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Growth factors and lung cancer

Penella J Woll

Growth factors are a diverse group of signal-
ling molecules taking part in the control of cell
proliferation. Whether they act on postgang-
lionic receptors (neurotransmitters), nearby
cells (autocrine and paracrine hormones), or

distant target organs (endocrine hormones),
they require specific receptors and intra-
cellular signal transduction pathways to
stimulate cell division. Abnormal expression
of growth factors, their receptors, or their
signalling pathways may result in the un-

restrained growth of cancer. The finding that
many such changes are associated with on-
cogene activation has underpinned the hypo-
thesis that cancer results from cumulative
somatic mutations.

In addition to advancing our understanding
of carcinogenesis, elucidation of the action of
growth factors presents exciting opportunities
for the development of new therapeutic
strategies against cancer. This review con-
siders the evidence for the action of growth
factors in lung cancer and the implications for
treatment.
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Small cell lung cancer

About a quarter of lung cancers are small cell
lung cancer. They are characterised by the
presence of cytoplasmic secretory granules
and their ability to synthesise a wide range of
peptides and hormones (table 1). Among
these, the bombesin related peptides, includ-
ing gastrin releasing peptide, first attracted
interest as putative autocrine growth factors,
but many others are now known to act as
mitogens in experimental systems,' and a
more complex picture is emerging of growth
stimulation by multiple autocrine and
paracrine loops.

Adrenocorticotrophin
Atrial natriuretic peptide
Bombesin/gastrin releasing peptide
Calcitonin
Calcitonin gene related peptide
Cholecystokinin
Chorionic gonadotrophin
Endothelin
Follicle stimulating hormone
Gastrin
Glucagon
Granulocyte colony stimulating factor
Growth hormone
Growth hormone releasing factor
Insulin like growth factor binding proteins
Insulin like growth factor I

Lipotropin
Neurotensin
Neuromedin B
Oestradiol
Opioid peptides
Oxytocin
Parathyroid hormone
Physalaemin
Prolactin
Serotonin
Somatostatin
Substance K
Substance P
Transferrin
Vasoactive intestinal peptide
Vasopressin

BOMBESIN/GASTRIN RELEASING PEPTIDE

Gastrin releasing peptide (27 amino acids) is
the principal mammalian homologue of the
amphibian peptide bombesin (14 amino
acids). It is present in neurones of the gut and
central nervous system. Although it is abun-
dant in fetal lung, with maximal expression of
messenger RNA (mRNA) at 16-30 weeks,
reduced concentrations are found in infants
with the respiratory distress syndrome and it
is sparse in adult lung.23 These observations
led to the intriguing suggestion that bom-
besin/gastrin releasing peptide could act as a

growth factor for fetal lung.
Bombesin/gastrin releasing peptide is found

in specimens and cell lines of small cell lung
cancer and the concentrations correlate well
with those of gastrin releasing peptide
mRNA.4 The finding that bombesin/gastrin
releasing peptide could stimulate the growth
of murine Swiss 3T3 fibroblasts focussed
attention on neuropeptides as possible tumour
growth factors.7 The binding of iodine-125
labelled gastrin releasing peptide to small cell
lung cancer cells suggested that specific recep-

tors are present on these cells.8 Gastrin releas-
ing peptide has since been shown to stimulate
the growth of small cell lung cancers in vitro
and in vivo.9"0 Cuttitta et al" used a mono-
clonal antibody to bombesin to inhibit the
growth of two small cell lung cancer cell lines
in vitro and of one as a xenograft in nude
mice. There is thus persuasive evidence that
bombesin/gastrin releasing peptide can act as
an autocrine growth factor in at least some
small cell lung cancers.
Because of the complex interactions among

growth factors in tissue preparations and in
vivo, the characterisation of their individual
effects has been possible only in homogeneous
cell lines such as Swiss 3T3 cells. These cells
attain quiescence in serum depleted medium,
but resume DNA synthesis after the addition
of fresh serum or purified growth factors. The
mode of action of bombesin/gastrin releasing
peptide has been studied in detail in these
cells and serves as a paradigm of growth factor
action. Swiss 3T3 cells have proved to be a

robust model for small cell lung cancer
because they have receptors for a range of
mitogenic neuropeptides,'2 including bom-
besin/gastrin releasing peptide, bradykinin,
endothelins, vasopressin, and vasoactive intes-
tinal peptide (see below).

