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Abstract Introduction

Cholera toxin (CT) inhibited the in vitro growth of three of four
human small-cell lung carcinoma (SCLC) cell lines with a 50%
inhibitory concentration of 27-242 ng/ml. Loss of surface
membrane ruffling and the capacity of [Tyr4J-bombesin, vaso-
pressin, and fetal calf serum to stimulate increases in intracel-
lular free calcium clearly preceded effects on cellular metabolic
activity and cell growth. 251-[Tyr4j-bombesin binding was un-
affected by CT treatment but [Tyr41-bombesin stimulated
phospholipase C activity was decreased in membranes from
CU-treated SCLC cells. Cl stimulated a rapid but transient
increase in intracellular cyclic AMP(IcAMPI;) in SCLC. The
effects of Cl on susceptible SCLC were not reproduced by
elevations of IcAMPi; induced by forskolin or cyclic AMPana-
logues. GM, ganglioside, the cellular binding site for CT, was
highly expressed in the CT-sensitive but not the Cl-resistant
SCLCcell lines. In contrast, expression of guanine nucleotide
binding protein substrates for ADP-ribosylation by CT was
similar. These data demonstrate the existence of a CT-sensi-
tive growth inhibitory pathway in SCLC-bearing GM, ganglio-
side. Addition of CT results in decreased responsiveness to
several mitogenic stimuli. These results suggest novel thera-
peutic approaches to human SCLC. (J. Clin. Invest. 1990.
86:1904-1912.) Key words: cyclic adenosine monophosphate-
G protein - gastrin-releasing peptide * growth factor - phos-
pholipase C
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Human small-cell lung carcinoma (SCLC)' produces gastrin-
releasing peptide (GRP), the mammalian homologue of the
amphibian peptide bombesin (1). Bombesin agonists increase
the cloning efficiency of SCLC in serum-free conditions (2)
and inhibition of SCLC cell growth can be demonstrated in
vitro and in vivo after exposure to a monoclonal anti-bombe-
sin antibody (3) or to bombesin peptide receptor antagonists
(4, 5). In these experiments, growth inhibition occurred by
blocking the interaction of GRPwith its receptor. A different
approach to interrupt growth factor action would be the
disruption of intracellular signaling pathways activated
by GRP.

Previous studies in SCLC(6, 7), murine fibroblasts (8), and
rat insulinoma cells (9) have shown that binding of GRPto its
receptor results in activation of phospholipase C, increased
phosphatidylinositol (PI) turnover, release of calcium from
internal stores, increase of intracellular free calcium ([Ca2+],),
and activation of protein kinase C. Receptors that transduce
signals through phospholipase C may be coupled to this effec-
tor by guanine nucleotide binding proteins (G proteins) (10).
Certain Gproteins can be covalently modified by the bacterial
exotoxins, cholera toxin (CT) and pertussis toxin (PT). CT
binds to a cell surface glycolipid, GMI ganglioside, through its A
subunits. After internalization, the a subunit of CT stimulates
ADP-ribosylation of the stimulatory Gprotein of adenylyl cy-
clase, Gas. This action leads to an elevation of intracellular
cAMP levels in most cellular systems (1 1). In addition, acti-
vated Ga5s has been shown to increase the activity of calcium
channels in skeletal muscle membranes (12).

Werecently demonstrated that pretreatment of the SCLC
cell line NCI-H345 with cholera toxin (CT) at 1 gg/ml for 18 h
resulted in a substantial inhibition in basal and GRP-stimu-
lated increases in inositol phosphates and [Ca2+], (7). These
findings led us to study the effects of CT on in vitro growth in

1. Abbreviations used in this paper: [cAMP]i, intracellular cyclic aden-
osine 3',5' monophosphate concentration; [Ca2+]i, free intracellular
calcium concentration; CT, cholera toxin; CT-d, the ,B subunit of chol-
era toxin; GRP, gastrin-releasing peptide; G protein, guanine nucleo-
tide binding protein; IP2, inositol biphosphates; IP3, inositol triphos-
phates; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide; PI, phosphatidylinositol; PIP, phosphatidylinositol mono-
phosphate; PIP2, phosphatidylinositol biphosphate; PT, pertussis
toxin; SCLC, human small-cell lung carcinoma.
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four SCLC cell lines. Wedemonstrate here the existence of a
CT-sensitive, membrane-related growth inhibitory pathway
which may be exploitable for the development of novel thera-
peutic approaches to human small-cell lung cancer.

