
but this e ffe c t vas overcome by 72nM GRP. In c o n tra st, [Leu 13
(CH NH)Leu
2

14

[bombesin did not prevent the Ca

2+

flux stimulated by 18nM

vasopressin, although this could be abolished by lOpM [DArg*,
DPhe^,DTrp^’^ t Leu**[substance P.
Bombesin binds to s p e c ific , h ig h -a ffin ity binding s i t e s in Sviss
3T3 c e lls (11).

To determine vhether [Leu^-iKCHjNHJLeu**!bombesin

exerts i t s e ffe c ts through th is receptor, binding measurements and
chemical cross-linking studies vere undertaken. Figure 4A shovs that
the antagonist strongly Inhibited [ 125 IJGRP binding, and a double
363
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reciprocal plot of these data (Fig. 4B) shovs that [Leu

13

-iKCI^NH)

Leu^^lbombesin reduced the a f f i n i t y of the receptors for [*^I]GRP,
but did not change the number of binding s i t e s . The antagonist
inhibited [ 125 IJGRP binding in a dose-dependent manner (Fig. 4C).
addition, cross-linking of [ 125 IJGRP to the recently described

In

Mr 75-85,000 glycoprotein component of the bombesin/GRP receptor (18)
was competitively blocked by increasing concentrations of the
antagonist.
These r e s u lts demonstrate that the pseudopeptide [Leu 13 -iKC^NH)
Leu 14 Jbombesin is a potent and sp e cific antagonist of bombesin-like
peptides in Sviss 3T3 c e ll s , vhich acts at the receptor. I t blocks
sp e cific binding of [ 125 IJGRP to the receptor, and cross-linking of
th is ligand to the Mr 75-85,000 receptor-associated glycoprotein.

It

prevents the early in tr a c e l lu l a r signals e li c it e d by bombesin and
in h ib its long-term stim ulation of DNA synthesis. C rucially, [Leu 13 iKCI^NIOLeu 14 Jbombesin does not a ffe c t mitogenesis or cytosolic Ca2+
signals induced by other mitogens, including vasopressin.

This

s p e c ific bombesin antagonist w ill be useful in defining subtypes of
receptor in d iffe re n t tissu e s, and i t s a b i l i t y to in h ib it bombesininduced mitogenesis makes i t an in te re s tin g candidate for studies in
small c e ll lung cancer.
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Two Classes of Antagonist Interact with Receptors for the
Mitogenic Neuropeptides Bombesin, Bradykinin, and
Vasopressin
PENELLA J. WOLL and ENRIQUE ROZENGURT
Growth Regulation Laboratory, Imperial Cancer Research Fund, P.O. Box 123, Lincoln's Inn Fields, London WC2A 3PX, United Kingdom

While screening neuropeptides for activity as growth factors we have found that bradykinin
is a mitogen for Swiss 3T3 cells. It acts synergistically with insulin, and maximal effect is
obtained at 10 nM. It acts through a distinct receptor, characterized as a B2 subtype using
bradykinin analogues. The neuropeptides bombesin and vasopressin are also potent
mitogens for Swiss 3T3 cells. The substance P antagonists |DArg', DPro7, DTrp7**, Leu"]
substance P and IDArg1, DPhe*, DTrp79, Leu"]substance P are inhibitors of DNA synthesis
stimulated by both bombesin and vasopressin. In the present study they were found also to
inhibit bradykinin-induced mitogenesis. In contrast, the ligand-specific antagonists [Leu11V>(CHjNH)Leu"|bombesin, |Pm p\ O M eT y r, Arg^vasopressin and |DArg", Hyp1, Thiv\
DPhe7]bradykinin showed no cross-inhibition with each others receptors. We propose
therefore that the receptors for the mitogenic neuropeptides bombesin, vasopressin, and
bradykinin can interact with two classes of antagonist, one recognizing the ligand binding
site (e.g., ILeu11- ^ ( C H :NH)LeuN]bombesin) and the other recognizing a common domain
shared by the three receptors (e.g., (DArg1, DPhe*, DTrp79, Leu"]substance P).

KEYWORDS:

gastrin-releasing peptide, growth factors, substance P

INTRODUCTION
Neuropeptides are increasingly implicated in the
control of cell proliferation (reviewed by Zachary et
al., 1987) and the mechanisms involved are
attracting wide
interest.
Bombesin and its
mammalian homologue gastrin-releasing peptide
(GRP) are potent mitogens for murine fibroblasts
(Rozengurt and Sinnett-Smith, 1983) and detailed
studies of their binding and mode of action have
been undertaken in these cells (Zachary and
Rozengurt, 1985; Rozengurt, 1986). Bombesin-like,
peptides are expressed by many human small cell
lung cancers and may act as autocrine growth
factors for these tumours (Cuttitta et al., 1985).
Peptide antagonists to bombesin could therefore be
useful in elucidating mechanisms of growth
regulation and have potential applications in cancer
treatment.

'Corresponding author.
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The substance P antagonist [DArg1, DPro:,
DTrp79, Leu11]substance P was unexpectedly found
to block the mitogenic effects of both bombesin and
vasopressin in Swiss 3T3 cells (Corps et al., 1985;
Zachary and Rozengurt, 1985, 1986), and we have
recently found that [DArg1, DPhe*, D Trp'9,
Leu1^substance P is a more potent analogue with
similar effects against bombesin and vasopressin
(Woll and Rozengurt, 1988). These antagonists are,
however, selective in their action, having no effect
on a wide range of other growth factors. In order to
elucidate the mode of action of these substance P
antagonists, we have tested many neuropeptides for
growth promoting activity in Swiss 3T3 cells, and
those shown to be mitogens have been tested for
inhibition by the antagonists.
Here we report that among fifteen neuropeptides
we tested, only bradykinin is a potent mitogen for
Swiss 3T3 cells. It acts through discrete receptors,
and its effects are inhibited by the substance P
antagonists. Thus, these antagonists are effective
against three unrelated neuropeptide receptors—

WOLL and ROZENGURT

bombesin, vasopressin, and bradykinin. Using the
ligand-specific antagonists |Leu' -^ (C H ;NH)Leul',|
bombesin, |l-(/?-mercapto-/?,/?-cyclopentamothylone
propionic
acid),2-(0-methyI)tyrosine]Argvvasopressin
(denoted
by
IPmp'.OMeTvr,
Arg'|vasoprcssin)
and
[DArg1,
Hyp',
T h i'\
DPhe’ jbradykinin we show that two classes of
antagonist interact with each receptor, one
recognizing the ligand-binding site and the other
recognizing a common domain shared by the three
neuropeptide receptors.

MATERIALS AND METHODS
Cell Culture
Stock cultures of Swiss 3T3 cells were maintained in
Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal calf serum in humidified 10%
CO;/90% air at 37°C. For experimental purposes,
cells were subcultured onto 33-mm plastic dishes
(10' cells per dish) in fresh medium. After 5-7 days
the cultures were confluent and quiescent (Dicker
and Rozengurt, 1980).

Assay of DNA Synthesis
Confluent and quiescent cultures of Swiss 3T3 cells
were washed twice with DMEM, then incubated at
37°C in 2 ml of a 1:1 mixture of DMEM and
Wavmouth
medium
containing
1 [A.C\ 'ml
|''H)thymidine (['HJTdr, 1 //M ) and various additions
as indicated. After 40 hr, DNA synthesis was
estimated bv incorporation of pH]Tdr into acidprecipitable material (Dicker and Rozengurt, 1980;
Rozengurt and Sinnett-Smith, 1983).

Measurement of Intracellular Ca2* Concentration
Swiss 3T3 cells were grown on Cytodex 2 beads
(Pharmacia) until quiescent, then washed twice with
DMEM and incubated at 37°C with 1 p M fura-2
tetraacetoxv methyl ester (Calbiochem). After 10 min
they were washed three times, suspended in 2 ml of
electrolyte solution (Mendoza et al., 1986) in the
fluorimeter, and stirred at 37°C. Fluorescence was
recorded continuously in a Perkin s-EImer LS5
luminescence spectrometer with an excitation
wavelength of 335 nm and emission wavelength of
510 nm. Additions w’ere made as indicated.

37°C in 750 fA of binding medium (Zachary and
Rozengurt, 1985) containing |i:'I)GRP at 1 nM and
the factors indicated. Cell-associated | |;'J]GRP
binding was measured after 30 min by washing
rapidly
with
cold phosphate-buffered
saline
containing 0.1% bovine serum albumin, then
solubilizing with 500 fi\ 0.1 M NaOH containing 2%
Na;C 0 3 and 1% sodium dodecyl sulphate. Samples
were counted in a gamma counter. Nonspecific
binding was determined in the presence of 360 nM
unlabelled GRP.

Measurement of [3H]Vasopressin Binding
Confluent and quiescent cultures of Swiss 3T3 cells
were washed twice with DMEM, then incubated at
37°C in 750 pi\ of binding medium (Collins and
Rozengurt, 1983) containing [3H [vasopressin at
10 nM and the factors indicated. Cell-associated
PH]vasopressin binding was measured after 30 min
by washing rapidly with cold phosphate-buffered
saline containing 0.1% bovine serum albumin, then
solubilizing with 500 [A 0.1 M NaOH containing 2%
Na;CO, and 1% sodium dodecyl sulphate.
Radioactivity was determined in 10 ml Picofluor in a
Beckman beta-counter. Nonspecific binding for each
condition was determined in the presence of 9.2 ^M
unlabelled vasopressin.

Materials
Bombesin, GRP, insulin, [Thi'*, DPhe’ Jbradykinin
and vasopressin were from Sigma. [DArg’, DPro:,
DTrp:u, Leu1^substance P, [DArg1, DPhe', DTrp~“,
Leu111substance P, [Pmp1, O M eTyr, ArgK]vasoprcssin, and [DesArgw, Leu^bradykinin were from
Peninsula. [DArg1', H v p \ T h i'\ DPhe [bradykinin
and [Leup-V (C H :NH)Leu’',lbombesin were from
Bachem. Recombinant platelet-derived growth factor
(PDGF) was from Bioprocessing. Peptides listed in
Table 1 were obtained from Sigma, except the
endorphins, which were obtained from Peninsula.
Radiochemicals were obtained from Amersham.