Bombesin/gastrin releasing peptide binds to
a single class of high affinity receptors on the
surface of Swiss 3T3 cells." The receptors are
glycoproteins with a relative molecular weight

Table 1 Factors synthesised by small cell lung cancer
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Growth factors and lung cancer

(Mr) of 75 000-85 000, with a core of Mr
43 0O0.'4'" They are coupled to one or more
guanine nucleotide binding proteins (G
proteins) as judged by the modulation of
ligand binding in preparations of membranes
and solubilised receptors.'2 The bombesin/
gastrin releasing peptide receptor has recently
been cloned and sequenced.7"18 It belongs to
the class of G protein coupled receptors with
seven predicted transmembrane domains clus-
tered to form a ligand binding pocket.'920
Other neuropeptide mitogens with receptors
of this type are angiotensin, endothelin, sero-

tonin, substance K, and substance P. Inter-
estingly, angiotensin and serotonin receptors
can behave like oncogenes.2 22

Binding of bombesin/gastrin releasing pep-
tide to its receptor in Swiss 3T3 cells triggers
a cascade of signals in the membrane, cytosol,
and nucleus, culminating in DNA synthesis
10-15 hours later. One of the earliest events is
a rapid mobilisation of calcium (Ca2") from
intracellular stores, leading to a transient
increase in the cytosolic Ca2" concentration
followed by Ca2" efflux from the cells.23 These
changes are mediated by inositol 1,4,5-tris-
phosphate, which with 1,2-diacylglycerol is
generated by hydrolysis of phosphatidyl
inositol 4,5-bisphosphate by phospholipase C
in the plasma membrane. 1,2-Diacylglycerol
stimulates protein kinase C, causing phos-
phorylation of its major substrate, the 80 K

24 25

protein.

Other signalling pathways activated by
bombesin/gastrin releasing peptide include
arachidonic acid and prostaglandin release,
cyclic AMP production, and the rapid ex-

change of sodium, potassium, and hydrogen
ions across the cell membrane, leading to
cytoplasmic alkalinisation and increased
intracellular K+ concentration.2627 In common
with many otfler growth factors, bombesin/
gastrin releasing peptide stimulates transient
expression of the nuclear oncogenes c-fos and
c-myc.28 Thus bombesin/gastrin releasing
peptide triggers a complex network of mito-
genic signals incorporating an unusual degree
of redundancy, which ensures amplification of
the stimulus and suggests that it has an

important role. Attempts to block growth fac-
tor action through any single pathway are

unlikely to be successful, so therapeutic
strategies must embrace this complexity.

Bombesin/gastrin releasing peptide signals in
small cell lung cancer

Preliminary studies of the actions of bombesin/
gastrin releasing peptide in small cell lung
cancer suggest that the signals stimulated in
these cells are similar to those seen in Swiss
3T3 cells. Rapid and transient mobilisation of
intracellular Ca2+ occurs, with inositol phos-
phate turnover.29 3 These observations confirm
the value of Swiss 3T3 cells as a model system.
We therefore tested the hypothesis that small
cell lung cancer cells, like Swiss 3T3 cells,
express receptors for numerous mitogenic
neuropeptides.
We screened 32 peptides and hormones for

their ability to mobilise intracellular Ca" in five

small cell lung cancer cell lines.3' The cells were
incubated with the fluorescent Ca2" indicator
Fura-2, washed and resuspended in a cuvette in
a continuously recording luminescence
fluorimeter. All the cell lines responded to
addition of peptide with rapid and transient
mobilisation of intracellular Ca2`, but the
active peptides differed between the cell lines.
Three cell lines responded to gastrin releasing
peptide whereas all cell lines responded to
vasopressin. Responses were also obtained with
bradykinin, cholecystokinin, galanin, and
neurotensin. The cells lost their responsiveness
with repeated additions of the same peptide,
but retained the ability to respond to unrelated
peptides (homologous desensitisation). These
effects were blocked by ligand specific antagon-
ists. These observations indicate that the pep-
tides act through distinct receptors and that
small cell lung cancer cells have specific recep-
tors for many peptides.

Additional factors have now been shown to
bind to small cell lung cancer cells or stimulate
intracellular signals (table 2). Many of these are
neuropeptides and most can be synthesised by
small cell lung cancer cells (table 1). All are
known to act as growth promoting or inhibiting
factors under appropriate conditions.' These
findings have dramatically altered our view of
growth control in small cell lung cancer. Only
five years ago bombesin/gastrin releasing pep-
tide was hailed as an autocrine growth factor for
these cells. Now we envisage a complex net-
work of autocrine and paracrine growth factors
secreted by the tumours, interacting with
tumour and host cells to support proliferation.
Stimulation of tumour growth by these factors
will be necessary to confirm this hypothesis.

