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Abstract

The effect of insulin-like growth factor I (IGF-I) on growth of
small cell lung cancer (SCLC) cell lines was studied. Western
blot analysis of whole cell lysates of cell lines NCI-H345 and
NCI-N417 demonstrated the presence of a 16-kD band con-
sistent with an IGF-I precursor molecule. Scatchard plot anal-
ysis of cell line NCI-H345 using '25I-labeled IGF-I demon-
strated two high affinity specific binding sites (Kd 1.3 and 4.0
nM with maximal rate (B.,) 200 and 500 fmol/mg protein,
respectively). The exogenous addition of IGF-I, IGF-II, or in-
sulin resulted in marked proliferation of human SCLCcells as
evaluated using an in vitro growth assay. These peptides stimu-
late the growth of SCLC cell lines NCI-H82, NCI-H209,
NCI-H345, and NCI-N417. The concentration of IGF-I pro-
ducing maximal SCLCcell growth was 10-100-fold less than
that of insulin or IGF-II, whereas the maximal growth stimu-
lated by the optimal concentration of these peptides were simi-
lar. An MAbthat specifically binds to the IGF-I receptor (but
not to the insulin receptor) mediates a dose-dependent inhibi-
tion of cell growth in basal media as well as IGF-I, IGF-II, or
insulin-supplemented media. The IGF-I receptor thus appears
to be the commonpathway for the mitogenic activity by IGF-I,
IGF-II, and insulin for human SCLCcell lines. The demon-
stration of an IGF-I precursor molecule, specific IGF-I recep-
tor binding, IGF-I-mediated growth stimulation, and inhibition
of basal cell growth by an MAbto the IGF-I receptor suggests
that an IGF-I-like molecule can function in vitro as an auto-
crine growth factor for human SCLCcell lines.

Introduction

The ability of cancer cells to produce and respond to their own
growth factors (autocrine secretion) may be a central mecha-
nism in the process of malignant proliferation (1). The prolif-
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eration of human small cell lung cancer (SCLC)' cells in re-
sponse to the autocrine secretion of the neuropeptide, gastrin-
releasing peptide (GRP), can be blocked in vitro and in vivo
using an anti-GRP MAb(2). The disruption of autocrine se-
cretion of GRPis the basis for a new therapeutic approach that
is being evaluated in a clinical trial. SCLCis known to produce
a wide variety of peptide hormones (3), and the proliferation of
SCLC might also depend on others of its own peptide hor-
mone products (4). If other growth factors for SCLCfunction
through an autocrine-type mechanism, they could provide ad-
ditional targets for the therapeutic control of SCLCprolifera-
tion.

An obvious candidate to evaluate for such autocrine activ-
ity is insulin-like growth factor-I (IGF-I), which is a mitogen
for many types of cells both in vitro and in vivo (5, 6). Several
investigators have shown that IGF-I or IGF-I-like peptides are
produced and/or released by cultured human tumor cell lines
(7-9) of fresh human tumor specimens including some lung
cancers (10, 1 1). IGF-I-like peptides have also been implicated
as autocrine/paracrine growth factors in human breast can-
cer (12).

Insulin and IGF-I are peptides that are closely related in
their primary structures (13) and biological activities (5). Each
hormone binds to its own receptor with high affinity and to the
other's with lesser affinity (14, 15). Insulin has been found to
be one of the potent growth stimulators for SCLC (16), al-
though supraphysiological concentrations of insulin were re-
quired for optimal proliferation. In a survey of peptide hor-
mone secretion, insulin was detected in < 10% of SCLCcell
lines (17). King et al. reported that the mitogenic effect of
insulin for human fibroblast was not mediated by the insulin
receptor, since this effect was not inhibited by polyclonal
anti-insulin receptor antibodies known to block ligand bind-
ing to the insulin receptor (18). Later studies revealed that the
mitogenic effect of insulin on human fibroblasts was mediated
by the IGF-I receptor, since a mouse MAbthat specifically
binds to the IGF-I receptor, aIR3 (19), blocks the mitogenic
effects of both IGF-I and insulin in human fibroblasts (20, 21).
IGF-II, another related member of the IGF family, mediates
many of the same effects as IGF-I (22, 23). IGF-II binds with
lesser affinity to the IGF-I receptor and therefore is less potent
in stimulating biological events mediated by that receptor.