RESULTS

Bradykinin is a Potent Mitogen in Swiss 3T3 Cells
Measurement of [125IJGRP Binding
Confluent and quiescent cultures of Swiss 3T3 cells
were washed twice with DMEM, then incubated at

In the course of studies designed to identify novel
growth factors in Swiss 3T3 cells, we repeatedly
tested a variety of neuropeptides at a wide range of

TWO CLASSES OF NEUROPEPTIDE ANTAGONIST

TABLE 1
Neuropeptides w ith No M ilogenic Effects in Swiss 3T3 Cells

c
N europeptide

Concentrations used

o
n

|Ser'. Thr'|a n gio te n sin II
A tria l natriuretic peptide
A trio p e p tin 1
A trio p e p tin II
A trio p e p tin III
C holecystokim n
D vno rp h in A
a -E ndorphin
|l.eu'|-»mLephalin
G alanin
Gastric inhibitors peptide
GaMrin
N eurotensin
I’ hvsalaemin
Serotonin
Substance 1’

(1.1 ng m l-1 j<g m l
(1.1 ng m l-1 n g ml
0.1 ng m l-1 n g ml
1 ng m l-1 fif, ml
1 n g m l- 1 fig ml
1(1 ng. m l-1 n g ml
(l.l ng m l-1 n g ml
0.1 ng m l-100 ng ml
0.1 ng m l-100 ng ml
1 ng m l-1 0 Mg ml
0.4 ng m l-200 ng ml
10 ng m l-1 /tg ml
10 ng m l-1 //g ml
(l.l ng m l-100 ng ml
14 n M -1 0 fiM
1 n M -10 0 / A l

DM A synthesis was measured (as in Materials and Methods) in the
presence of 1 pCi ml | ‘H |T d r and the neuropeptides at the concentrations
indicated Experiments were repeated in the presence of insulin (1 Mg ml)
and in the cases of galanin and gastric inhibitors' peptide 4 -(3 -h u to x \-4 m ethoxyben7yl)-2-im idozolidine (Ro. 3 ^ v i) . on at least two occasions No
significant |'H |T d r incorporation or stim ulation of cells was seen w ith an\
of these neuropeptides

concentrations, both alone and in the presence of
insulin. These represented peptides present in
different mammalian tissues and acting by various
mechanisms. The majority were inactive (Table 1),
but bradykinin was a potent mitogen acting
syoergisticallv with insulin (Fig. 1A). The maximal
pH]Tdr incorporation was achieved at 10 nM and
was equivalent to that obtained with serum or
saturating concentrations of bombesin or vaso
pressin with insulin. DNA synthesis became
apparent after 20 hr of incubation (Fig. IB) and was
maximal at 40 hr. To investigate the type of receptor
mediating the responses to bradykinin, three specific
bradykinin antagonists were tested (Fig. 1C). No
inhibition of bradykinin-stimulated mitogenesis was
obtained with either the B, antagonist jDesArg'',
LeuH]bradykinin (Regoli et al., 1977), or the B, and B2
antagonist [Thi^K, DPher]bradykinin (Regoli et al.,
1986). In contrast, the B2 antagonist [DArg", H y p \
Thi=,h, DPhe7]bradykinin (Schacter et al., 1987)
caused marked inhibition of DNA synthesis, with
half-maximal effect at 100 nM. This suggests that
the bradykinin receptor in Swiss 3T3 cells may be a
subtype of B2, like other bradykinin receptors, not
yet finally classified (Whalley et al., 1987; Braas et
al., 1988).
Bradykinin, like bombesin and vasopressin,
stimulates calcium mobilization
and
inositol

125

80

O
a
O
u

c

X

0 JH|

Mr
B ra fly k in in .

nfl

T im e, tio u rs

A n ta g o n is t,
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FIGURE 1 Bradvkinin-stim ulated mitogenesis in Swiss 3T3 cells
(A ) D N A synthesis was estimated (as in M aterials and M ethods)
in the presence of 1 /<Ci ml | ‘H |T d r and various concentrations of
brad ykin in in the absence ( □ ) or presence ( ■ ) of insulin 1 /ig ml.
Values are expressed as percentages of |H |T d r incorporation
obtained w ith a saturating level of b rad ykin in in the presence of
insu lin (1(M)% * fv3 *1 0 ' cpm per dish). In the presence of 10°o
fetal calf serum |'H |T d r incorporation was r.fc xlO cpm I ach
point represents the mean of 2 determ inations. (B) Tim e course of
b rad ykin in -stim u la te d mitogenesis D N A synthesis was estimated
in the presence of 1 g g m l insu lin alone (O ) or w ith 14 nM
b rad vkin in ( ■ ) fo r various incubation limes. Each point
represents the mean of 2 determ inations (100% = 8 3 *10 cpm per
dish) (C) In h ib itio n of D N A synthesis stim ulated by ^ .4 nM
b rad ykin in w ith 1 ^ C i m l |'H |T d r and 1 fig m l insulin b \ various
concentrations
of
|DesArg".
L e u '|b ra d y k in in
(•).
|Thi
DJ’ he’ |bra dvkin in ( A ) and |D A rg . H y p '. T h i‘ \ DPhe |bradykinm
(■ ). Each point represents the mean of 2 determination-.
(1(Hl°/o “
x101' cpm per dish).

phosphate turnover in several cell types (Burch and
Axelrod, 1987; Jackson et al., 1987; Osugi et al.,
1987; Tilly et al., 1987), so we have tested its effects
in Swiss 3T3 cells. In cells loaded with the Ca2~
indicator Fura-2, the addition of 19 nM bradykinin
caused a transient increase in the cytosolic Ca: '
concentration with no measurable delay in onset.
This time-course is similar to those obtained with
GRP and vasopressin (Fig. 2) but distinct from that
of PDGF, which induces Ca: * mobilization after a
10-15 sec delay (Lopez-Rivas et al., 1987; NSnberg
and Rozengurt, 1988).

Substance P Antagonists Inhibit
Bradykinin-Stimulated Mitogenesis
The substance P antagonists [DArg1, DPro:, DTrp~u,
Leu11)substance P and {DArg1, DPhe’, DTrp’ *,
Leu1^substance P have previously been shown to
block the binding and mitogenic effects of bombesin
and vasopressin in Swiss 3T3 cells (Zachary and
Rozengurt, 1985, 1986; Woll and Rozengurt, 1988).
We have now tested them for activity against the
novel mitogen, bradykinin (Fig. 3A). Remarkably,
the
antagonists
blocked
bradykinin-induced
mitogenesis. The concentration of bradykinin
required for half-maximal DNA synthesis was
increased from 2.0 nM with insulin alone to 14 nM

WOLL and ROZENGURT
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GRP, vasopressin and bra dykinin each bind to
different receptors in these cells. Furthermore,
(D A rg 1,
DPhe\
D T rp71',
Leu” |substance
P
com pletely blocks b ind ing of both I1-"!|GRP and
PH | vasopressin
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Substance P Antagonists Selectively Inhibit the
Mitogenic Effects of Three Neuropeptides in
Swiss 3T3 Cells
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FIGL'RF 2 Changes in cytosolic C a-' in response to various
mitogens Fluorescence was continuously recorded in Swiss 3T3
cells loaded w ith fura-2 tetraacetoxy m ethyl ester in a
luminescence spectrometer (as in Materials and Methods)
Representative traces are shown for GRP (7 nM ) vasopressin
( V l\ 18 nM ) brad vkin in (BK. 14 nm j. and PDGF (0 8 nM)

in the presence of 20 /iM |D A r g \ D P h e\ D T rp '',
Leu"|substance P
Bombesin and vasopressin have been shown to
bind to distinct receptors in Swiss 3T3 cells (Zachary
and Rozengurt, 1985, 1988) The specific bind ing of
(12'I|G R P to its cell-surface receptor is not in hib ited
by
either
vasopressin
or
bradykinin
at
concentrations far exceeding those required for
mitogenesis (Fig 3B) S im ilarly, PH) vasopressin
bind ing is not in hib ited by high concentrations of
GRP or bra dykinin (Fig 3C) This suggests that

A

B

The observation that the substance P antagonists
com petitively block the mitogenic effects of three
unrelated neuropeptides, each acting through a
distinct receptor, led us to examine the doseresponse relationships of the antagonists under
identical experimental conditions. Figure 4 shows
that (D A rg1, DPhe', D T rp " , Leun |substance P was
5- to 10-fold more potent than (D A rg 1, DPro2,
D T rp ", Leun )substance P in in h ib itin g motogenesis
induced by bradykinin, vasopressin, and GRP. We
have previously shown that this relative potencv is
preserved against the bind ing of |,2S1]GRP and all
the early intracellular signals elicited by m itogenic
concentrations of GRP in Swiss 3T3 cells (W oll and
Rozengurt, 1988). The consistent relative potencies
of the substance P antagonists at each neuropeptide
receptor suggest that a conserved bind ing domain
may be present on each receptor
As
discussed
above,
the
m obilization
of
intracellular Ca2< is one of the earliest cellular

C

FIGURE 3 Effects o f the substance P antagonists on brad vkin in -stim u la te d mitogenesis and peptide b in d ing (A ) Dose-response curves
for D N A synthesis (as in M aterials and M ethods) stim ulated by various concentrations of brad ykin in w ith 1 /ig ml insulin in the
absence (□ ) or presence of 2 0 /iM
|D A r g \ DPro: , D Trp’ 1', Leu"|substance P ( • ) or 20
(D A rg 1, DPhe1, DTrp “,
Leu"|substance P ( A ) (B) and (C) Effects of mitogens and antagonists on peptide b in d in g in Swiss 3T3 cells Specific b inding of
|,J*I|GRP (B) and |'H ) vasopressin (C) was measured (as in M aterials and M ethods) in the presence of GRP, 380 nM ; vasopressin (VP).
920 nM , b radykinin (BK), 940 nM, |D A rg \ D P he\ D Trp ", Leu"|substance P (D), SO ^ M . |I . e u '- V '(C H ;N H )L e u n |bombesin (LLB). 2 fiiM
Values represent the mean of 3 ( ||:'I)G RP binding, 100% =7 .6 x l( l' cpm per dish) and 4 (|'H |vasopressin binding; 100% = 342 cpm per
dish) determ inations.
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FIGURL 1 Effects of the substance P antagonists on mitogenesis stim ulated by bradykinin. vasopressin, and GRP D N A synthesis was
measured in 3T3 cells (as in M aterials and M ethods) incubated w ith 1 ^ C i ml |T f|T d r 1 jig ml insulin and various concentrations ot
|D A rg 1. DPrcr. D lrp
Leu"|substance P ( • ) or |DArgV DPhe D Trp ', Leu"|substance P ( A) . m the presence of: A 9 4 nM
bradvkinin (100% = 7.6 xi(T cpm ). B. 13 8 n M vasopressin (100% = 7.2 X10'cpm ); C . 3.6 nM GRP (100% = 8.6X10 cpm ) Each point
represents the mean of 2-4 determ inations

events to occur after the binding of GRP,
vasopressin, and bradykinin to their receptors (Fig.
2). The Ca2* signal elicited by GRP is completelv
prevented
by
|D A rg \
DPhe\
D Trp",
I jeu" |substance P (Woll and Rozengurt, 1988).
Similarly, this antagonist inhibits Ca2* mobilization
by both vasopressin and bradykinin (data not
shown).
Because the substance P antagonists are active
against several mitogenic neuropeptide receptors in
Swiss 3T3 cells, it was essential to test them
rigorously against a large panel of mitogens acting
through a variety of signal transduction pathways
(Fig. 5). As expected, (DArg', DPhe\ DTrp79,