OTHER NEUROPEPTIDE GROWTH FACTORS
So far only a few ofthe proposed growth factors
for small cell lung cancer have been clearly
shown to stimulate proliferation (table 3).
Bombesin like peptides, including gastrin
releasing peptide and neuromedin B, stimulate
the growth of small cell lung cancer colonies in
soft agar in vitro932 but not in liquid culture,
probably because maximal growth is already
achieved in serum free HITES medium.33 In
nude mice bearing human small cell lung
cancer xenografts and having thrice daily
intraperitoneal injections of bombesin, tumour

Table 2 Factors that bind to small cell lung cancer cells
or initiate signalling

Bombesin/gastrin releasing peptide
Bradykinin
Cholecystokinin
Galanin
Gastrin
Granulocyte colony stimulating factor
Granulocyte-macrophage colony stimulating factor
Insulin like growth factor I
Neurotensin
Opioid peptides
Physalaemin
Somatostatin
Tachykinins
Testosterone
Transferrin
Vasoactive intestinal peptide
Vasopressin
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size and weight increased more than in a
control group injected with saline.'0
The opioid peptides, including enkephalins,

dynorphins, and endorphins, are widely dis-
tributed in the mammalian central nervous
system. Several receptor subtypes have been
identified chemically and pharmacologically.
Two small cell lung cancer cell lines have been
shown to contain opioid peptides and recep-
tors, but whether this is a common finding in
fresh tumours samples is not clear.' Opioids
have been reported to both stimulate and
inhibit clonal small cell lung cancer growth in
soft agar5 36; naloxone similarly elicits both
responses.

Neurotensin, a 13 amino acid neuropeptide,
was first detected in small cell lung cancer 10
years ago.637 It has recently been shown to
mobilise intracellular Ca2+ in a subset of small
cell lung cancer cells, apparently acting
through its own receptors.3'3839 The finding
that exogenous neurotensin can stimulate the
clonal growth of small cell lung cancer in soft
agar suggests that it too may be an autocrine or
paracrine growth factor for small cell lung
cancer.35

Galanin is a 29 amino acid peptide that
occurs in neurones ofthe central and peripheral
nervous system. It has been implicated in the
control of pancreatic hormone release, smooth
muscle contraction, and neuronal excitation. It
has not so far been found in small cell lung
cancer, nor has it been described as a mitogen.
It was, however, found to mobilise intracellular
Ca2+ in three of five small cell lung cancer cell
lines tested.3' Further studies have now con-
firmed its ability to induce Ca2+ mobilisation
and inositol phosphate formation in some small
cell lung cancer cells. Remarkably, it stimulates
clonal growth in soft agar of small cell lung
cancer cells expressing galanin receptors.'
Other Ca2+ mobilising neuropeptides are
under investigation as possible growth factors
for small cell lung cancer."'

INSULIN LIKE GROWTH FACTOR I
Insulin like growth factor I (IGF-I) (somato-
medin C) is a 70 amino acid peptide closely
related to insulin and to IGF-II, with distinct
high affinity receptors that have tyrosine kinase
activity. Circulating concentrations of insulin
like growth factor are some 1000 times higher
than those of insulin, but most is complexed
with specific binding proteins. Early studies of
the nutritional requirements of small cell lung
cancer in serum free medium established that
insulin supplements were necessary,33 but, as

Table 3 Factors that stimulate cell proliferation in
small cell lung cancer

Bombesin/gastrin releasing peptide/neuromedin B
Galanin
Insulin like growth factor I
Neurotensin

?f) endorphin
?haemopoietic growth factors
?testosterone
?transferrin

supraphysiological concentrations were needed
for optimal growth, insulin seems likely to be
acting with low affinity at the IGF-I receptor.
IGF-I is mitogenic for various cell types. It

is secreted by small cell and non-small cell lung
tumours and cell lines. Specific, high affinity
IGF-I binding sites have been found on small
cell lung cancer cells and exogenous IGF-I is
mitogenic for these cells.42" A monoclonal
antibody to the IGF-I receptor (cxIR-3)
inhibited IGF-I and insulin stimulated growth
of small cell lung cancer cell lines,45 providing
further evidence for an autocrine role for IGF-
I. More recently, small cell lung cancer cells
have been shown to secrete IGF binding
proteins, which may also be important
mediators of tumour growth.4"8

OTHER GROWTH FACTORS
Transferrin, an 80 kDa # globulin, is synthes-
ised in the liver and transports iron in the
plasma. It is required for serum free culture of
small cell lung cancer33 and is secreted by some
small cell lung cancer cell lines.4950 Whether
transferrin has a simple nutritional role or acts
as an autocrine growth factor in small cell lung
cancer is not clear.