Methods

Reagents and cell culture. CT, PT, the ,B subunit of CT (CT-f), and
horseradish peroxidase conjugated to CT-,B were from List Biologicals
Inc. (Campbell, CA). [Tyr4]-bombesin and [Arg8]-vasopressin were
from Peninsula Laboratories, Inc., Belmont, CA. 3-[4,5-Dimethylth-
iazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), quin-2 AM, ion-
omycin, forskolin, GMI ganglioside, GTP, ATP, 5'-0-[3-thiotriphos-
phate] (GTP-,y-S), diaminobenzidine, and thymidine were from Sigma
Chemical Co., St. Louis, MO. '251-protein A (sp act > 30 mCi/mg) and
[32P]NAD (sp act 30 Ci/mmol) were from New England Nuclear,
Boston, MA. [3H]inositol (sp act 16 Ci/mmol) and cAMPradiobinding
assay kits were from Amersham Corp., Arlington Heights, IL.

NCI-H82, NCI-H209, NCI-H345, and NCI-N417 are established
human SCLC cell lines (13) maintained in serum-free RPMI-1640
medium (Gibco Laboratories, Grand Island, NY) supplemented with 5
Ag/ml insulin, 10 Mg/ml transferrin, and 30 nM sodium selenite (R-
SIT) in the presence of penicillin, streptomycin, and fungizone as in
Trepel et al. (7).

MTTassay for cell growth. Use of the MTTassay to estimate lung
cancer cell growth has been standardized (14) and is based on the
ability of mitochondrial dehydrogenases to reduce the MTTsalt to a
colored formazan product (15). For the experiments with different cell
lines, as shown in Fig. 1, 96-well microtiter tissue culture plates (Costar
Data Packaging, Cambridge, MA) received 10-30,000 cells per well in
180 ,ul of R-SIT. The agent to be tested was added 24 h later in 20 ,ul of
medium. After 7 d of incubation, 50 1l of 2 mg/ml solution of MTT
was added and incubated at 37°C for 4 h, after which the plates were
centrifuged, the medium largely withdrawn, dimethylsulfoxide added
to solubilize the colored MTT reduction product, and absorbance
measured at 540 nm with an ELISA reader (Biotek Instruments, Inc.,
Burlington, VT). CT and CT-fl are supplied in a buffer whose final
concentrations in a 1 mg/ml stock solution are 50 mMTris, 1 mM
sodium EDTA, 3 mMsodium azide, and 200 mMsodium chloride,
pH 7.5. A buffer of the same composition was used as control in these
growth experiments with a minimal dilution of 1:200 without effects
on cell growth. CT formulated without sodium azide was also used and
yielded the same results as CT formulated with azide.

For assays performed to determine the time course of CT effects on
NCI-H345 (see Fig. SB), cells were plated in 96-well plates as above. At
the specified intervals after addition of CT, MTTwas added and cells
were further incubated for 90 min at which time the plates were devel-
oped and scored as above.

Dynamic measurements offree [Ca2]i. After incubation with or
without CT at 1 Mg/ml for the times indicated in figure legends, the
cells were washed three times with phosphate-buffered saline (PBS),
loaded with quin-2 AMin RPMI-1640 medium, and stimulated with
agonists, and [Ca2+]J was measured by the change in recorded fluores-
cence of quin-2 as described by Heikkila et al. (6).

Phospholipase Cactivity in SCLCmembranes. [3H]inositol-labeled
membranes were prepared from SCLCcells essentially as described by
Straub and Gershengorn (16) with or without CT pretreatment.
[Tyr4]-bombesin treatment in the presence of GTP--y-S was followed
by assay of label in the inositol polyphosphate fraction including inosi-
tols bi- and triphosphates (UP2 and IP3) as described by Berridge et al.
(17) using Dowex resin anion exchange column chromatography. In
this assay of activity in membranes, the levels of inositol monophos-
phates do not change significantly during incubation (18).