Leu"|substance P was effective against bombesmlike peptides, vasopressin and bradykinin. It did not
inhibit mitogenesis stimulated by the polypeptide
growth factors PDGF and epidermal growth factor,
the protein kinase C activator phorbol 12,13dibutyrate, or the cAMP elevators cholera toxin and
8-bromo-cAMP. While bombesin, vasopressin and
bradykinin activate the inositol phosphate signalling
pathway leading to Ca2* mobilization, vasoactive
intestinal peptide (VIP) is a mitogenic neuropeptide
acting through cAMP elevation (Zurier et al., 1988)
Its effects were not inhibited by |D A rg\ DPhe',
DTrp
Leu"|substance P. Thus, the effects of the
substance
P
antagonists
against
mitogenic
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FIG UR) 5 Selectivity of the substance P antagonist D N A synthesis was measured w ith a variety of mitogens (as in M aterials and
Methods) m the presence of 1 p td i/m \ |*U |T d r and 1
rtsulm w ithout (hatched bars) or w ith 2D piM |D A rg '. D Phe'. D Trp
Leu"|substance P (solid bars) or w ith 1 ptM |Leuu - * ( C H ?N H )L eu M|bombesin (shaded bars) M itogens were used at the follow ing
concentrations: GRP. 3.6 nM ; bombesin (B N ). 1 2 nM . btorin (LT ). 1.8 nM . vasopressin (V P ). 9 2 n M . bradykxun (BK). 9.4 nM , p late irtderived growth fa c to (PD G F), 1 nM . epiderm al grow th fa c to (EG F), 0.4 nM . phorbol 12.13-dibutyrate (PB fJ. 100 nM . cholera toxin
(C T), 100 ng/m l w ith isobutytmethybcanthme (IB M X). 10 ptM, 8-brom o-cAM P (88c), 2.5 a iM . |« n » i^ i« w fa L, (PG E,). 282 nM w ith
IB M X. 10 piM. prnstagUndin E , (FG E J, 567 nM w ith IB M X. 10 pAA. vasoactive aiftestmal peptide (V IP ), 3 nM w ith Ro. 5 pAA Values are
expressed as a p a u n ta p of [*H ]Tdr incorporation obtaaied w ith fetal calf serum, and n p u u il the mean of at least 2 detom m ahans
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neuropeptides are selective and specific. These data
support the contention that the bombesin,
vasopressin and bradykinin receptors might share a
common domain—separate from the ligand binding
site—that is recognized by the substance P
antagonists. This implies that a second class of
antagonists could exist, which recognize the ligand
binding site and are therefore specific to each
receptor type.

lLeu1,-'I/ (CH2NH)Leu,4]Bombesin is a Specific
GRP Antagonist in Swiss 3T3 Cells
The
pseudopeptide
[Leun-V'(CH;NH)Leuu)
bombesin was synthesized during a systematic
study of peptide backbone modifications in
bombesin analogues (Coy et al., 1988). It was shown
to cause 50% inhibition
(IC-,„) of bombesinstimulated amylase release from guinea pig
pancreatic acini at 35 nM and to inhibit bombesinstimulated mitogenesis in 3T3 cells. We have shown
it to be a specific antagonist of the mitogenic effects
of bombesin-like peptides inSwiss 3T3 cells, acting
at receptor level (Woll et al., 1988). In the present
study we have compared this new bombesin/GRP
antagonist
with
|DArg’,
DPhe’,
D Trp'u,
Leu11]substance P. [Leu1’-y ’(CH;NH)LeuM]bombesin
was a potent inhibitor of |,:’I]GRP binding (Fig. 3B)
and of GRP-stimulated mitogenesis (Fig. 6) with an
effect at 1
equivalent to that of 20
(DArg1,
DPhe"’, DTrp~u, Leun]substance P. It is therefore the
most potent bombesin antagonist described to date.
[Leun-^(CHiNHJLeu^Jbombesin
was
tested
against the same mitogens as [DArg1, DPhe\

DTrp79, Leu1^substance P to determine its specificity
(Fig. 5). It failed to inhibit mitogenesis stimulated bv
any mitogen unrelated to bombesin.

Ligand-Specific Antagonists Inhibit Mitogenesis
Induced by Bombesin, Vasopressin, and
Bradykinin Respectively
In order to test the hypothesis that two classes of
antagonist interact with the bombesin, vasopressin
and bradykinin receptors, antagonists structurally
related to each mitogen were studied in mitogenic
assays with
each ligand (Fig.
7).
|LeunV>(CH:NH)Leul'l|bombesin caused concentrationdependent
inhibition
of
GRP-induced
DNA
synthesis but had no effect on mitogenesis
stimulated by vasopressin or bradykinin (Fig. 7A).
Similarly,
[P m p '^M eTvr,
ArgK]vasopressin
(Kruszynski et al., 1980) was active against
vasopressin—but not GRP—or bradykinin-induced
mitogenesis (Fig. 7B).
[DArg',
Hyp’, Thi” ,
DPhe Jbradykinin blocked the effects of bradykinin
but not those of GRP or vasopressin (Fig. 7C).
Identical ligand-specificitv was observed when the
antagonists were tested in assays of Ca: ’
mobilization with each ligand (data not shown).
Thus, the separate receptors for these mitogens have
been identified using ligand-specific antagonists, in
contrast to the substance P antagonists which are
active against all three receptors.
A

b

c

60
N
c
o

10

k 20

100

60

|

Specific antagonist, nn

60

8
c

FIGURE 7 Specific antagonists for GRP, vasopressin and
bradykinin. DNA synthesis was measured in Swiss 3T3 cells (as
in Fig. 1A) incubated w ith 1 /iC i/m l |’ H)Tdr, 1 ^S 'm l insulin and
3.6 nM GRP ( • ) , 14 nM vasopressin (A ) or 9.4 nM bradvkinin (■)
in the presence of various concentrations of: A, |Leupy»(CH;NH)Leull |bombesin; B, |Pmp'.OMeTyr;,Arg''|vasopressin;
C, IDArg*'. H yp’ , T h i", DPhe*|bradykinin. Values represent the
mean of at least 2 determinations (100% **4.4 xlO ' cpm).
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FIGURE 6 Effects of |Leu” -y;(C H ;NH)Leul4|bombesin in Swiss
3T3 cells. Dose-response curves for GRP-induced DNA synthesis
(measured as in Materials and Methods) w ith 1 /rC i/m l |'H|Tdr
and 1 /rg/m l insulin alone (O) or in the presence of 1 /iM (■ )
|Leun-yi(C H :NH)Leu,4]bombesin, or 2 0 //M (DArg’ , DPhe',
D T rp L e u ")s u b s ta n c e P (A ). Each point represents the mean of
2 determinations (100% • 7.6 xlO' cpm).
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DISCUSSION
Antagonists have traditionally been thought to
compete with the ligand for binding to specific
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receptors, which are then occupied without
producing the conformational changes required to
trigger the biological response. Recent studies,
however, have suggested that N-methyl-D-aspartate
receptors have more than one potential binding site
(Foster and Fagg, 1987), allowing modulation of
responsiveness to ligand. Although the molecular
structures of the bombesin, vasopressin, and
bradykinin receptors are as yet unknown, we have
presented pharmacological evidence for two classes
of antagonist able to interact with each receptor.
Vasopressin was the first neuropeptide clearly
demonstrated to have mitogenic effects in vitro
(Rozengurt et al., 1979), and there is evidence for its
role as a growth factor in vivo (Hunt et al., 1977;
Russell and Bucher, 1983). Bombesin is also a potent
mitogen in Swiss 3T3 cells (Rozengurt and SinnettSmith, 1983). It is expressed in vivo in fetal lung
fWharton et al., 1978; Spindel et al., 1987) and may
act as an autocrine growth factor for human small
cell lung cancer (Cuttitta et al., 1985). There has
therefore been increasing interest in other
neuropeptides as possible mitogens.
In the present study we have tested a wide
variety of neuropeptides for growth-promoting
activity and have shown that bradykinin, unlike
many other neuropeptides, is a potent mitogen in
murine fibroblasts. Bradykinin is a potent painproducing substance released at sites of tissue
damage, so its growth-promoting actions suggest a
possible role in wound healing. Using the highly
specific
antagonist
[DArg0,
H yp\
Thiss,
DPher)bradykinin, we have shown that it acts
through a subtype of the B; receptor in Swiss 3T3
cells. The failure of bradykinin to inhibit [12=iI]GRP or
[3H[vasopressin binding confirms that
these
mitogens bind to distinct receptors. In the presence
of insulin, bradykinin causes maximal stimulation of
DNA synthesis, which contrasts with its weak
mitogenic effect in human fibroblasts (Owen and
Villereal, 1983; Coughlin et al., 1985). Like bombesin
and vasopressin, bradykinin causes a rapid and
transient increase in cytosolic Ca21 (Fig. 2), which
distinguishes this group from other mitogens. The
unexpected finding that the substance P antagonists
[DArg1, DPro:, DTrp’ g, Leun]substance P and
[DArg1,
DPhe\
DTrp"g,
Leu” ]substance
P
competitively blocked the mitogenic effects of
bradykinin in addition to those of bombesin and
vasopressin (Figs. 3A and 4) suggested another
common property of their receptors.
The substance P antagonists block the mitogenic
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effects of bombesin, vasopressin, and bradykinin at
their distinct receptors, but we have found no effect
on mitogenesis induced by a wide range of other
mitogens, acting through different transmembrane
signalling pathways including cAMP activation and
protein kinase C activation. Their effects are
selective and specific. They do not affect the
mitogenesis stimulated by PDGF (which causes Ca2*
mobilization) or by the neuropeptide VIP (which
activates cAMP). The substitution of two amino
acids distinguishing
[DArg1,
DPro2,
DTrp7w,
Leu1^substance P from [DArg1, DPhe', D Trp'g,
Leun]substance P causes a consistent 5- to 10-fold
increase in potency against each mitogen, which
suggests that these antagonists recognize a common
domain in their distinct receptors. An alternative
explanation, that the substance P antagonists bind
to a fourth receptor and exert their inhibition at an
intracellular site, is not tenable since both the collsurface binding of [1“r’I)GRP and [3H]vasopressin
(Fig. 3B, C) and the immediate mobilization of Ca2*
by all three mitogens are blocked by these
antagonists.
As
bombesin,
vasopressin,
and
bradykinin are structurally unrelated, the putative
shared domain cannot be the ligand binding site.
This implies that a second class of specific
antagonists could exist which recognize the ligandbinding site.
We have shown a striking difference in specificity
between the substance P antagonists and the ligandspecific antagonists for each mitogen, which has
important
implications.
The
ligand-specific
antagonists, which are analogues of their target
ligands, showed no inhibitor)' activity against
structurally unrelated mitogens. The recently
described
bombesin
antagonist
|Leu13^(CHjNHJLeu^Jbombesin (Coy et al., 1988; Woll et
al., 1988) elegantly demonstrated this: it is a potent
bombesin antagonist with no effect on DNA
synthesis stimulated by vasopressin or bradykinin.
As the molecular structures of the receptors for
bombesin, vasopressin, and bradykinin are as yet
unknown, it is not possible to predict the nature of
the proposed common binding site. It is, however,
interesting to note that cDNA cloning of a number
of neuropeptide receptors including adrenergic
(Kobilka et al., 1987a, b, 1988; Lefkowitz and Caron,
1988), muscarinic (Bonner et al., 1987), rhodopsin
(Nathans et al., 1986), and substance K (Masu et al.,
1987), all of which are coupled to their effectors by
G-proteins, show a remarkable degree of structural
conservation (Dohlman et al., 1987; Hanley and
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Jackson, 1987). This lends support to the emerging
concept of families of neuropeptide receptors with
common features. Despite the present lack of
structural information, the existence of two classes
of antagonists which interact with distinct domains
on receptors for the mitogenic neuropeptides
bombesin, vasopressin and bradykinin will have
considerable importance for the design and testing
of peptide antagonists with therapeutic potential.
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The classical role of neuropeptides as fast-acting
neurohumoral signallers has recently been challenged by
the discovery that many neuropeptides are also grow th
factors stim ulating slo w -a c tin g mitogenesis. Their
mechanisms of action have been studied in cell culture, and
their cell-surface receptors have been characterized
pharmacologically using agonists and antagonists. W e
describe the mitogenic effects of bombesin, vasopressin,
bradykinin and vasoactive intestinal peptide in murine
fibroblasts. W e suggest that the receptors for bombesin,
vasopressin and bradykinin have more than one binding
site, permitting modulation of transmitted signals. As these
neuropeptide receptors share the ability to mobilize
intracellular C a2+, their com m on dom ain may be essential
to G -protein coupling.