1. Abbreviations used in this paper: GRP, gastrin-releasing peptide;
IGF, insulin-like growth factor; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide; R-S, RPMI medium supplemented
with transferrin and selenium; SCLC, small cell lung cancer.
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In this report, we evaluate whether IGF-I or a closely re-
lated molecule can function as an autocrine growth factor for
SCLC. Consistent with Sporn's original hypothesis, demon-
stration of peptide production, specific receptor expression,
and growth stimulation all within the same cell population are
required to document autocrine activity (1). In this paper, we
show that an immunologically consistent molecule with IGF-I
fulfills these criteria. The clinical aspect of this finding is far
reaching because, as with the previously reported SCLCauto-
crine factor, GRP, the IGF-I-like molecule can potentially be a
target for new therapeutic approaches to control malignant
proliferation.

Methods
Cell lines. The details of the characterization of the four human SCLC
cell lines used are reported elsewhere (24). These lines were obtained
from patients with a confirmed histological diagnosis of SCLC, were
tumorigenic in nude mice and were grown in RPMI 1640 medium
supplemented with 5% FCS. The representative SCLCcell lines were
two SCLC-variants, NCI-H82 and NCI-N4 17, and the SCLC-classics,
NCI-H209 and NCI-H345. SCLC-variants differ from SCLC-classics
by virtue of shorter doubling time, absence of measurable bombesin-
like immunoreactivity, low level of L-dopa decarboxylase (24, 25), and
amplification of the c-myc oncogene (24-26). Since variant SCLClines
lack detectable expression of the GRPpeptide and receptors, it is
unclear whether GRPmediates autocrine growth for this subset of
SCLC.

Growth factors and chemicals. Recombinant IGF-I was purchased
from Kabi AB (Stockholm, Sweden). Bovine insulin, human transfer-
rin, selenium (Na2SeO2), and 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT) were purchased from Sigma
Chemical Co. (St. Louis, MO). Human IGF-II was a generous gift from
Dr. James Perdue (American Red Cross, Bethesda, MD) and was pre-
pared as previously reported (27). Recombinant human insulin pur-
chased from Eli Lilly (Indianapolis, IN) was used for the Western blot
analysis. A synthetic IGF-I fragment (amino acids 53-70) was pur-
chased through Applied Biosystems, Inc. (Foster City, CA). A HPLC
purified preparation of '251I-labeled IGF-I was purchased through
Amersham Corp. (Arlington Heights, IL) and used for the receptor
binding analysis.

Antibodies. The mouse MAbto the human placental IGF-I recep-
tor (aIR-3) was a generous gift from Dr. Steven Jacobs (Burroughs-
Wellcome, Research Triangle Park, NC). The isotypic control anti-
body, MOPC-21 (IgGIO), was purchased from Bionetics Laboratory
Products, Litton Bionetics, Inc. (Charleston, SC).

Western blot analysis. Whole cell lysates of two SCLCcell lines, a
variant (NCI-N417) and a classic (NCI-H345), were analyzed as pre-
viously reported (28). The rabbit antiserum used for these experiments
was raised against a synthetic fragment of IGF-I (amino acids 53-70).
Specificity of the antiserum for IGF-I was evaluated in radiobinding
assays. Antiserum reactivity was detected (at a 1:1,000 dilution) by
I'25-Protein A (40,000 cpm/well). A binding ratio was calculated (bind-
ing ratio = counts per minute test peptide - counts per minute BSA/
counts per minute BSA). Binding ratios were 145 and 139 for IGF-I
and IGF-I53.70, compared with a binding ratio of < I for both insulin
and IGF-II.