2SI-[Tyr4I-bombesin binding to SCLC. NCI-H345 cells were
preincubated overnight at 37°C (concentrations of 30 x 106 cells/flask)
with either no additions (control), CT (1 ug/ml), or PT (1 ,tg/ml). The

preparation of the radioligand, conditions of the binding assay, and
analysis of the data with the LIGAND program were as previously de-
scribed (5). Cells were incubated for 120 min at 37°C with 0.05 nM
'251-[Tyr4]-bombesin alone or with increasing concentrations of unla-
beled bombesin. HPLC analysis of the 125I-[Tyr4]-bombesin radioli-
gand after incubation with cells without CT at 37°C for 120 min
showed that < 5% of the radioactivity eluted in a different position
from the radiolabeled ligand not incubated in the presence of cells.
Under the same conditions, 93%of the bound radioligand was stripped
from the surface of the cells using 0.2 N acetic acid/0.5 M sodium
chloride, pH 2.5, at 4°C for 5 min, indicating that under the conditions
of our binding assay the tracer is minimally, if at all, internalized.

Determination of [cAMP]i. At the indicated times after addition of
drug or toxin, cells were centrifuged, washed in PBS, resuspended in
750 yd of 1 mMTris, pH 7.4, 4 mMEDTA, and sonicated, and an

aliquot was removed for protein determination. The samples were

boiled for 3 min, clarified, and stored at -70°C until assayed using the
cyclic AMPradiobinding assay kit according to instructions of the
vendor (Amersham Corp.). Protein content was determined using an

assay (Bio-Rad Laboratories, Richmond, CA).
Detection of Gproteins in SCLC. Crude membranes were prepared

after the cells were washed once in PBS, resuspended in 0.01 MTris,
pH 7.4, 0.1 mMEDTA, 2 MMleupeptin, 1 jg/ml aprotinin, and 1
Mg/ml soybean trypsin inhibitor. The cells were disrupted by 30-40
strokes of a Teflon/glass homogenizer. Nuclei and unbroken cells were

removed by centrifugation for 10 min at 800 rpm and the supernatant
was centrifuged for 30 min in a JA 20 rotor at 20,000 rpm in a centri-
fuge (Dupont-Sorvall, Newton, CT). The pellet was washed in 5 mM
Hepes, pH 7.4, and recentrifuged. These membranes were separated by
10% SDSpolyacrylamide gel electrophoresis (SDS-PAGE) (I19), trans-
ferred to nitrocellulose, incubated with antibody, and developed with
'251-protein A (20). Antisera to Gas, G,,i isoforms, and GA0 were pro-
vided by Dr. A. Spiegel, National Institute of Diabetes and Digestive
and Kidney Diseases (21).

Detection of CT substrates in SCLC. ADP-ribosylation reactions
were conducted using 100 Hg of membrane protein at 32°C for 30 min
in 0.1 MK phosphate, pH 7.0, 1 mMATP, 20 mMthymidine, 2.5 mM
MgCl2, 5 mMdithiothreitol (DTT), 40 jg/ml CT or PT preactivated
by incubation with 50 mMDTT for 10 and 45 min, respectively,
0.8-3.2 tiM [32P]NAD (30 Ci/mmol) with or without 0.2 mMGTPin a

final volume of 150 ul. The incubation was stopped by addition of 20
pi of 100% trichloroacetic acid (TCA), maintained at 4°C for 1 h, and
sedimented, and the pellets were washed with 2% TCA, followed by
three washes with water-saturated ether. Proteins were dissolved in
Laemmli sample buffer (19) and subjected to SDS-PAGEas above.
ADP-ribosylated proteins were detected by autoradiography of the
acid-fixed and dried gel.

GM, ganglioside expression in SCLC. Cells were washed in PBS
and 2 X 106 cells lysed in 1.4 ml of CHC13/CH30H (1: 1). These were
stored overnight at 4°C and had solid residue removed. I ml was dried,
and redissolved in - 30 ,l of CHCI3/CH30H (1: 1). The sample was
applied to a Bakerflex plastic-backed silica gel sheet (J. T. Baker, Inc.,
Phillipsburg, NJ), and chromatographed in CHC13/CH30H/0.25%
KCI (60:35:6). The sheet was air-dried, wet with 1% polyvinylpyrroli-
done in PBSfor 40 min at 37°C with gentle agitation. CT-fl conjugated
to horseradish peroxidase (200 ng/30 ml) was added at 37°C for 40
min with mild agitation. The sheets were washed in PBS three times,
and developed by incubation with diaminobenzidine (10 mg/30 ml of
0.05 MTris, pH 7.6, plus 0.1 ml of 30% H202) (22).