Cells in a living organism exist in a dynamic equilibrium. In most
tissues cell turnover is slow, with the majority of cells viable and
metabolically active but in a non-proliferating state. Many cells,
however, retain the capacity to respond, by division, to extracellu
lar signals such as hormones, antigens and growth factors. Thus
the growth of individual cells is regulated according to the
functional requirements of the organism. These conditions can be
simulated in vitro using cell culture techniques, and we have found
mouse fibroblasts (Swiss 3T3 cells) a particularly useful model.
Confluent cultures of these cells cease to proliferate when they
deplete the medium of its growth-promoting activity and can be
stimulated to resume D N A synthesis and cell division by the
addition of serum or -defined growth factors. In addition to the
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polypeptide growth factors (including platelet-derived growth
factor, PDGF; epidermal growth factor, EGF) and pharmacologi
cal agents (such as phorbol esters, diacylglycerol), increasing
numbers of neuropeptides have been shown to act as growth
factors (see Ref. 1 for review).
Neuropeptides are small regulatory peptides localized in neur
ones of the central and peripheral nervous system. They are
classically released by electrical stimulation and may act on post
ganglionic receptors (neurotransmitters), nearby cells (paracrine
hormones) or distant target organs (endocrine hormones). These
types of signal elicit a rapid response, such as the secretion of
pancreatic amylase stimulated by bombesin. This contrasts with
the long-term response of mitogenesis. The variety among neuro
peptides and the diversity of their effects suggests a rich network
of control, permitting fine homeostatic adjustments. We have
tested a wide variety of neuropeptides for growth promoting
activity in Swiss 3T3 cells (Table 1), and here we describe those
found to be mitogenic and characterize their receptors using
antagonists. We suggest that the receptors for the
Ca2+-mobilizing mitogenic neuropeptides have more than one
binding site, allowing modulation of the transmitted signal.

Table 1 Neuropeptides tested for growth-promoting activity in Swiss 3T3 cells’
Mitogenic

Non-mitogenic

Bombesin-like peptides
bombesin
GRP
litorin
neuromedin B
neuromedin C

[Ser‘,Thr8]angiotensin II
atrial natriuretic peptide
atriopeptin I
atriopeptin I I
atriopeptin I I I
cholecystokinin
dynorphin A
a-endorphin
[Leu5]-enkephalin
galanin
gastric inhibitory polypeptide
gastrin
neurotensin
physalaemin
serotonin
substance P

Vasopressin
Bradykinin
VIP
PHI

'Peptides were tested in assays of D N A synthesis4 alone and w ith insulin, at concentrations ranging from
0.1 ng ml to 10 Mg
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BOMBESIN
Bombesin is a 14-amino acid peptide first isolated from the skin of
the European frog Bombina bombina (Table 2). Structurallyrelated peptides are found in other amphibians (ranatensin, alytesin, litorin) and mammals (gastrin-releasing peptide, GRP; neuro
medin B; neuromedin C). The functions of these peptides in
amphibians remain obscure, but they have been extensively
studied in mammals. Bombesin-like peptides are found in the
central and peripheral nervous systems, principally in the intrinsic
neurones of the gut.2 Here they have secretory effects, stimulating
the release of gastrin and cholecystokinin from the gut and
pancreas.3
Bombesin is a potent mitogen for Swiss 3T3 cells.4 In
serum-free medium it stimulates DNA synthesis and cell division
in the absence of other growth-promoting agents. The ability of
bombesin, like PDGF, to act as a sole mitogen for these cells
contrasts with other growth factors which are active only in
synergistic combinations.5 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 from In M to 0.3nM. The other bombesin-like
peptides, including GRP, have similar mitogenic effects (Table 1).
Bombesin-like peptides are abundant in human fetal lung and
the mRNA for GRP is maximally expressed at 16-30 weeks
gestation.6 Thereafter levels decline rapidly, and in adulthood
these peptides are found sparsely in bronchial neuroendocrine
cells. Speculation that bombesins may be growth factors for fetal
lung has been supported by their paucity of expression in the
Table 2 Structural formulae of the neuropeptides bombesin, vasopressin,
bradykinin and VIP
Bombesin:
pGlu-Gln-Arg-Leu-Gly-Asn-Gln-T rp-Ala-Val-Gly-His-Leu-Met-NH 2
Vasopressin:

I----------- 1

Cy s-T yr-Phe-Gln-Asn-Cy s-Pro-Arg-Gly-NH 2
Bradykinin:
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
VIP:
His-Ser-Asp-Ala-Val-Phe-Thr-Asp-Asn-Tyr-Thr-Arg-Leu-Arg-Lys-Gln-MetAla-Val-Lys-Lys-Tyr-Leu-Asn-Ser-Ile-Leu-Asn-NH2
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immature lungs of infants with respiratory distress syndrome.7
Human small cell lung cancers (SCLC) are rich in bombesin-like
peptides, which may act as autocrine growth factors for these
tumours.8
Bom besin receptors
To determine how bombesin/GRP stimulates mitogenesis, we
sought specific receptors on Swiss 3T3 cells, using radiolabelled
251]GRP. This binds to the quiescent cells in a specific, saturable
and reversible manner.9 Scatchard analysis indicates the presence
of a single class of high-affinity sites of K d about In M and about
1.25 x 105 binding sites per cell. [ 125I]GRP binding is not inhi
bited by other mitogens for Swiss 3T3 cells including PDGF,
fibroblast-derived growth factor, EGF, insulin or the neuropep
tides vasopressin, bradykinin, vasoactive intestinal peptide (VIP)
and substance P. Various bombesin-like peptides inhibit
[ 125I]GRP binding in proportion to their ability to stimulate DNA
synthesis, suggesting that the receptors are specific and distinct
from those for other mitogens. The possibility that different
subtypes of bombesin receptor exist in different tissues, perhaps
mediating different functions, is attracting interest,10 but is at
present unresolved.
We have investigated the physical properties of the bombesin/
GRP receptor in Swiss 3T3 cells using an affinity-labelling method.
Quiescent cells were incubated with [ 125I]GRP then treated with
disuccinimidyl cross-linking agents. The cells were then solubi
lized and the extracts electrophoresed on a polyacrylamide gel. A
major band was seen migrating with apparent M T75 000-85 000.11
This M t 75 000-85 000 protein was not found in cell lines lacking
bombesin receptor. Its expression was inhibited by the addition of
unlabelled GRP in a dose-dependent manner, but not by other
hormones or mitogens, supporting the conclusion that the M r
75 000-85 000 protein is a component of the bombesin receptor. A
solubilized preparation of the radiolabelled protein binds to
wheatgerm lectin/sepharose columns and can be eluted with
N-acetyl-D-glucosamine, suggesting that it is a glycoprotein. In
addition, treatment with endo-(3-N-acetyl glycosaminidase F
reduced the M r of the affinity-labelled band from 75 000-85 000 to
42000, indicating the presence of N-linked oligosaccharide
groups.12 Thus the bombesin/GRP receptor appears to be a
glycoprotein of M r 75000-85000 with N-linked carbohydrate
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side-chains and a protein core of M r 42000. This would be
consistent with a receptor of the type recently described for
substance K 13 and serotonin (5-hydroxytryptamine).14
The binding of polypeptide growth factors such as EGF and
PDGF to their receptors is followed by rapid internalization and
intracellular degradation of receptor and ligand. This causes a
marked reduction in the number of cell-surface binding sites
(down-regulation). We have shown that, unlike these, bombesin
does not cause down-regulation of its receptor. Exposure of cells to
mitogenic concentrations of bombesin for up to 24 hours does not
alter the number of binding sites or the affinity cross-linking of the
M r 75 000-85 000 component of the receptor.15 Thus receptor
down-regulation is not necessary for mitogenic signalling.
The binding of bombesin to its receptor elicits an array of
signals in the membrane, cytosol and nucleus, leading to cell
proliferation.5 These are described elsewhere in this volume (see
Rozengurt, this Issue).
VASOPRESSIN
Vasopressin exemplifies neurohumoral control mechanisms. The
cyclic nonapeptide (Table 2) is secreted in the hypothalamus and
then passes down neural axons to the posterior pituitary before
being released into the circulation. As an endocrine hormone it has
antidiuretic effects on the kidney, pressor effects mediated through
arteriolar smooth muscle, and stimulates hepatic glycogenolysis.
Vasopressin is a mitogen in vitro for Swiss 3T3 cells16 at
nanomolar concentrations, acting synergistically with insulin. In
vivo it facilitates the proliferative responses to haemorrhage17 and
partial hepatectomy.18 It has also been implicated in the control of
brain development in fetal rats.19
The mechanism of the growth promoting effects of vasopressin
in Swiss 3T3 cells has been studied in detail in our laboratory.
Vasopressin binds to specific, high-affinity receptors20 and elicits
an array of biological responses including Ca2+ mobilization,
inositol phosphate production, activation of protein kinase C,
accumulation of cAMP and c-fos oncogene induction {see Rozen
gurt, this Issue).
Two types of vasopressin receptor have been distinguished
functionally and pharmacologically. The V j receptor mediates the
vascular and hepatic effects of vasopressin by activating
Ca2+-dependent inositol phosphate turnover. In contrast, V 2
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receptors are coupled to adenylate cyclase and mediate the anti
diuretic response of the kidney. Recently, subtypes of these
receptors have been identified in other tissues including
adenohypophysis21 and mammary tumour cell lines.22 The recep
tors present in Swiss 3T3 cells, which mediate a mitogenic
response, are of the V, type23 which is blocked by the antagonist
[l-(P-mercapto-(3, (3-cyclopentamethylene propionic acid),
2-(0-methyl)tyrosine]Arg8-vasopressin (denoted by [Pmp1,
O M eTyr2,Arg8]vasopressin).24 As yet the molecular structure of
these receptors is unknown.
B R A D Y K IN IN
The nonapeptide bradykinin (Table 2) is generated in the circula
tion, particularly at sites of tissue damage. It is one of the most
potent pain-producing substances known and bradykinin recep
tors are localized to the nocioceptive sensory pathways.25 In
addition, bradykinin mediates smooth muscle contraction, vasodi
lation and vascular permeability. It has been shown to be a weak
mitogen for human fibroblasts26 and we have recently demon
strated that it is also a potent mitogen for Swiss 3T3 cells.27 Acting
synergistically with insulin, bradykinin achieves a response at
lOnM with insulin equivalent to that obtained with serum. Like
bombesin and vasopressin, its effects in Swiss 3T3 cells are
mediated in part by rapid Ca2+ mobilization.
Many synthetic bradykinin analogues have been used as
agonists and antagonists to classify bradykinin receptors in various
tissues and species.28
and B2 receptor types have been dis
tinguished pharmacologically, although there is no clear func
tional separation. It now appears that the B2 receptors can be
further divided into subtypes.29,30 The receptor mediating
mitogenesis in Swiss 3T3 cells is a B2 subtype as shown by
the effectiveness of the antagonist [DArg0,Hyp3,T h i5,8,
DPhe7]bradykinin but the absence of the effect of
[desArg9,Leu8]bradykinin and [T h i5,8,DPhe7]bradykinin.27
VASOACTIVE IN T E S T IN A L PEPTIDE (VIP)
This 28-amino acid polypeptide (Table 2) is closely related to
secretin, glucagon, PHI (porcine histidine, isoleucine amide-con
taining peptide) and PHM (peptide histidine methionine). It is
found in large amounts in the mammalian brain and in the mucosa
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and muscle of the gastrointestinal tract, where it is localized to
postganglionic nerves. In addition it is found in the salivary
glands, pancreas, respiratory and urogenital tracts.31 Neural sti
mulation causes release of VIP, which binds to specific receptors
that can also bind the related hormones with lower affinity. In
Swiss 3T3 cells, VIP stimulates mitogenesis in the presence of
insulin and cAMP phosphodiesterase inhibitors. In contrast to
bombesin, vasopressin and bradykinin, VIP is a weak mitogen, and
its effects are mediated by the elevation of cAMP without Ca2+
mobilization or protein kinase C activation.32 We have found that
the related polypeptide PHI can also act as a mitogen for
these cells.

