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Abstract

Human small cell lung carcinoma (SCLC) cells have been
shown to contain significant levels of a bombesin-immunoreac-
tive peptide. The 27-amino acid peptide, gastrin releasing
peptide (GRP), has recently been shown to be responsible for
the bombesin-like immunoreactivity found in SCLC cells.
Among four lung cancer cell lines examined in vitro, GRP
exhibited mitogenic activity for two SCLC subtypes, but not
for a squamous carcinoma or adenocarcinoma lung cell line.
The mitogenicity of the GRPmolecule has been isolated to
the carboxyterminal fragment, designated GRP14-27, which
is in part homologous to bombesin. The aminoterminal fragment,
GRP1-16, is not homologous to bombesin and exhibits no

mitogenic activity. Thus, GRPmay be an important growth
regulating or autocrine factor in human SCLC.

Introduction

The production of self-stimulatory, or autocrine, growth factors
by cancer cells has been postulated to play a role in the
abnormal growth regulation characteristic of malignant cells.
Bombesin, a tetradeca-peptide originally isolated from am-

phibian skin (1), exhibits biological activity in mammals,
ranging from the stimulation of smooth muscle contraction
and hormone secretion to alteration of body temperature and
behavior (2). Bombesin has also been shown to be mitogenic
for both Swiss 3T3 fibroblasts and human bronchial mucosal
cells in vitro, probably via interaction with specific cell surface
receptors in a manner similar to platelet-derived growth factor,
epidermal growth factor, and insulin (3, 4). The demonstration
of significant levels of bombesin-like immunoreactivity in
human small cell lung carcinoma (SCLC)' (5) suggests that a

bombesin-like peptide might exert a self-stimulatory effect on

these tumors through an autocrine mechanism. It has recently
been shown that gastrin releasing peptide (GRP), a 27-amino
acid peptide -originally isolated from porcine intestine, is the
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1. Abbreviations used in this paper: FCS, fetal calf serum; GRP, gastrin
releasing peptide; [3H]thy, [3H]thymidine; PDGF, platelet-derived growth
factor; SCLC, small cell lung carcinoma.

mammalian analog of bombesin (6). The carboxyterminal
fragment, GRP14-27, exhibits significant sequence homology
to bombesin, while the aminoterminal fragment, GRP1-16,
does not. This study examines the mitogenic effect of GRP
(Fig. 1) and its various peptide fragments in human SCLC
and the other histologic subtypes of lung cancer.

Methods

Cell culture. Two human SCLC cell lines, NCI-H128 and NCI-H69
(obtained from Dr. D. Carney, National Institutes of Health), were
maintained in culture in either RPMI-1640 medium with 10% fetal
calf serum (FCS; Gibco Laboratories, Long Island, NY) or in serum-
free HITES (hydrocortisone, insulin, transferrin, 17-B-estradiol, and
selenium) medium as previously described (7), supplemented with
IOU penicillin/ml and 10 1sg streptomycin per milliliter. Electron
microscopy was performed on SCLC cells to document presence or
absence of neurosecretory-like granules. Lung cell lines CALU-3 (human
adenocarcinoma) and SK-MES-I (human squamous carcinoma) (both
obtained from American Type Tissue Collection, Rockville, MD),
were maintained in culture in Eagle's Minimal Essential Medium with
Earle's Salts, containing 10% FCS and antibiotics as described above.

Mitogenicity assays. All cell lines were harvested at confluence.
6 X IO' cells were added to individual wells of 96-well plates in 0.18
ml of growth medium as noted containing 10% FCS supplemented
with penicillin and streptomycin. GRP, GRP14-27, and GRP1-16
(Peninsula Laboratories, Inc., Belmont, CA), were added separately to
the wells in 0.02 ml of serum-free balanced salt solution to achieve
proper final concentrations in the wells. Control samples for each cell
line consisted of wells to which 0.02 ml of balanced salt solution
without peptides was added. After 36 h of incubation at 370C in a
humidified atmosphere of 5% CO2 and air, 0.4 ACi of [3H1thymidine
([3H]thy; New England Nuclear, Boston, MA) was added to each well
along with nonradioactive thymidine in 0.02 ml of balanced salt
solution to achieve a final thymidine concentration of 10' M. After
an additional 20 h of incubation, the cells were collected onto glass
fiber filters with a cell harvester (Cambridge Technology, Inc., Cam-
bridge, MA), and DNAwas precipitated with ice-cold TCA. [3H]Thy
incorporation into acid-insoluble fractions of DNAwas determined by
liquid scintillation counting using a series counter (9000; Beckman
Instruments, Inc., Fullerton, CA) and was used as a measure of cell
proliferation. Results were expressed as percent of dpm measured in
control wells of each cell line. All values are expressed as the mean±SEM
of six cultures.