Results
Inhibition of SCLCin vitro growth by CT. CTinhibited growth
of SCLCcell lines NCI-H82, NCI-H209, and NCI-H345 with
50% inhibitory concentrations ranging from 27 to 242 ng/ml
(i.e., 0.32-2.88 nM; Fig. 1). In contrast, SCLC cell line
NCI-N4 17 was resistant to the effects of CT at concentrations
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Figure 1. Effects of cholera toxin and forskolin on the growth of SCLCcell lines. Cells were incubated in vitro with CT holotoxin, CT-d, or
forskolin for 7 d and the viable cell population scored in comparison to an untreated control. The data shown is the mean±SE of several exper-
iments as indicated. (o) Cholera toxin; (-) CT-B; (m) forskolin.

up to 5 ,ug/ml, whereas the ,B subunit of CT had no substantial
effects on the growth of any of these cell lines (Fig. 1). Growth
inhibition by CTwas abrogated by boiling the toxin before the
experiment (data not shown). In addition, concentrations of
forskolin up to 10 uM had no effects on the growth of these
four cell lines (Fig. 1). In experiments not shown, concentra-
tions of dibutyryl cAMPup to 1 mMhad no effects on the
growth of NCI-H345 and showed a modest inhibition of the
growth of NCI-H82 (65% survival at 7 d compared to control).
Similarly, the effects of PT were much less marked than those
of CT with the survival at 7 d at a concentration of 1 gg/ml
being 89.1% for NCI-H82, 73% for NCI-H209, 56% for
NCI-H345, and 80% for NCI-N417.

Visual inspection revealed an easily recognizable change in
cellular morphology occurring as early as 4-6 h after exposure
to CT. Sensitive cells displayed a loss of membrane ruffles with
an overall smoothing of their cell surface (Fig. 2).

CTinhibits intracellular signaling by multiple ligands. The
morphological change described above raised the possibility

that inhibition of [Tyr4]-bombesin-induced PI turnover and
increase in [Ca2+]i by CT (7) might result from altered mem-
brane structure or function due to an effect of the toxin. If this
were the case, alteration of the cellular response not only to
GRPbut to other mitogenic stimuli as well would be expected.
To address this possibility, we studied the response of CT-
treated SCLC to additional ligands. Incubation of NCI-H345
cells with CT at 1 ug/ml for 16-18 h (overnight) results in a
substantial inhibition of the increase in [Ca2"]i not only in
response to [Tyr41-bombesin, but also in response to vasopres-
sin and serum (Fig. 3). Addition of 2 uM ionomycin after
exposure to agonists demonstrates that CT treatment did not
decrease apparent quin-2 loading or alter the capacity of iono-
mycin to increase [Ca2+],. In fact, the relative response to ion-
omycin in the absence of extracellular free calcium was pre-
served in CT-treated cells (data not shown), indicating that CT
treatment did not grossly affect intracellular calcium pools.

To examine whether the inhibition of increases in free
[Ca2+], in response to several stimuli described in Fig. 3 could
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Figure 2. Effect of CT on the morphol-
ogy of NCI-H345. After an overnight
incubation with CT at 1 Ag/ml, a cyto-
spin preparation was stained with
Wright-Giemsa. The CT-treated cells
have lost the ruffled cytoplasmic border
typical of SCLC(arrows). Cells are via-
ble by Trypan blue exclusion. (m) A
mitosis.

be related to CT-induced changes in membrane function, we
studied the effect of CT in a subcellular system. SCLCmem-

branes labeled with [3H]inositol before and during overnight
treatment with 1 gg/ml CTdemonstrated decreased activation
of phospholipase C (P < 0.05 by Student t test) in response to
[Tyr4]-bombesin in the presence of the nonhydrolyzable ana-

logue GTP--y-S (Fig. 4). Under the conditions of this assay,
with a [Mg2"] free of 0.2 ,1M, CT treatment leads to a greater

Control
W1

activation of phospholipase C with GTP-y-S alone (P < 0.05).
Thus, CT-mediated inhibition of agonist-induced PI turnover
is apparent in membrane fractions as well as in the whole-cell
assays of soluble [3H]inositol phosphate described previ-
ously (7).