NEUROPEPTIDE RECEPTOR ANTAG O NISTS
The three mitogenic neuropeptides bombesin, vasopressin and
bradykinin share the ability to mobilize Ca2+ in Swiss 3T3 cells. It
is therefore important to determine whether they bind to a
common or different receptors. Binding studies using radiola
belled ligands have shown that GRP does not interfere with
[3H]vasopressin binding, nor does vasopressin interfere with
[' 25I]GRP binding to Swiss 3T3 cells.24 We have also shown that
bradykinin has no effect on either [3H]vasopressin binding or
[ 125I]GRP binding27 suggesting that the three mitogens have
distinct receptors in these cells. Further evidence in support of
this contention has been provided using ligand analogues that can
act as specific antagonists for each of these three mitogens.
[Leu13-\J/(CH2N H )Leu14]bombesin belongs to a new class of
peptide analogues in which a peptide bond in the backbone has
been reduced to produce a closely-related ‘pseudopeptide’.33 This
analogue has no agonist activity, but is a potent bombesin
antagonist both in short-term assays of pancreatic cell secretion33
and in long-term assays of mitogenesis.34 It is effective against
other bombesin-like peptides including GRP and litorin but is
ineffective against other growth factors, including vasopressin and
bradykinin (Fig. 1).
The vasopressin analogue [Pmp1,OM eTyr2,Arg8]vasopressin
is a potent V t-receptor antagonist active against both the vasopres
sor and mitogenic effects24 of vasopressin mediated through the
V, receptor. It is a specific vasopressin antagonist showing no
inhibition of GRP or bradykinin-induced mitogenesis (Fig. 1).
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F ig . 1 Effects of ligand-specific antagonists on D N A synthesis stimulated by
G R P , vasopressin and bradykinin. Quiescent cultures o f Swiss 3 T 3 cells were
incubated in Dulbecco’s modified Eagle’s W aym outh m edium containing
[ 'H ]th ym id in e ( ( ’ H ]T d r ) Ip C i m l and insulin lpg m l with G R P 3.6 n M ( ■ ,
vasopressin 14 n M (23) or bradvkinin 9.4 n M ( S ) and the antagonists indicated.
L L B = [ L e u 1J-i|/(C H , N H ) L e u 14]bombesin
1p M ;
P V P = [ P m P 1.O M e T y r 2,
A rg 8]vasopressin 20 n M , B K A = [ D A r g ° , H y p 3,T h r 8, D P he Jbradykinin 210
n M . D N A synthesis was estimated by incorporation o f [ 'H ] T d r into acid
precipitable m aterial.4 Values represent the mean o f at least 2 determinations
(100",, = 4.4 x 10' cpm).

The bradykinin analogue [DArg0,Hyp3,Thi”'-8,DPhe jbradykinin
is a B 2-receptor antagonist active in assays both of vascular
permeability and mitogenesis.2 It shows no cross-reactivity
against mitogenesis stimulated by G R P or vasopressin (Fig. 1).
The demonstration of ligand-specific antagonists for each of these
mitogens strongly supports the view that they have distinct
receptors in Swiss 3T3 cells.

Common antagonists
The tachykinin substance P has minimal amino acid homology
with bombesin and neither inhibits the binding of [i:;iI]GRP nor
stimulates D N A synthesis in Swiss 3T3 cells. Unexpectedly, the
substance P antagonist [DArg1,DPro2,DTrp ,9,Leu1‘]substance
P was found to block the secretory effects of bombesin in
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pancreatic acinar cells, and subsequently, to reversibly block the
mitogenic effects of both bombesin and vasopressin in Swiss 3T3
cells (Fig. 2).9,24,35 The binding of both[125I]GRP .and
[3H]vasopressin are inhibited in a dose-dependent and competitive
manner, and all the early events leading to mitogenesis with each
ligand are blocked. [D A rg1,DPhe5,D T rp7,9,Leu1!]substance P
has now been shown to be consistently 5-10 fold more potent than
[D A rg'jD P ro2,D T rp7,9,Leu11Jsubstance P, with similar activity
against the mitogenic effects of bombesin and vasopressin (Fig.
2).35 On discovering that bradykinin is also mitogenic for Swiss
3T3 cells, we tested [D A rg1,DPhe5,D T rp7,9,Leu1^substance P
for inhibitory effects against this mitogen27 (Fig. 2). Bradykinin
induced mitogenesis is inhibited by both substance P antagonists
in a competitive and reversible manner. Moreover,
[D A rg1,DPhe5,D T rp7,9,Leu1^substance P is 5-10 fold more
potent than [D A rg'jD P ro2,D T rp7,9,Leu1^substance P in inhibit
ing bradykinin-induced mitogenesis.
These findings imply that the substance P antagonists can block
the mitogenic effects of three neuropeptides at their distinct
receptors, although they have no effect on mitogenesis induced by
a wide range of other mitogens including polypeptide growth
factors and pharmacological agents.27 The observation that the
two substance P antagonists have a consistent difference in potency
against each mitogen suggests that they recognize a common
domain in the three receptors. This putative shared domain must
be separate from the ligand binding site because the ligands are
structurally unrelated (Table 2) and the ligand-specific antagonists
show no cross-reactivity.
The substance P antagonists show no inhibitory activity against
VIP-induced mitogenesis. VIP differs from bombesin, vasopressin
and bradykinin in its signalling pathway — it does not mobilize
Ca2+ or activate protein kinase C, but acts by stimulating cAMP
accumulation.32 In view of this, it is tempting to speculate that the
substance P antagonists recognize a domain common to the
bombesin, vasopressin and bradykinin receptors that is essential to
the coupling of G-proteins required for Ca2+ mobilization.
S M ALL C ELL LU N G CANCER (SCLC)
Lung cancer is the commonest fatal malignancy in the developed
world. SCLC constitutes 25°0 of lung cancers; it follows an
aggressive course and, despite being initially chemosensitive, only
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5°(1 of patients survive 2 years after diagnosis. These tumours are
associated with ectopic production of many hormones including
vasopressin, adrenocorticotrophin (ACTH) and bombesin, caus
ing characteristic clinical syndromes. Bombesin-like peptides are
found in specimens of SCLC and secreted by SCLC cell lines in
vitro.37 In view of the potent growth-promoting effects of bombe
sin in Swiss 3T3 cells, we suggested that it might be an autocrine
growth factor for SCLC.4 This was substantiated by Cuttitta et
al.,8 who demonstrated that a monoclonal antibody to bombesin
could inhibit the growth of SCLC cell lines in vitro and in nude
mice. We have now shown that [D A rg1,DPro2,D T rp 7,9,
Leu11)substance P and [D A rg1,DPhe5,D T rp7-9,Leu1^substance
P can reversibly inhibit the growth of SCLC cell lines in vitro36
with relatively little effect on non-SCLC lung tumour cell lines.38
It is not yet known whether this results from blockade of bombesin
receptors or those of another secreted neuropeptide.
DISCUSSION
There is accumulating evidence that many neuropeptides can act
as growth factors including not only those detailed here, but also
substance P, substance K , (J-endorphin and gastrin (see Ref. 1 for
review). This appears to be a general phenomenon and suggests
that these peptides have m ultiple signalling actions, fast and slow,
throughout the body. In this way proliferative responses might be
subjected to fine co-ordination. For example, release of bradykinin
at sites of tissue damage might mediate a proliferative wound
healing response in addition to transmitting pain sensation. In this
context, the model of a neuropeptide receptor with two binding
sites, described here, offers interesting possibilities for the modu
lation of transmitted signals. A similar model has been developed
for the N-methyl-D-aspartate receptors.39
As the molecular structures of the receptors for bombesin,
vasopressin and bradykinin are as yet unknown, it is not possible to
predict the nature of the proposed common binding sites. We have
been able to define the receptors pharmacologically and to estab
lish the apparent M r and physical composition of the bombesin
receptor. The available evidence is consistent with receptors of a
type increasingly described for neuropeptides. cDNA cloning of
the adrenergic, muscarinic, rhodopsin, substance K and serotonin
receptors shows a remarkable degree of amino acid homology
between them. They are glycoproteins of core M r 40000-50000
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which are thought to traverse the cytoplasmic membrane seven
times. The transmembrane loops are clustered to form a ligandbinding pocket. Most interestingly, each appears to be coupled to
Ca2+-mobilizing G-proteins.40 41 The availability of specific and
common antagonists such as those we have described w ill be
invaluable in defining the structure-function relationships of
neuropeptides and their receptors. It is also possible to envisage
therapeutic applications for such antagonists in the treatment of
SCLC.
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SUMMARY: The neuropeptides vasopressin, bradykinin, cholecystokinin,
galanin, neurotensin and ga strin -rele asin g peptide stim ulate rapid,
transient increases in cytosolic Ca
in small c e ll lung cancer c e ll
lines at nanomolar concentrations. Responsiveness to individual
peptides is heterogeneous among the diverse c e ll lin e s , but the
a b il it y to respond to regulatory peptides is a general phenomenon.
Peptide responses demonstrate homologous desen sitisa tio n and are
blocked by ligand-specific antagonists, indicating that they are
mediated by d is tin c t receptors. Many neuropeptides are also secreted
by small c e ll lung cancer. Here we suggest that multiple autocrine
and paracrine interactions regulate i t s growth. C 1989 Academic Press, Inc.
Lung cancer remains the commonest f a t a l malignancy in the
developed world.

Small c e ll lung cancer (SCLC) c o n stitu te s

25X

of the

to ta l, and follows a rapid and aggressive c lin ic a l course, despite
i n i t i a l chemosensitivity (1).