Receptor assays. Membrane preparations of the cell line NCI-H345
were evaluated for the presence of specific IGF-I receptor sites. The
method was similar to previous reports (29) except as specified. The
cell line was grown in RPMI-1640 medium in the absence of fetal
bovine serum. Cells were collected by centrifugation and the pellets
were homogenized with a polytron (Brinkmann Instruments, West-
bury, NY) in 50 MMTris-HCl buffer, pH 7.4, and centrifuged at
16,000 rpm for 20 min. The pellet was resuspended in buffer, incu-
bated at 0°C for I h, and recentrifuged. The pellet was resuspended,
recentrifuged at 16,000 rpm for 20 min and then resuspended in the

appropriate volume of buffer. Binding of '251-IGF-I to the intact mem-
branes was then analyzed.

Aliquots of the membrane preparation (200 gg of protein) were
incubated in triplicate for 60 min at 240C with various concentrations
of '251I-IGF-I in the presence and absence of excess unlabeled IGF-I
and/or insulin. At the end of the incubation period, free ligand was
separated from the membrane-bound ligand by filtration under re-
duced pressure using a disposable manifold (V & P Scientific, San
Diego, CA). The filters were pretreated with 0.0 1%poly-L-lysine + 1%
BSA in 50 nMTris-HCI, pH 7.6. After being washed three times with
buffer, the filters were counted in a gammacounter (Micromedic Sys-
tems, Inc., Horsham, PA). Specific binding was calculated as the dif-
ference between total binding and binding in the presence of the unla-
beled ligand. Membrane protein concentrations were determined
using the Bio-Rad (Bio-Rad Laboratories, Richmond, CA) protein
assay kit. Data for the competition binding studies were analyzed using
a computer-assisted linear regression analysis.

MiT assays. The semiautomated colorimetric assay (MTT assay)
is based on the ability of cells to reduce a tetrazolium-based compound
(MTT) (30, 31). Under defined conditions, the cell number is directly
proportional to MTTreduction (3 1), so for the experiments reported
here, a doubling of optical density indicated a doubling of cell number.
Cells were harvested and washed three times in RPMI 1640 medium.
An aliquot of 0.1 ml cell suspension was plated in 96-well tissue culture
plates (Costar, Data Packaging Corp., Cambridge, MA). The growth
factor solutions (0.1 ml) with/without antibodies in serum-free basal
media, which consisted of RPMI 1640 medium plus a final concentra-
tion of 10 ug/ml transferrin and 300 nMselenium (Rns), were added in
each well. Assay conditions were established so that the tumor cells
maintained constant growth in RTs in excess of the time period ana-
lyzed in these experiments. After 7 d incubation, 0.1 mg(0.05 ml of 2
mg/ml) MTTwas added and the plates were incubated at 370C for 4 h.
The plates then were centrifuged at 150 g for 5 min and the media were
removed. The crystalline-reduced MTT product was solubilized in
0.18 ml DMSOand absorbance was measured using an automated
microplate reader (Bio-Tek Instruments, Inc., Burlington, VT) at dual
wavelengths of 540 and 690 nm.

Results

Western blot analysis. A variant SCLCline, NCI-N4 17, and a
classic SCLC cell line, NCI-H345, were analyzed for the ex-
pression of IGF-I precursor molecules by Western blot analysis
as shown in Fig. 1. A 16-kD band was evident in both cell types
using the rabbit anti-IGF-I immune sera. This reactivity was
lost if the antisera were preincubated with a 10-,MM solution of
synthetic IGF-I. These data suggest that both types of SCLC
cell lines produce a molecule whose immunologic characteris-
tics and molecular weight are consistent with the previously
reported IGF-I precursor molecule (22).