Since interruption by CT of [Tyr4]-bombesin-induced sig-
nals could reflect inhibition of ligand binding, we studied spe-
cific agonist binding to toxin-treated cells. We found that
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ith Cholera Toxin
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Figure 3. Effect of CT on agonist-induced in-
crease in [Ca2]i. NCI-H345 cells were incu-
bated overnight with or without CT at 1

Ag/ml, then loaded with quin 2. The experi-
ments were performed on 5 x 1O6 cells in 2 ml

1 min of buffer. After addition of agonist or serum at
the final concentrations indicated, the inten-
sity of fluorescence was followed. The same

cells were then challenged with 2 ,gM ionomy-
cin to demonstrate comparable levels of quin
2 loading. The insert shows the percent in-
crease of [Ca2+]J over baseline (mean of three
experiments±SE). Student I tests on paired
values yielded significant differences in all
cases.
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10 - T GTPyS Figure 4. Inhibition of
U GTPyS+Tyr -BN phospholipase C activ-

ity in membranes of
v - ~~~~~~~~NCI-H345 pretreated

3 500- with CT. NCI-H345
+ _ cells were labeled with 5
v,Ci/ml [3H]inositol for

untreated 5 d, followed by treat-
untreated CT treated ment with or without 1

cells cells .g/ml CT overnight.
Membranes were pre-

pared essentially as described ( 16). Membrane protein (20-50 Mg)
was resuspended in 0.04 MTris, pH 6.9, 2 mMEGTA, 2 mM
EDTA, 10 mMLiCl, 2 Ag/ml leupeptin, 0.5 mMphenylmethylsul-
fonylfluoride, 1 mMouabain, 2 mMDTT, 2 mMATP, 0.1 MuMfree
[Ca2+], 0.2 MMfree [Mg2+], 10 MuMGTP-y-S with or without 1 ,uM
[Tyr4]-bombesin. The disintegrations per minute in the (UP2 + IP3)
fractions were determined as described ( 17). Results shown are the
mean±SE of three experiments performed in triplicate normalized to
time (1 min) and total DPM/assay, after subtraction of (IP2 + IP3)
formed in basal conditions without any additions.

[Tyr4]-bombesin displaces 1251-[Tyr4]-bombesin from
NCI-H345 cells treated with CTor PT in a manner identical to
that observed in control cells, with no apparent effect of CTon
the binding of bombesin agonist (data not shown). In three
replicate experiments, the Kd (mean±SE) for binding of
1251-[Tyr4]-bombesin was 1.1±0.2 nM in the control cells,
1.0±0.3 nM in the CT-treated cells and 1.2±0.2 nM in the
PT-treated cells. The total binding expressed as femtomoles
per milligram of DNA(mean±SE) was 48±14 in the control
cells, 52±18 in the CT-treated cells, and 49+15 in the PT-
treated cells. The lack of effect of CT on 125I-[Tyr4]-bombesin
binding is consistent with the observation that the G protein
coupling the GRPreceptor to its effector is CT insensitive (23).
These data also suggest that CT-dependent growth inhibition
and abrogation of bombesin-stimulated signals observed in
SCLC cannot be simply accounted for by effects on GRP
binding.

Time course of CT-induced events. Because the classical
effect of CT is to lead to the activation of adenylyl cyclase, the
possibility that the phenomena described above are mediated
by increases in intracellular cyclic AMPmust be considered.
Fig. 5 A demonstrates that in the CT-sensitive SCLCcell line
NCI-H345, CT at 1 ,g/ml caused a rapid 10-fold elevation in
[cAMP]i which reached a maximum after 1 h but returned to
baseline within 6 h. As expected, treatment of cells with the
adenylyl cyclase stimulator forskolin (10 MM) also caused an
acute elevation of intracellular cAMPalthough not to the same
extent observed using CT (fourfold). The actual mean±SE
[cAMP]i of three experiments observed after 1 h of incubation
were 2.9±1.1 pmol/100 Mg of protein after forskolin and
6.7±1.2 pmol/ 100 ,tg of protein after CT treatment. The dif-
ferences between CTand forskolin treatment were not statisti-
cally significant (two-tailed paired Student t test, P = 0.1 1).