Increased understanding of SCLC growth

regulation may identify novel targets for treatment.

SCLC is

characterised by the presence of intracytoplasmic neurosecretory
granules and by i t s a b ility to secrete a variety of ectopic hormones
and neuropeptides (2,3).

Among these, only the bombesin-like

peptides, which include gastrin -rele asin g peptide (GRP), have been
shown to induce rapid increases in cytoplasmic Ca^+ (6,7) and to act
as autocrine growth factors for SCLC (8).
Abbreviations: ACTH, adrenocorticotrophin; CCK, cholecystokinin; FMLP,
N-formyl-met-leu-phe; FSH, f o l l i c l e stim ulating hormone; fura-2/AM,
fura-2 tetraacetoxymethyl e ste r; GIP, g a s tric inhibitory peptide; GHRH,
growth hormone releasing hormone; GRP, g a strin -rele asin g peptide; Hyp,
L-4-hydroxyproline; PBt » phorbol dibutyrate; Pmp, l-(0-m ercapto-3.0cyclopentamethylene-propionic acid; SCLC, small c e ll lung cancer; Thi,
6L(2-thienyl)-L-alanine; TRH, thyrotropin releasing hormone.
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Evidence is rapidly accumulating that neuropeptides acting through
d is tin c t receptors and signal transduction pathways (9) can control
pro life ratio n in a variety of c e ll types (10).

In view of th is , we

decided to investigate the hypothesis that SCLC exhibits multiple
neuropeptide receptors.

Ve have screened neuropeptides and hormones

secreted by SCLC for the a b il it y to rapidly mobilise in tr a c e llu la r
Ca^+ in five SCLC c e ll lines.

Ve now report that vasopressin,

bradykinin, CCK, galanin and neurotensin induce marked increases in
cytoplasmic Ca^+ through d is tin c t receptors, raising the p o s s ib ility
that SCLC growth is regulated by multiple autocrine or paracrine
circui t s .
MATERIALS AND METHODS
SCLC c e ll lines H69 and H128 were obtained from the American Type
Culture Collection, Rockville, Maryland, USA. H209, H345 and H510A
were a g i f t from Dr Adi Gazdar, National Cancer I n s t i t u t e , Bethesda,
Maryland, USA. Stocks were grown in RPMI 1640 medium with 10% heatinactivated, f e ta l bovine serum, and experimental flasks in RPMI 1640
medium with 10 nM hydrocortisone, 5 ug/ml insulin, 10 ug/ml
tra n s fe rrin , 10 nM e s tra d io l, 30 nM selenium and 0.25% bovine serum
albumin (modified fro^+12).
+
In tr a c e llu la r [Ca ] was measured with the fluorescent Ca^
indicator fura-2/AM (modified from 11). Aliquots of 2-5 x 10 c e lls
were equilibrated for 3 h in 10 ml fresh medium, then 1 uM fura-2/AM
was added for 5 min. The c e ll suspension was centrifuged at 2000 rpm
for 10 s, and the c e lls resuspended in 2 ml e le c tro ly te solution (13).
Fluorescence was recorded continuously in a Perkins-Elmer LSS
luminescence fluorimeter with an excitation wavelength of 335 nm and
an emission wavelength of 510 nm.
2

M aterials: Acetyl choline, ACTH, angiotensin I , I I and I I I ,
bradykinin, [Thi
, DPhe [bradykinin, CCK-8, chorionic gonadotrophin,
dynorphin, a-endorphin, epinephine, FMLP, FSH, galanin, GHRH, GIP,
glucagon, GRP, histamine, 5-hydroxy tryptamine, leu-enkephalin,
neuropeptide Y, neurotensin, parathyroid hormone, substance K,
substance P, thrombinft TRH and vasopressin were from Sigma. A trial
peptide, [DesArg *Leu [bradykinin, calcitonin, endothelin gnd ^
[Pmp ft0MeTyr ,Arg [vasopressin vfSe from Peninsula. [DArg ,Hyp ,
Thi ’ ,DPhe [bradykinin and [Leu -iKCH NH)Leu [bombesin were from
Bachem. Fura-2/AM was from Calbiochem.
2

RESULTS AND DISCUSSION
I t has long been known that SCLC secrete a variety of biologically
active peptides.

Despite th is , the e ffe c ts of these peptides on the

tumours have not previously been investigated in d e ta il.
67
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Table 1
Peptides tested £or Ca^+-mobilising ability in SCLC cell lines

NCI H-510A

Acetylcholine
ACTH
Angiotensin I
Angiotensin II
Angiotensin III
Atrial peptide
Bradykinin
Calci tonin
CCK-8
Chorionic gonadotrophin
Dynorphin
a-endorphin
Endothelin
Epinephrine
FMLP
FSH
Galanin
GHRH
GIP
Glucagon
GRP
Histamine
5-hydroxy tryptamine
Leu-enkephalin
Neuropeptide-Y
Neurotensin
Parathyroid hormone
Substance K
Substance P
Thrombin
TRH
Vasopressin

NCI H-345

NCI H-209

NCI H-128

NCI ri-69

+
+
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-

-

-
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-
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-

-

-

-

-
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+

-
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-

-

-

-

-

n
+
-

-
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-

-
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44

-

44
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2+
Intracellular Ca
was measured with the indicator fura-2/AM as
described in Materials and Methods. The peptides were used at 1 uM
except for the following: acetylcholine 2.5 pM, ACTH 2 u/ml, FSH
0.5 u/ml, GIP 2 uM, glucagon 10 pg/ml, chorionic gonadotrophin
10 u/ml, parathyroid hormone 100 nM, thrombin 1 u/ml. Responses have
been scored: -, no response; +, small response; ++, consistently large
response; n, not done. Examples are shown in the Figures.

present study, we have examined the e ffect of 32 neuropeptides and
hormones on Ca^+-se n sitiv e fluorescence in fura-2/AM loaded SCLC c e lls
(Table 1).

Because SCLC are heterogeneous, 5 c e ll lines of diverse

phenotypes were studied (14).
Vasopressin caused a marked increase in the cytosolic Ca^+ in H345
c e lls (Fig. 1), but repeated additions resulted in no further
responses, indicating that homologous d esensitisation occurs.
c e lls remained sensitive to GRP, which acts through a different
68
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H345
20

VP

IGRP

VP

H510A

20

_W',
»
BK

VP

GRP
_

T

T

Thrombin Galanin

cat

I)lM

H69

H I 28

20r

vp

VP

BK

BK
20nM

Fig. 1: Multiple 2^eptides cause rapid and transient increases in
intracellular Ca
in SCLC cell lines. Cytosolic Ca + was measured in
cells loaded with fura-2/AM (see Materials and Methods) and suspended
in electrolyte solution containing: 140 mM NaCl, 5 mM KC1, 0.9 mM
M g C ^ * 1.8 mM CaC ^ i 25 mM glucose, 16
mM HEPES, 6 mM Tris and a
mixture of amino acids (13) at pH 7.2. VP, vasopressin; BK,
bradykinin.
Peptides were used at 100 nM, except where otherwise
indicated.

receptor.

Thus, multiple responses could be demonstrated by

sequential additions of d ifferent peptides.

Using this approach we

found that bradykinin, neurotensin, CCK and galanin also induced
Ca^+mobilisation in H345 c e lls and there were minor e ffe c ts with
acetylcholine and ACTH, whereas 23 other ligands were ineffective
(Table 1).
Multiple neuropeptides also e lic ite d Ca^+ responses in other SCLC
c e ll lines (Fig. 1 and Table 1).

Although responses to both

bradykinin and vasopressin were found

in H345,H209 and H510A, they

were dissociated in H128 (vasopressin only) and H69 (bradykinin
predominant).

CCK, galanin, GRP and neurotensin caused rapid and

transient increases in intracytoplasmic Ca^+ in several of the c e ll
69
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H69

40rH510A

20

BK 5nM
VP InM

BK 20nM

VP lOnM

H345
20

EGTA\

VP
lOOnM

BK
lOOnM

VP |
lOOnM

EGTA

BK
lOOnM

2 Or
2 Or

IVP
lOnM

|BK
IOnM
PB12

Ib k
IOnM

VP
IOnM

Fig. 2 : Effects of vasopressin (VP, left) and bradykinin (BK, right)
on intracellular Ca + in SCLC.
Upper: dose-dependence of responses.
Middle: effects of treatment with the Ca + chelator EGTA 1.8 mM.
Lover: effects of protein kinase C stimulation with PBt 2 200 nM.

lin e s , but vasopressin was active in a l l of them and bradykinin in 4
of 5 c e ll lines studied (Fig. 1).

The e ffe c ts of vasopressin and

bradykinin were therefore characterised in more d e ta il.
Vasopressin and bradykinin increased cytoplasmic Ca
dependent fashion in the nanomolar range (Fig. 2).
exhibited rapid homologous d esensitisation.

2^

in a dose-

Both peptides

They appear to elevate

in tr a c e llu la r Ca^+ by two d is tin c t mechanisms: the i n i t i a l phase
re s u lts from Ca^+ mobilisation from in tr a c e llu la r sto re s, since i t
s t i l l occurred a fte r chelation of e x tra c e llu la r Ca^+ with 1.8 mM EGTA
(Fig. 2).

The sustained phase of Ca2 + elevation is probably due to

ry

Ca + influx, as i t was abolished by treatment with EGTA.

As in other

systems, including Swiss 3T3 c e lls (15) and the response of SCLC to
GRP (5), stimulation of protein kinase C with 200 nM PBt attenuated
2

the responses to both vasopressin and bradykinin (Fig. 2).
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H69

H345

BK lOnM

VP
GRP

DAL

BK
1OnM

BK
OOnM

TDP
LLB

GRP

VP

lOnM

t
BKA

t
BK

BK
lOOnM

lOnM

VP
PVP

BK

GRP

Fig. 3: Effects of.ligand-specific antagonists on Ca^+ mobilisation in
SCLC.
(Left! [Leu -iKCH2NH)Leu
1bombesin (LLB) 1 pM and
[Pmp ,OMeTyr ,Arg [vasopressin (PVP1 100_nM vith GRP 2 nM and vasopressin (VP)7S nM.
(Right) [desArg ,Leu [bradvkiniq (DAL)„10 pM.
f T h l 3 *0

nPho'lhra^uHnin

('TOP'*

1H

nM

anil

InAru0

T h P ' 8

npho

bradykinin (BKA) 7.7 pM vith bradykinin (BK) at the concentrations
shown.

We used ligand-specific antagonists to identify the receptors
mediating these effects (16).

Vasopressin acts through a

receptor,

as shown by blockade with the selective antagonist [Pmp 1 ,OMeTyr 2 ,Arg 8 ]
vasopressin (Fig. 3, l e f t ) . Blockade of the bombesin receptor with
13
14
[Leu -iKCI^NIOLeu [bombesin did not preclude a response to vaso
pressin, and vice versa (Fig. 3, l e f t ) .

Bradykinin stimulated Ca^+

mobilisation through a classical B£ receptor, as shown by competitive
blockade vith B ~specific antagonists [Thi 5 ’8 ,DPhe 7 [bradykinin and
2

[DArg0 ,Hyp3 ,Thi 5 ’8 ,DPhe 7 [bradykinin, but the absence of e ffect with
the B^ antagonist [desArg 9 ,Leu8 [bradykinin (Fig. 3B, rig h t) and e ither

4

2

8

[Pmp ,0MeTyr ,Arg [vasopressin or [Leu

13-iKCHjNfOLeu1A[bombesin.