To confirm results observed with the [3Hlthy incorporation assay,
I X 106 cells (NCI-H69) were seeded in T25 flasks in 7 ml of standard
culture medium or medium supplemented with GRPat 10 ug/ml.
After 24, 48, and 72 h of incubation, flasks were harvested and the
number of viable cells within the flasks was determined using trypan
blue exclusion on a standard hemocytometer. Both the cells that had
been exposed to GRPand those that had not were then reseeded at
equal densities in GRP-free medium, to determine if the observed
mitogenic effect of GRPwas or was not reversible upon removal of
cells from immediate contact with the peptide.
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Bombesin Q-Q-R-L, G-NQ W-A-V-G-H-L-M-NH2

GRP 1-27 A-P-V-S-V-G-G-G-T-V-L-A-K-M-Y-P-R G-NH W-A-V-G-H-L-M-NH2

GRP 14-27 M-Y-P-R H W-A-V-G-H-L-M-NH2

GRP 1-16 A-P-V-S-V-G-G-G-T-V-L-A-K-M-Y-P

Figure 1. Amino acid sequences of the peptides bombesin, GRPI-
27, GRP14-27, and GRP1-16. Significant sequence homology is
seen for bombesin, GRP1-27, and the carboxyterminal fragment
GRP14-27. The aminoterminal fragment GRP1-16 bears no ho-
mology to bombesin.

Results

Electron micrographs of small cell lung cancer cells showed
the tumor cell cytoplasm to contain scattered uniform neu-
rosecretory-like granules.

Incorporation of [3Hlthy into both NCI-H128 and NCI-
H69 cells (SCLC lines) was significantly increased by exogenous
administration of low levels of the complete molecule GRP
1-27 (Fig. 2). A GRP1-27 level of 10 gg/ml produced a 150-
200% increase in [3Hlthy incorporation in both SCLC lines.
However, there was no mitogenic effect of the complete
molecule on the adenocarcinoma or squamous cell lung car-
cinoma lines.

The bombesin-homologous fragment GRP14-27 at a level
of 5 sg/ml produced a 250-300% increase in [3H]thy incor-
poration in both small cell lines. Also, at higher doses, there
seemed to be some increase in [3H]thy incorporation due to
GRP 14-27, which was not the case with GRP 1-27. GRP
14-27 had no mitogenic effect on the adenocarcinoma or
squamous cell lung carcinoma lines.
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The aminoterminal fragment, GRP1-16, which does not
exhibit significant sequence homology to bombesin, had no
mitogenic effect on any of the cell lines tested.

The mitogenic effect of GRP and its carboxyterminal
fragment in SCLC in vitro exhibited a dose-response effect
with a narrow range of effective concentrations. Note that the
stimulatory effect of GRP 14-27 on SCLC decreased at
concentrations higher than 5 usg/ml (Fig. 3). Maximal (threefold)
stimulation by GRP 14-27 occurred at a concentration ap-
proximately equimolar to the concentration of GRP 1-27,
which produced maximal stimulation.

Cell number as determined by hemocytometer counting
revealed a mitogenic effect of GRPupon SCLCcells, confirming
the observations made by [3Hlthy incorporation. After 24 h,
GRPat a level of 10 jg/ml caused a 170% increase in the
proliferation of NCI-H69 cells. After 48 h and again after 72
h, an increase of 270% in cell number was measured in the
cells that had been exposed to GRP, compared with those that
had not been exposed (Fig. 4).

WhenSCLCcells previously exposed to GRPwere removed
from the peptide and reseeded in GRP-free medium, they no
longer proliferated at an increased rate. After 24, 48, and 72
h of incubation in standard medium, cells that had previously
been exposed to GRPproliferated at a rate equivalent to those
that had not been exposed, demonstrating the reversibility of
the mitogenic effect.

Discussion

-25% of all lung cancers are classified as SCLC. Clinically,
SCLC is distinguished from "non-small cell" lung cancers by
its characteristic cellular morphology, a tendency to meIt siz
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Figure 2. Mitogenic effects of GRP1-27, GRP14-27,
and GRP1-16 on four human lung cancer cell lines in
vitro. The data represent [3H]thy incorporation into
TCA-precipitable DNA, expressed as percent of dpm
measured in control wells. Results obtained at concentra-
tions of GRP1-27 at 50 jg/ml and 100 gg/ml, and of
GRP14-27 and GRP1-16 at 25 gg/ml, 75 ,ug/ml, and
100 gg/ml were consistent with the data shown. These
additional points have been omitted from the figure for
clarity. All values represent the mean±SEMof six cul-
tures.
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Figure 3. Mitogenic effect of GRP14-27 on SCLC cell line NCI-
H69. Note peak (threefold) stimulation at concentration of 5 Ag/ml.
Equivalent peptide concentrations did not produce stimulation of
[3H]thy incorporation by the non-SCLC cell lines studied. Values
represent the mean±SEMof six cultures.