As noted above, neither forskolin at concentrations up to
10 MMnor dibutyryl cAMP at concentrations up to 1 mM
affected the growth of NCI-H345 cells in vitro (Fig. 1). In
addition, previous studies from this laboratory have shown
that the cAMPanalogues dibutyryl cAMPand 8-chloro-cAMP
did not inhibit the increase in [Ca2+]i caused by the GRPago-

nist [Tyr4]-bombesin in this cell line (7). These observations
strongly suggest that the CT induced elevation of intracellular
cAMPcannot by itself explain the CT-related phenomena on
growth and signal transduction we observ,ed. However, we
cannot exclude the possibility that transient increases in intra-
cellular cAMPmay participate in their genesis.

The time course of the inhibition by CT of the capacity of
SCLCto respond to [Tyr4]-bombesin with increases in [Ca2+],
and to reduce MTTto a formazan product is shown in Fig. 5
B. MTT reduction depends on reducing equivalents derived
from mitochondrial activity and thus can be taien as an index
of cellular metabolic fitness (24). After 1 h of ihcubation, at a
time when the [cAMP], is maximal, there is - 50% inhibition
of the increase in [Ca2+], in response to [Tyr4]-bombesin with
virtually complete preservation of the capacity to reduce
MTT. Whereas this inhibition of increased [Ca2+], in response
to [Tyr4]-bombesin is maximal as early as after 2-h of incuba-
tion with CT, the effect of CT on the intensity of MTTreduc-
tion is delayed and progresses over 72 h. Of note, cells incu-
bated with CT for 24 h are still viable as judged by the ability to
exclude Trypan blue and cell lysis typically occured around the
fourth or fifth day of incubation (data not shown).

For the experiments which measured effects on [Ca2+],
cells were incubated with 1 eg/ml CT at a cell density of
500,000 cells/ml. For the MTTexperiments, cells were incu-
bated with 1 ,ug/ml CT at a cell density of 125,000 cells/ml.
Thus relative titration of a fixed amount of CT by an excess
number of cells cannot account for the delay observed in the
MTTassay compared to the [Ca2+]i assay. These data indicate
that the effects of CT on cellular signal transduction precede
the effects on cellular metabolic activity and viability as as-
sayed by MTTreduction and dye exclusion.

CT substrates in SCLC. The principal intracellular target
for CT-dependent ADP-ribosylation is Gas, the stimulatory G
protein of adenylyl cyclase. Differential expression or accessi-
bility of Gas to CT could therefore be a basis for the differences
in cytotoxicity observed in sensitive as opposed to resistant
SCLC. Previous studies have shown that four mRNAsresult in
two easily distinguishable major forms of Gas protein, owing to
alternative splicing of a single primary transcript (25). Utiliz-
ing an anti-G, antibody, Western blots of membrane proteins
from SCLCdemonstrate no difference in the expression of Gas
in CT-sensitive or resistant SCLC (Fig. 6 A). These proteins
comigrate with authentic Gas from bovine brain. In experi-
ments not shown here, antibodies directed against Gaji, Gai2,
Gaj3, and GA0 revealed comparable expression of these Gpro-
teins in the four SCLC cell lines studied. Thus, differential
inhibition of SCLCcell growth by CTdoes not appear to relate
to the absence or enhanced expression of Gas or of other
known G proteins.

Since Gas might be resistant to modification by CT in CT-
insensitive cells, we examined the capacity of Gas to serve as a
substrate for CT-catalyzed ADP-ribosylation in NCI-N417
membrane fractions. Fig. 6 B demonstrates that incubation in
vitro of SCLCmembranes from CT-sensitive NCI-H345 and
CT-resistant NCI-N4 17 cells with [32P]NAD and CT results in
ADP-ribosylation of substrates with very similar mobility in
SDS-PAGE to the Gas species detected by Western blotting.
There is no difference apparent in the capacity of these species
to undergo ADP-ribosylation in CT-sensitive as compared to
CT-resistant SCLC. No other CT-dependent ADP-ribosyla-
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tion substrates were identified by modifying GTP or NAD
concentrations during the incubations or prolonging the incu-
bations for up to 4 h (data not shown). The data in Fig. 6 B also
demonstrate that the PT substrate G,j, a potential CT sub-
strate at low efficiency of reaction (26), is similarly expressed
in NCI-H345 and NCI-N417.

In contrast to the similarity between CT-resistant and CT-
sensitive SCLCcells in the presence and accessibility of CT-
dependent ADP-ribosylation substrates, Fig. 6 Cdemonstrates
that the three CT-sensitive SCLCNCI-H82, NCI-H209, and
NCI-H345 cell lines all had easily detectable GM, ganglioside
expression, whereas the CT-resistant NCI-N4 17 did not. Thus
the resistance to CT-mediated growth inhibition of NCI-N4 17
correlates with the absence or very low expression of cell sur-

face receptors for CT in this cell line.