Furthermore, the B antagonists did not preclude a response to GRP.
2

This evidence suggests that SCLC c e ll lin e s exhibit multiple d is tin c t
2^
neuropeptide receptors that can stimulate Ca mobilisation.
71
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The observation that several neuropeptides can stimulate Ca^+
mobilisation in SCLC has implications for the growth of these c e lls .
Although the precise role of Ca^+ in the control of c e ll p ro life ratio n
remains undefined, studies in Swiss 3T3 c e lls have demonstrated that
this ionic response is part of a mitogenic signalling cascade (9) and
this system has provided a model for the response of SCLC to GRP (17).
Bradykinin and galanin have not been sought in SCLC, but CCK,
neurotensin and vasopressin are known to be secreted by some SCLC
tumours (2,5,18-22).

Other neuropeptides may be secreted by a variety

of normal c e lls in the lung, but have e ffe c ts on adjacent tumour
c e lls .

Binding s i t e s for CCK have been described in SCLC (23) but

binding of other peptides has not been demonstrated.
Despite the phenotypic heterogeneity of SCLC, manifest in
different growth patterns (14), oncogene expression (24,25) and
secretion of neuropeptides and expression of th eir receptors (22), we
have observed a general phenomenon, that a l l the c e ll lines studied
respond to some regulatory neuropeptides.

We suggest that the

autocrine growth loop of bombesin-like peptides (8) is only a part of
an extensive network of autocrine and paracrine interactions involving
a variety of neuropeptides in SCLC.

Future approaches to the

diagnosis and treatment of SCLC must accommodate this mitogenic
complexity.
REFERENCES
1. Smyth, J .F ., Fowlie, S.M., Gregor, A., Crompton, G.K., B usutill,
A., Leonard, R.C.F. and Grant, I.V.B. (1986) Quart. J. Med. 61,
969-976.
2. Sorenson, G.D., P e tte n g ill, O.S., Brinck-Johnsen, T., Cate, C.C.
and Maurer, L.H. (1981) Cancer 47, 1289-1296.
3. Maurer, L.H. (1985) Clinics. Oncol. 4, 67-83.
4. Moody, T.W., Pert, C.B., Gazdar, A.F., Carney, D.N. and Minna,
J.D. (1981) Science 214, 1246-1248.
5. Wood, S.M., Wood, J.R ., Ghatei, M.A., Lee, Y.C., O'Shaughnessy, D.
and Bloom, S.R. (1981) J. Clin. Endocrinol. Metab. 53, 13101312.
6. Heikkila, R ., Trepel, J .B ., C u ttitta , F., Neckers, L.M. and
Sausville, E.A. (1987) J. Biol. Chem. 262, 16456-16460.
7. Moody, T.V., Murphy, A., Mahmoud, S. and Fiskum, G. (1987)
Biochem. Biophys. Res. Commun. 147, 189-195.
72

Vol. 164, N o. 1, 1989

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

8. C u t t it ta , F., Carney, D.N., Mulshine, J . , Moody, T.V., Fedorko,
J . , Fischler, A. and Minna, J.D. (1985) Nature 316, 823-826.
9. Rozengurt, E. (1986) Science 234, 161-166.
10. Zachary, I . , Woll, P.J. and Rozengurt, E. (1987) Dev. Biol. 124,
295-308.
11. Tsien, R.Y., Pozzan, T. and Rink, T.J. (1982) Nature 295, 68-71.
12. Simms, E., Gazdar, A.F., Abrams, P.G. and Minna, J.D. (1980)
Cancer Res. 40, 4356-4363.
13. Mendoza, S.A., Schneider, J.A ., Lopez-Rivas, A., Sinnett-Smith,
J.V. and Rozengurt, E. (1986) J. Cell. Biol. 102, 2223-2233.
14. Carney, D.N., Gazdar, A.F., Bepler, G., Guccion, J.G ., Marangos,
P . J ., Moody, T.W., Zveig, M.H. and Minna, J.D. (1985) Cancer
Res. 45, 2913-2923.
15. Lopez-Rivas, A., Mendoza, S.M., NSnberg, E ., Sinnett-Smith, J. and
Rozengurt, E. (1987) Proc. Natl. Acad. Sci. USA 84, 5768-5772.
16. Woll, P.J. and Rozengurt, E. (1988) Growth Factors 1, 75-83.
17. Trepel, J.B ., Moyer, J.D ., Heikkila, R. and Sausville, E.A. (1988)
Biochem. J. 255, 403-410.
18. North, V.G., Maurer, L.H., Valtin, H. and O'Donnell, J.F. (1980)
J. Clin. Endocrinol. Metab. 51, 892-896.
19. Gazdar, A.F. and Carney, D.N. (1984) in The Endocrine Lung in
Health and Disease (K. Becker and A.F. Gazdar, eds.) pp. 501508, V.B. Saunders, London.
20. Goedert, M., Reeve, J.G ., Emson, P.C. and Bleehen, N.M. (1984) Br.
J . Cancer 50, 179-183.
21. Sausville, E., Carney, D. and Battey, J. (1985) J. Biol. Chem.
260, 10236-10241.
22. Bepler, G., Rotsch, M., Jaques, G., Haeder, M., Heymanns, J . ,
Hartogh, G., Kiefer, P. and Havemann, K. (1988) J. Cancer Res.
Clin. Oncol. 114, 235-244.
23. Yoder, D.G. and Moody, T.W. (1987) Peptides 8, 103-107.
24. Johnson, B.E., Makuch, R.V., Simmons, A.D., Gazdar, A.F., Burch,
D. and Cashell, A.W. (1988) Cancer Res. 48, 51*63-5166.
25. Takahashi, T., Obata, Y., Sekido, Y., Hida, T., Ueda, R .,
Watanabe, H., Ariyoshi, Y., Sugiura, T. and Takahashi, T. (1989)
Cancer Res. 49, 2683-2688.

73

Lung Cancer, 23 (1989) 00-00

24 oktober 1989

00

Elsevier

LUNG 00023

Therapeutic implications of growth factors in small cell
lung cancer
Penella J. Woll and Enrique Rozengurt
I m p e r ia l C a n c e r R e s e a r c h F u n d , P . O . B o x 1 2 3 , L i n c o ln 's I n n F ie ld s , L o n d o n

(U X .)

Research into growth factors has identified a heterogeneous family of signalling molecules
that are essential to normal growth and development [1]. They include neuropeptides, polypep
tides and cytokines that are implicated in such diverse physiological processes as embryogenesis, haemopoeisis, wound healing and the immune response. The actions of growth
factors on target cells require the expression of specific cell surface receptors, which trigger in
tracellular signals to the effector apparatus in the nucleus. Alteration or over-expression at any
of these stages can result in the unrestrained growth of cancer.
Growth factors secreted by cells can act on nearby cells (paracrine) or distant target organs
(endocrine). Autocrine stimulation results when a cell secreting a growth factor also exhibits re
ceptors for it, causing a positive feedback loop. The growth factors secreted by small cell lung
cancer (SCLC) are thought to act in this way. SCLC secrete many peptides including adrenocorticotrophin, bombesin, calcitonin, glucagon, neurokinin A, neurotensin, transforming growth
factor-a and vasopressin [2,3]. The discovery that bombesin is a growth factor for fibroblasts
[4] led to the suggestion that bombesin may act as an autocrine growth factor for SCLC. We
now review the evidence for this, and two other putative autocrine growth factors, insulin-like
growth factor-I (IGF-I) and transferrin, then consider therapeutic strategies against them.

Bombesin
Bombesin is a tetradecapeptide first isolated from amphibian skin. Structurally-related pep
tides have been found in many species, but the principal mammalian forms are gastrin-releasing
peptide (GRP) and the neuromedins. They are found in neurones of the gut and central nervous
system. They are sparsely present in normal lung, but high concentrations of bombesin-like pep
tides are present in specimens and cell lines of SCLC [5]. Sensitive radioimmunoassays reveal
elevated plasma levels of GRP in SCLC patients indicating that it could be used as a tumour
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marker [6] although not all investigators support this yiew [7]. The mRNA for GRP has been
detected in SCLC and correlates well with immunoreactive GRP [8]. Cloned cDNAs to GRP
have been prepares from SCLC and pulmonary carcinoid tumours, but not from other lung tu
mours. Alternative splicing of GRP mRNA results in the expression of at least three GRP geneassociated peptides in SCLC, the actions of which are unknown [9-12].
Bombesin was demonstrated to be a potent mitogen for murine fibroblasts, active in the ab
sence of other growth factors, but synergistic with insulin [4]. It stimulates SCLC growth in
vitro [3, 13, 14] and specific 125I-GRP binding has been reported [3,14,15]. Thus the compo
nents required for autocrine growth stimulation are present, although the lack of correlation be
tween amounts of GRP secreted, response to exogenous GRP and number of binding sites in in
dividual cell lines has been disappointing [14]. The autocrine hypothesis was tested by Cuttitta
et al. [16], using a monoclonal antibody to bombesin (2A11). The clonal growth of two SCLC
cell lines was inhibited in vitro and the growth of one of the lines as xenografts in nude mice.
These results strengthened the hypothesis that bombesin/GRP is an autocrine growth factor for
SCLC.
Mechanism of action o f bombesin

Bombesin was first shown to be mitogenic in Swiss 3T3 cells [4] and much of the further
work elucidating its signal transduction pathways has been done in these cells [17]. Bombesin
binds to a single class of high affinity, cell surface receptors in Swiss 3T3 cells. These cells
have 1.25xlCr binding sites per cell, with Kd of about 1 nM [18]. Studies of different tissues in
dicate that there may be several subtypes of bombesin receptor, perhaps mediating different
functions [19]. Cross-linking of 125I-GRP to receptors in Swiss 3T3 cells has allowed identifica
tion of the receptor protein by PAGE-SDS electrophoresis. A major band is obtained of M r
75,000-85,000, which can be reduced to a core protein of M r 42,000 by removal of two N - oli
gosaccharide side chains [20-22]. These findings are consistent with a receptor of the type de
scribed for substance K and serotonin [23,24] with 7 transmembrane helices forming a ligandbinding pocket [25].
The binding of bombesin to its cell-surface receptor is followed by a cascade of cytosolic and
nuclear signals leading to DNA synthesis 10-15 h later. Increased understanding of these sig
nals may furnish clues to the basic regulatory defects of cancer, and new approaches to treat
ment (Fig. 1). One the earliest changes to follow the binding of bombesin to its reeptor is a rapid
exchange of Na+, H* and K+ ions across the cell membrane, which leads to cytoplasmic alkalinisation and an increase in intracellular [K+] [26]. These changes can be abolished by ouabain
[26]. In addition bombesin stimulates phospholipase C (PLQ-mediated hydrolysis of phosphati
dyl-4,5-biphosphate (PIP2) in the plasma membrane, generating diacylglycerol (DAG) and ino
sitol-1,4,5-triphosphate (IP3) which causes rapid mobilisation of Ca + from intracellular stores
[26,27]. DAG stimulates protein kinase C (PKC) [28,29], and down-regulation of PKC by phorbol dibutyrate abolishes the mitogenic effect of bombesin, indicating that PKC stimulation is an
obligatory step in bombesin-stimulated mitogenesis [29]. Recent studies in permeabilized Swiss
3T3 cells indicate that a pertussis toxin-insensitive G protein is involved in coupling the bom
besin receptor to protein kinase C activation and can be inhibited by the GDP analogue, GDPps
[30]. Bombesin also has indirect effects on cAMP accumulation [31].
Like PDGF and other growth factors, bombesin rapidly and transiently induces the expres
sion of the cellular oncogenes c-fos and c-myc [32,33]. Since these cellular oncogenes encode
nuclear proteins, it is plausible that their transient expression could play a role in the transduc
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tion of the mitogenic signal to the nucleus.
Bombesin-stimulated mitogenesis can also be regulated by heterologous peptides. For
example, prolonged exposure to vasopressin desensitises the cells to bombesin [34]. This effect
is not mediated by down-regulation of the receptor, but by uncoupling the bombesin receptor
from its signalling mechanism.
The evidence available suggests that the effects of bombesin in SCLC cells are analogous to
those seen in Swiss 3T3 cells. 125I-GRP binding studies in SCLC cells indicate that there are
1-3 xlO3 receptors per cell [15,35]. Mobilisation of intracellular Ca2+ on addition of GRP has
been demonstrated in a number of cell lines [36,37] and acumulation of inositol- 1,4,5-trisphosphate has also been seen [38]. These preliminary data suggest that Swiss 3T3 cells have pro
vided a useful system for modelling the actions of bombesin in SCLC.
Bombesin antagonists