rapidly and widely, its responsiveness to chemotherapy, and
its frequent association with various paraneoplastic syndromes
(8). Biologically, SCLCis of interest in that it shares numerous

cellular features with neuroendocrine cells of the respiratory
epithelium (9). SCLCcell lines are characterized by the presence
of neurosecretory granules, high levels of L-dopa decarboxylase,
creatine kinase BB (the brain-specific isoenzyme), and neuron-

specific enolase, all of which suggest neuroendocrine differen-
tiation of these cells (10). Indeed, the syndromes that can

accompany this cancer result from the ectopic production of
various neuroendocrine peptides by these cells (10). Some of
the peptides that have been found to be secreted by SCLC
cells in vivo, in vitro, and in nude mouse xenografts, include
ACTH, a calcitonin-immunoreactive peptide, antidiuretic hor-
mone, and a bombesin-immunoreactive peptide (1 1).

The amphibian peptide bombesin has been demonstrated
to act as a mitogen for both Swiss 3T3 fibroblasts and normal
human bronchial mucosal cells, suggesting that its mammalian
analog, GRP1-27, may play a role in normal growth regulatory
processes (3, 12). Bombesin-like immunoreactivity has been
consistently demonstrated in SCLC cells both in vitro and in
immunohistochemical stains of tissue sections (4, 5), but it
has rarely been observed in the other major histologic subtypes
of lung cancer (5). Furthermore, the bombesin-like immuno-
reactivity in SCLC originally ascribed to the presence of the
amphibian peptide bombesin within SCLC (5) has been found
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Figure 4. Mitogenic effect of GRP1-27 on SCLCcell line NCI-H69.
The data represent viable cell number as measured by trypan blue
exclusion on a standard hemocytometer. Values represent the
mean±SEMof four cultures.

to be attributable to the 27-amino acid peptide GRP1-27 (6,
13). The possibility that GRP might be involved in the
regulation of growth of SCLCled us to examine the mitogenic
activity of GRPin these cells.

It has been previously proposed that in some cases, trans-
formed cells may express, maintain, or enhance their malignant
phenotype by the secretion of autocrine growth factors, thus
enabling a positive feedback loop whereby a cell might both
produce and respond to the same hormone (14). Such a system
seems to have been observed in a sarcoma cell line that is
associated with the synthesis and secretion of a platelet-derived
growth factor (PDGF) immunoreactive substance. This trans-
forming growth factor reacts with PDGFantisera, binds to
PDGFreceptors, and is mitogenic for the cells that produce it
(3). Other common hormones and growth factors, such as
epidermal growth factor (15, 16), have been shown to possess
mitogenic and/or transforming properties in vitro. Indeed, it
has been suggested that the way a cell responds to common
growth factors may play a central role in expression of the
malignant phenotype (14).

This study examines the possible role of GRPin SCLCas
an autocrine growth factor capable of stimulating the mitogenic
proliferation of these cells. We have demonstrated that the
neuroendocrine-related SCLC cells, which have previously
been shown to contain a bombesin-like immunoreactive pep-
tide, exhibited a mitogenic response to the exogenous admin-
istration of GRP1-27 and the carboxyterminal fragment GRP
14-27, which bears significant homology to bombesin. These
same peptides had no effect on the squamous and adenocar-
cinoma cell lines examined. The aminoterminal fragment GRP
1-16 showed no homology to bombesin and was not mitogenic
for any of the cell lines tested. Thus, it seems that GRPor a
closely related small peptide may be acting as an autocrine
growth factor for SCLCand may play a role in the abnormal
growth regulation of these cells in vivo.

The relatively high concentrations of exogenous GRP
required to stimulate the proliferation of SCLC cells may be
due in part to differences in activity between the synthetic and
the natural peptide, or perhaps to differences in concentration
at the cell surface. Note that maximal stimulation by both
GRP 1-27 and GRP 14-27 occurs at a narrow range of
peptide concentrations followed by a decrease in mitogenic
stimulation at higher concentrations of peptide. Similar dose-
response curves have been demonstrated for other growth
factors and hormones (17), but generally this effect has been
seen to occur over a much broader range of concentrations.
The decrease in maximal stimulation may result from a
negative cooperativity between receptor binding units, a down
regulation of receptors, or a receptor desensitization similar to
that seen with the acetylcholine receptor; alternatively, GRP
may have additional effects at higher concentrations.
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