In many clinical studies of small cell lung
cancer men have had a worse outcome than
women. This observation led to the intriguing
suggestion that androgens may promote the
growth of small cell lung cancer. Maasberg et
al5 found specific androgen binding in eight of
13 small cell lung cancer cell lines and showed
that testosterone and dehydrotestosterone
stimulated their growth. These growth
promoting effects were blocked by cyproterone
acetate and flutamide. Clinical studies with
antiandrogens are now in progress.
The recent use of haemopoietic growth fac-

tors to permit more intensive chemotherapy in
patients with small cell lung cancer has led to an
examination of the growth promoting activity
of these factors in small cell lung cancer cells.
Granulocyte colony stimulating factor (G-
CSF) may be secreted by some small cell lung
cancers.52 G-CSF and granulocyte-macro-
phage CSF (GM-CSF) appear to bind to a
minority of small cell lung cancer cell lines and
can stimulate their growth in vitro.53" These
effects seem unlikely to prove important clini-
cally, but this can be tested only in large
randomised trials.

GROWTH INHIBITORY FACTORS
The identification of diverse growth promoting
factors was soon followed by the finding that
their actions were context dependent and that
some could promote and inhibit growth under
different conditions.56 Some factors are pre-
dominantly growth inhibiting, and combina-
tions of factors are likely to maintain homeo-
stasis in normal tissues. This balance may be
disturbed in wounds and tumours. The use of
growth inhibitory factors to treat cancer is an
attractive proposition. Interferons have been
shown to have some growth retarding effects in
small cell lung cancer and are undergoing
clinical trials."'

Physalaemin, an amphibian tachykinin, has
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been identified in small cell lung cancer cells.58
Although specific physalaemin receptors have
not been found on small cell lung cancer cells,
physalaemin mobilises intracellular Ca2" in
some cell lines.59 Exogenous physalaemin
inhibits clonal and mass culture growth of
small cell lung cancer in vitro at picomolar
concentrations, and may therefore act as an
autocrine or paracrine growth regulator in
vivo.f'

Physiological release of somatomedins, in-
cluding IGF-I, is stimulated by human growth
hormone and inhibited by somatostatin.
Somatostatin also has direct antiproliferative
effects in many tumour types. Receptors for
somatostatin are present on perhaps half of
primary small cell lung cancer tumours and
present an interesting target for treatment.6' 62

Long acting somatostatin analogues are now

available for clinical study. The finding that a
drug of this type can inhibit the growth of small
cell lung cancer in vitro and in xenografts in
nude mice is encouraging.6" 6

Non-small cell lung cancer
Non-small cell lung cancers form a hetero-
geneous group of tumours that include large
cell and squamous cell carcinomas and adeno-
carcinomas. They show varying degrees of
differentiation and can express a range of
growth factors.
Epidermal growth factor and transforming

growth factor a (TGF a) have been demon-
strated in non-small cell lung cancer cell lines
and tumours. Both bind to the epidermal
growth factor receptor, which is present in
some non-small cell lung cancers, and auto-
crine growth stimulation has been sugges-
ted.6" pl85neu, the product of the HER2/neu
oncogene, is a transmembrane protein having
homology with the epidermal growth factor
receptor and is also present in some non-small
cell lung cancers.69 Further growth factors and
neuroendocrine markers expressed by non-

small cell lung cancers include platelet derived
growth factor, bombesin/gastrin releasing pep-
tide, neurone specific enolase, and chromo-
granin A. The expression ofgrowth factors and
their receptors in some non-small cell lung
cancers appears to be related to aggressive
clinical behaviour and increased likelihood of
response to chemotherapy.7072

Therapeutic implications
The rapid progress achieved in identifying
growth factors for lung cancer has raised hopes
of more rational anticancer treatments. These
may be thought of as breaking the loop of
autocrine or paracrine growth stimulation at
the level of growth factor, receptor, or intra-
cellular signals. The increasing evidence that

several growth factors stimulate proliferation
of these tumours4' suggests that no single
antiproliferative agent is likely to be curative.
On the other hand, the interdependence of
diverse growth factors may mean that small
changes in the hormonal milieu could have
profound effects on growth. This approach has

been exploited to good effect in the hormonal
treatment of breast cancer.
The expression ofgrowth factor receptors on

cancer cells can be exploited by conjugating
toxins or radioisotopes to the ligand. The
epidermal growth factor receptor has been
targeted in this way by conjugating Pseudo-
monas exotoxin subunits to transforming
growth factor-a. The resulting compound is
cytotoxic in vitro to cells carrying the epider-
mal growth factor receptor and cytostatic for
xenografts of these tumours but dose limiting
toxicity occurs in normal liver. Further devel-
opments are needed before clinical studies can
start.