Figure 5. Time course of CT-induced
events in NCI-H345. (A) 20 x 1O6 cells
were incubated with the indicated concen-

trations of CT or forskolin for varying
times. [cAMP]j was determined as de-
scribed in Methods. Values shown repre-

sent the mean of three experiments (±SE).
(B) Time course of CT effect on [Tyr4]-
bombesin-induced elevation in free [Ca2]i
(open bars) and MTTformazan produc-
tion (dark bars). At the indicated times be-
fore (time 0) or after addition of CT to
,ug/ml, aliquots of different cell suspensions
were incubated with quin 2 as described in
Methods for assay of [Tyr4]-bombesin-in-
duced increase in [Ca2+]i or were incubated
with MTTfor 90 min before quantitation
of formazan production (this period of in-
cubation was chosen to parallel the prepa-

ration of the cells for the quin 2 assays).
The data presented shows the mean±SE of

^.Z ^. Z t. two quin 2 experiments where the response

2 4 4 8 7 2 to ionomycin was comparable between all
samples, and the mean±SE of three MTT

JRS) experiments. ND, not done.

Discussion

The experiments presented here demonstrate that CT is a po-

tent inhibitor of the growth of human SCLC cell lines. This
effect requires the holotoxin as it is not reproduced by the ,B
subunit alone. The cell lines sensitive to the toxin were those
with easily demonstrable GM, ganglioside, as compared to a

CT-resistant SCLC cell line which has considerably lower or

absent expression of this ganglioside, the binding site for
CT (l1).

CT or the ,B subunit of CT have both been reported to have
disparate effects on the growth of mammalian cells. For exam-

ple, CT is a potent mitogen for Swiss 3T3 cells, acting syner-

gistically with insulin in that system (27). The # subunit of CT
also can act as a mitogen for Swiss 3T3 cells (28) as well as
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Figvure 6. CT substrates in SCLCcell lines. (A) Immunoblot of a bo-

vine brain cholate extract (BB) and SCLCcrude membrane prepara-

tions using an anti-G,,, specific antibody. (B) ADP-ribosylation sub-

strates of CT and PT i'n CT-sensitive and resistant cell lines. The

only apparent CT substrates comigrate with authentic Gas, seen in A.

(C) Ganglioside Gm, was determined by reaction of peroxidase-con-

jugated CT-fl as described in Methods using lipid extracts from the

indicated cell lines.

thymic lymphocytes through a pathway involving increases in

[Ca2"]i (29). However, the subunit of CT inhibited the

growth of ras-transformed Swiss 3T3 cells (28). Thus it is ap-

parent that CT or its subunit can function as a growth-pro-

moting or a growth-inhibiting influence, depending on the

particular context in which it acts.

The effect of CT on the growth of normal as compared to

malignant epithelial cells has also been different depending on

the cell lineage studied. For example, CT stimulates the

growth, alone or with other growth- factors, of a variety of

normal human epithelial tissues including skin keratinocytes

(30), mammary (3 1), colonic (32), and bronchial epithelium

(33). In contrast, CT inhibits the growth of the malignant

counterpart of many of these tissues. Cho-Chung et al. (34) has

reported inhibition of the MCF-7 human mammary carci-

noma cell line by concentrations of CT similar to those we

observed. In additional experiments, we have detected growth

inhibition by CT in 9 of 11I SCLCcell lines (including the four

studied in detail here), one of seven NSCLCcell lines, and a

single colon carcinoma cell line with neuroendocrine features.
In contrast, two ovarian carcinoma cell lines and the two he-
matopoietic cell lines, HL-60 and Hut-78, were resistant to
CT. In total, 11I of 23 human cancer cell lines tested to date
showed growth inhibition by CT. Moreover, two previously
described rodent models have shown in vivo tumor regression
after parenteral administration of CT with no detectable host
toxicity (34, 35). Of great interest in our experiments is the
apparent preferential sensitivity of lung cancer cell lines de-
rived from patients with SCLC suggesting a cell-lineage spe-
cific susceptibility to toxin action.