An antagonist binds to a specific receptor without producing the conformational changes that
trigger the biological response. Peptide antagonists of the mitogenic effects of bombesin have
been characterised in Swiss 3T3 cells and tested in SCLC cell lines.
The tachykinin substance P has minimal structural homology with bombesin and binds to
distinct receptors. Unexpectedly, the substance P antagonist [DArg1J3Pro2J)Trp7,9X-eu1^sub
stance P (antagonist A) was found to block the secretory effects of bombesin in pancreatic aci
nar cells [39], and was subsequently shown to inhibit the growth-promoting effects of bombesin
in Swiss 3T3 cells [18]. Recently, we identified a substance P antagonist that is 5-10-fold more
potent than antagonist A at inhibiting bombesin stimulated mitogenesis in Swiss 3T3 cells [40].
[DArg1,DPhe5JDTrp7,9X-eu11]substance P (antagonist D), like antagonist A, competitively
blocks 125I-GRP binding and all the early events leading to bombesin-stimulated mitogenesis in
these cells. Both these antagonists have also been shown to block the mitogenic effects of bra
dykinin and vasopressin via their specific receptors [40-43]. Furthermore, these substance P an
tagonists have now been shown to inhibit the growth of SCLC cell lines in vitro [35,40] and an
tagonist D maintains the 5-10-fold superiority over antagonist A that was seen in Swiss 3T3
cells [40]. This suggests that a common receptor domain is recognized by the antagonists in the
two cell types. Antagonist D has been effective in each of 6 SCLC cell lines tested, at concen
trations of 40-50 nM. It is not yet clear whether the growth inhibition of SCLC by the sub
stance P antagonists is mediated by the bombesin receptor or that of another mitogenic neuro
peptide. NSCLC cell lines were relatively less affected [44].
A ligand-specific bombesin antagonist, [Leu13- ^(CHzNI^Leu1^bombesin, which was syn
thesized by inserting a reduced peptide bond into the peptide backbone [45], also blocks bom
besin-stimulated mitogenesis in Swiss 3T3 cells at receptor level [46]. This compound has been
shown to block bombesin-stimulated SCLC colony formation in soft agar [47,48]. It blocks
[125I-GRP binding, inositol phosphate turnover and Ca2+ fluxes in SCLC cell lines. Unfortu
nately, this compound is likely to have a plasma half-life similar to that of bombesin itself, i.e. a
few minutes, but a modified antagonist could undergo clinical trial. Interestingly, [Leu13^(CHzNI^Leu1^bombesin has been found to act as a partial agonist in frog peptic cells [49]. It
is therefore possible that when different bombesin receptor subtypes have been defined, anta
gonists with tissue-specific activity w ill become available.
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Insulin-like growth factor-I
IGF-I (Somatomedin C) is a 70-amino acid peptide closely related to insulin [50], but with
distinct high-affinity receptors. Binding proteins and cell-surfacc receptors for IGF-I have been
characterised, but its signalling mechanisms are not clearly defined. Although insulin was
shown to be required for serum-free culture of SCLC [51], supraphysiological concentrations
were needed for optimum cell growth, suggesting that insulin was binding with low affinity to
the IGF-I receptor. IGF-I has been shown to be mitogenic in a variety of cell types [50] and is
secreted by SCLC and NSCLC cell lines and tumours [52*53]. Recent studies have demon
strated specific, high affinity binding sites for IGF-I on SCLC cell lines [54,55] and growth
stimulation with exogenous IGF-I. Further, a monoclonal antibody to the IGF-I receptor (aR-3)
inhibited IGF-I and insulin-stimulated cell growth in four SCLC cell lines [55]. Such antibodies
might have widespread effects in vivo, and some alternative treatment strategies are considered
below.

Transferrin
Transferrin is an 80 kDa JJ-globulin that is synthesized in the liver and transports iron in the
plasma. It is known to be required for serum-free proliferation of SCLC [51] and has been
shown to be an autocrine growth factor for T-lymphocytes [56]. The SCLC cell lines NCI-H345
and NCI-H510 have recently been reported to secrete immunoreactive transferrin and to have a
transferrin requirement for growth [57,58]. There is thus preliminary evidence for an autocrine
loop involving transferrin in these cells. Gallium salts, which inhibit iron uptake, inhibited
SCLC growth in vitro and could potentially be used in vivo [58].

Therapeutic approaches
The identification of autocrine growth factors for SCLC has raised hopes of therapeutic ap
plications. These can be considered within the framework of growth factor action shown in Fig.

1.
The heterogeneity of SCLC suggests that no single anti-proliferative agent is likely to be cur
ative. Conversely, in a mixed cell population where paracrine mechanisms of growth stimula
tion are likely to be at least as important as autocrine ones, blocking the effects of a few key
peptides could be critical. As in breast cancer, alteration of the endocrine milieu by simple ma
nipulations could have profound effects on many different hormone interactions [59]. Hie chemosensitivity of SCLC implies that tumour bulk can be reduced to a minimum, so that biologi
cal response modifiers w ill have optimal access to residual tumour.
Antibodies

Antibodies to a growth factor or its receptor could be used to block autocrine or paracrine
growth stimulation. The GRP antibody 2A11 [16] is undergoing clinical studies [60]. 11^ - la 
belled antibody has demonstrated some degree of localisation to gastrointestinal tract and tu
mour, but at the low doses given tumour responses were not observed. Preclinical studies using
the GRP antibody BBC 353 have been reported in abstract [61]. There are potential problems of
poor tumour penetration and anti-idiotype reactions with repeated dosing. To avoid this, Fab
fragments and second-antibody methods have been devised. The effects of GRP antibodies can
be monitored by measuring serum gastrin levels, but it is not yet known whether the dose re
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quired to suppress serum gastrin is similar to that required for an anti-proliferative effect. As
with other biological response modifiers, which may have widely different effects in different
dose ranges, and whose toxic effects may be unpredictable, new approaches are needed for as
sessing responses to treatment.
In addition to growth factors and receptors, new targets for antibody therapy are being
defined by studying SCLC-specific antigens [62]. Further information is required on the tissue
specificity of these antigens. Antibodies can be labelled with toxins (e.g. ricin), radioisotopes or
drugs to enhance cell kill. Radiolabelled antibodies are particularly attractive because of their
capacity to irradiate nearby cells not bearing the antigen required for antibody recognition.
Antagonists

Small peptides present an elegant and attractive solution to some of the problems posed by
antibodies: they are potentially less immunogenic and have good tissue penetration. Antagonists
in clinical use include propranolol, cimetidine and atropine. Like antibodies, antagonists could
be linked to toxins, drugs or radioisotopes if desired. The successes obtained with bombesin an
tagonists in vitro (described above) hold great promise for future use in the clinic. Because of
the heterogeneity of SCLC, antagonists blocking classes of growth factors, such as the sub
stance P analogues A and D, may prove more useful in practice than highly specific antagonists.
Although, to date, interest has focussed on synthetic peptide antagonists [63] in future non-pep
tide compounds may prove attractive candidates for development because of improved stability
and bioavailability [64],
Growth inhibitory factors

A number of naturally occurring growth factors have been found to have growth inhibitory
effects in certain conditions - part of the complex network of multifunctional growth factors
[65]. These could potentially be exploited for use in cancer treatment. In breast cancer, transfor
ming growth factor beta (TGF-p) has been shown to act as a ‘negative growth factor’ [66]. The
amphibian tachykinin physalaemin has been identified in some SCLC [67] and shown to inhibit
clonal and mass culture growth of SCLC at picomolar concentrations [68]. The role of cyto
kines and interferons w ill be considered in a separate contribution. These and other growth in
hibitory factors might arrest proliferation of SCLC and promote differentiation. Although not
cytotoxic, this could be a useful adjunct to de-bulking chemotherapy.
Physiological release of somatomedins, including IGF-I, is stimulated by pituitary growth
hormone and therefore reduced by somatostatin. Many tumours exhibit somatostatin receptors
and somatostatin analogues are proving effective against carcinoids and apudomas [69]. It is in
teresting to note that one group have reported growth retardation of an SCLC cell line in vitro
and in vivo by a somatostatin analogue [70]. Whether this is due to a direct inhibitory effect of
the somatostatin analogue or is mediated through suppression of IGF-I synthesis is unknown.
Signal transduction

The elucidation of signal transduction pathways for mitogens [17] has led to speculation
about possible therapies directed at them (Fig. 1). Although the major signalling pathways are
common to many physiological processes, drugs directed at them can have selective effects, e.g.
calcium channel blockade. Certain components, however, are over represented in tumour cells,
including myc and jun over expression in SCLC [71,72]. Possible therapeutic strategies might
include the development of antibodies or antisense oligonucleotides to these oncogenes, but
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these would require novel methods of delivering drugs within the cell.
The recent finding that prolonged vasopressin treatment can desensitize Swiss 3T3 cells to
the effects of bombesin [34], probably by uncoupling the bombesin receptor from its effector
machinery, suggests a new approach to the treatment of SCLC. Chronic treatment of tumours
with nanomolar concentrations of unrelated peptides may serve to break the autocrine loop of
growth stimulation by bombesin. Alternatively, if loss of this heterologous control characterises
cancer, a specific intracellular lesion may have been identified.

Conclusion
Bombesin, IGF-I and transferrin have been shown to act as autocrine growth factors for
SCLC, and it is likely that other peptides secreted by these tumours also influence their growth.
Understanding how these growth factors act enables therapeutic strategies to be planned. Inno
vative compounds are already reaching patients and we can look forward to a closer collabora
tion between laboratory and clinic as effective antagonists, antibodies and growth inhibitors are
developed.
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