Antibodies to growth factors and their recep-
tors can be used to block autocrine or paracrine
growth stimulation. The monoclonal bombesin
antibody 2A1 1" has entered clinical study in
patients with small cell lung cancer in the
United States, at the National Cancer Institute,
Bethesda, Maryland. Radioisotope labelled
antibody has shown some degree of localisation
in the tumour and the gastrointestinal tract, but
at the low doses used so far no antitumour
effects have been seen. The potential problems
of anti-idiotype reactions have not been seen.
To reduce this risk newer approaches, using
Fab fragments and humanised antibodies
(rodent antibody variable regions linked to
human constant regions), are being developed.
The large size of antibodies might restrict

their penetration of tumours. Small peptides
are an attractive alternative approach. Like
agonists or antibodies, antagonists could be
linked to toxins or radioisotopes if desired. The
development of peptide antagonists to neuro-
peptide growth factors for small cell lung
cancer is an area of active research.7' Swiss 3T3
cells have again proved useful as a model
system for testing new compounds. Ligand
specific antagonists, such as the pseudopeptide
analogues of bombesin, have been shown to
inhibit bombesin stimulated mitogenesis in
these cells, and these antagonists have been
tested in small cell lung cancer in vitro and in
vivo.74" Because bombesin/gastrin releasing
peptide is not mitogenic for all small cell lung
cancers, specific antagonists will be useful for
only a minority of patients. In contrast, broad
spectrum antagonists, with activity against
many mitogenic neuropeptides, will have wider
application.76 New peptide antagonists with
enhanced potency and reduced toxicity are
being developed, but much interest has also
centred on the benzodiazepine like non-peptide
antagonists.7377 These compounds are orally
bioavailable and have a longer plasma half life
than the peptide antagonists.
The use of growth inhibitory factors (see

above) as therapeutic agents is a direct develop-
ment from growth factor research. Clinical
studies with somatostatin analogues are now in
progress. The role of cytokines, such as inter-
feron, in altering the expression of growth
factors and their receptors on tumour cells is
also under investigation. Preliminary results
using a interferon as maintenance treatment in
patients with small cell lung cancer in complete
remission were encouraging, but need confir-

927
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mation in a larger study; the mechanism
underlying these effects remains to be deter-
mined.57

Increasing knowledge of the signal transduc-
tion pathways for growth factors has led to
speculation that they could offer novel targets
for anticancer treatment. The protein kinase C
activator bryostatin is already under clinical
study in Britain. G proteins and oncogenes are

attractive targets, as they are often overexpres-
sed in malignant cells. The problems of
delivering chemotherapeutic agents, such as
antisense oligonucleotides, into the intact cell
offer further challenges to ingenuity. These
approaches have the advantage of blocking
signals from many mitogens. Attacking such
ubiquitous targets might be expected to have
toxic effects throughout the body, but this
should not be assumed. The calcium channel
blockers, including nifedipine and verapamil,
show that selective pharmacological effects can
be obtained with such apparently blunt ins-
truments.

Studies of the expression of growth factor
receptors have shown that some receptors
become down regulated after prolonged expo-

sure to ligand (homologous desensitisation),
and others are down regulated by exposure of
the cell to other ligands (heterologous desensi-
tisation). The down regulation of the bom-
besin/gastrin releasing peptide receptor after
exposure of Swiss 3T3 cells to vasopressin is a
good example of this.27 This phenomenon
might be exploited therapeutically by the use of
partial agonists to desensitise tumour cells to
growth factors.

Conclusion
Small cell lung cancer is exquisitely chemo-
sensitive and drug treatment can reduce
tumour mass dramatically but relapse due to
development of resistance isalmost invariable.
Despite intensive research into cytotoxic
chemotherapy, the survival of patients with
lung cancer has not improved in the past 10
years. Recent discoveries in lung tumour
biology have raised hopes of new treatments
andimproved survival for patients with both
small cell and non-small cell lung cancer in the
future.
As knowledge of the action of growth factors

in lung cancer has increased, aninitially simple
picture has become more complex. The num-
ber of factors known to beimplicated in the
proliferation of small cell lung cancer is still
rising, but it is clear that all the tumours secrete
and respond to various growth factors. Under-
standing how these factors act opens up ex-
citing new therapeutic strategies. Innovative
compounds are already reaching patients, and
close collaboration between laboratory and
clinic will be needed to exploit theirpromise to
the full.
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