Whether the presence of Gm, is sufficient in itself for the
subsequent development of growth inhibition is unclear. It is
known that exogenous ganglioside Gm, added to the cell cul-
ture medium can be functionally integrated into the surface
membrane of intact cells and serve as the receptor for CT (36).
Wehave attempted to reverse the CT resistance of NCI-N4 17
by this method. However, our efforts were complicated by the
fact that 5 lsM or greater Gm, ganglioside inhibited the growth
of this cell line. At lower concentrations, a 24-h incubation
with 500 nMGmI ganglioside at best only partially reversed the
CT resistance in this cell line (percent survival at 7 d with 5
lAg/ml of CT was 71.4% for the control and 51.5% for the Gm,
pretreated cells; Viallet, J., unpublished observations). In ad-
dition, preliminary experiments indicate the existence of at
least some Gm, ganglioside bearing but CT resistant NSCLC
cell lines (Kaur, G., and E. A. Sausville, unpublished observa-
tions).

The exact mechanism for CT-induced growth inhibition
and cell death remains to be determined. Increases in cellular
cAMPcannot account alone for the phenomena we observed,
as independent elevations of [cAMP]J with forskolin or cAMP
analogues fail to affect growth (Fig. 1) or [Tyr']-bombesin
stimulated signal transduction (7). Examples of cellular effects
after CT treatment that cannot be simply accounted for by
activation of G,,s and stimulation of adenylyl cyclase have been
noted by others. For instance, CT has been shown to inhibit
the generation of inositol phosphates and cytoplasmic free cal-
cium during T cell activation (37, 38) as well as chemotaxis in
murine macrophages (39). Neither of these phenomena could
be r'eproduced by independent increases in cellular cAMP.

Wehave observed that CT inhibits responses to calcium
mobilizing stimuli such as the mitogens [Tyr']-bombesin, va-
sopressin, and fetal calf serum. Thus, one model for CT-de-
pendent inhibition of cell growth is through the inhibition of
responses to autocrine, paracrine, or exogenously added
growth factors. According to this view, inhibition of growth
factor-mediated signaling might cause decreased metabolic ac-
tivity, leading to decreased cell growth. A manifestation of
such an effect may be the disappearance of membrane ruffling
which is apparent after treatment of SCLC with CT. Mem-
brane ruffling has been related to cellular activation by growth
factors and oncogenes in other systems (40-42). In fact, the
same smoothing of the cell surface occurs when NCI-H345
cells maintained in RPMI- 1640 with 5% fetal calf serum are
transferred to serum-free media (Viallet, J., unpublished ob-
servations).

Alternatively, the decrease in calcium-mobilizing signals
could be an initial result of CT-mediated effects on cellular
metabolism. Further experiments must establish whether CT
causes altered availability of membrane phospholipid precur-
sors, an alteration of the intrinsic activity of phospholipase C,
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or modification of membrane architecture resulting in de-
creased response to mitogenic signals. Indeed, previous studies
in rat liver have suggested an inhibition by CTof PIP and PIP2
synthesis (43, 44). While this result has been considered by
some to indicate an involvement of a CT-sensitive G protein
in the regulation of PIP kinase (45), other less direct mecha-
nisms remain possible.

The present results reemphasize the caution that must be
exercised in utilizing CT to define the participation of Gpro-
teins in signal transduction. Fischer and Schonbrunn (23) have
demonstrated in membrane systems from a variety of bombe-
sin-responsive tissues that CT or PT does not affect guanine
nucleotide-mediated inhibition of bombesin agonist binding
(23). This observation remains strong evidence that the Gpro-
tein coupled to the bombesin receptor and potentially in-
volved in bombesin-mediated activation of phospholipase C is
not modified by either CT or PT. Yet, as shown here, CT-me-
diated inhibition of agonist induced signals clearly can occur
in the SCLCcells, again without effects on agonist binding by
whole cells.

Despite uncertainty as to its exact mechanism of action,
our data indicate that CT is a potent inhibitor of SCLC cell
growth. Further studies must focus on whether cholera toxin
based strategies employing either the toxin itself or a toxin
conjugate would be suitable in developing a very novel ap-
proach to the therapy of SCLC, as well as potentially other
neoplasms bearing high densities of the GMI ganglioside recep-
tor for this toxin. Our observations therefore have demon-
strated a pathway which provides a potential target for novel
therapeutic interventions in SCLC as well as perhaps other
commonhuman malignancies.
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