Receptor assays. Using '251-IGF-I, the cell line NCI-H345
was shown to contain specific binding sites for IGF-I that were
saturable with respect to the radiolabeled ligand concentra-
tion. Scatchard plots (not shown) of the radiolabeled ligand
binding could be resolved into two linear components with Kd
of 1.3 and 4.0 nM and with Bma. of 200 fmol/mg of soluble
protein and 500 fmol/mg of soluble protein, respectively.
Analysis of '251-IGF-I binding performed in presence of excess
unlabeled insulin showed that insulin was able to displace 1251_
IGF-I binding from the intact membrane preparations of
NCI-H345. Scatchard analysis of the data from binding exper-
iments performed in the presence of cold insulin revealed only
the high affinity sites (Kd of 2 nM, Bm. of 130 fmol/mg of
soluble protein).
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Growth-stimulating effect of exogenous insulin, IGF-I, and
IGF-II. Growth of the SCLCcells in various concentrations of
IGF-I and IGF-II (1 pg/ml to 1 ug/ml) or insulin (1 ng/ml to 1
mg/ml) was compared with that in basal RTs media not con-
taining these factors. A representative dose response curve for
one cell line, NCI-H82, is shown in Fig. 2. The data for the cell
lines at the optimal concentration of the peptides are summa-
rized in Table I. The optimal concentration of IGF-I (0.1-1
,ug/ml) was 10-100-fold less than that of insulin (10-100
Ag/ml) or IGF-II (1 ug/ml) for all the cell lines. The maximum
cell growth for an individual cell line resulting from the addi-
tion of optimal concentration of any of the peptides was al-
most identical. As shown in Table I, the responsiveness to
exogenous addition of IGF-I or insulin varied between the
individual SCLCcell lines. For the low responder, NCI-N4 17,

3.0 Figure 2. Growth-stim-NCI-H82 ulating effects of insu-

lin, IGF-I, and IGF-II.
2.0 2,000 cells/well of

SCLCcell line
NCI-H82 were seeded

1.0 in 96-well cell culture
plates with RPMI 1640
medium supplemented

0 0.001 0.01 0.1 1 10 100 1c0 with final concentra-
Rg/mI tions of 10 Ag/ml trans-

ferrin and 300 nM se-
lenium (RTs), and indicated concentrations of IGF-I, IGF-II, or insu-
lin were added to each well. After an incubation period of 7 d, the
MTTassays were performed as described in Methods. Each data
point shows percent growth compared with growth in RTS. The ex-
periments were done three times and each data point represents
mean±SD from six culture wells. o, growth-stimulating effect of
IGF-I; A, growth-stimulating effect of insulin; ., growth-stimulating
effect of IGF-II.

Table L Percent Growth Stimulation after Addition of Optimal
Concentration of IGF-I, IGF-II, and Insulin

Cell line IGF-I IGF-II Insulin

'Ag/mI

NCI-H82 257±21 (0.1) 242±9 (1) 242±15 (10)
NCI-H209 259±6 (0.1) ND 249±13 (1)
NCI-H345 257±15 (1) 231±11 (1) 254±9 (100)
NCI-N417 126±2 (1) ND 125±4 (10)

Appropriate numbers of cells (2,000 cells for NCI-N417, 3,000 cells
for NCI-H82, and 20,000 cells for NCI-H209 and NCI-H345) were
seeded in 96-well tissue culture plates and cultured with/without var-
ious concentrations of the peptides in basal media (RPMI 1640 me-
dium supplemented with final concentrations of 10 ,g/ml transferrin
and 300 nMselenium; Rns). After 7 d of incubation periods, the
MTTassays were performed. Data are shown only for the concentra-
tions of growth factor resulting in maximum growth stimulation.
Each data point represents percent growth after exogenous addition
of insulin or IGF-I at the optimal concentrations shown, compared
with growth in RTs (100%). Each experiment was repeated three
times, and each data point represents mean±SD from six culture
wells. ND, not done.

growth after the addition of optimal concentrations of IGF-I
and insulin was 126.5 and 125.4% of control, respectively. For
the remaining cell lines, the growth was nearly 250% of control
for all peptides.

Effect of aIR-3 on basal and stimulated cell growth. The
results of the experiments on the four cell lines evaluating the
effect of the anti-IGF-I receptor MAb, aIR-3, on the growth of
SCLCcells exposed to optimal concentrations of IGF-I or in-
sulin is summarized in Table I. Representative data demon-
strating the inhibitory effect of aIR-3, but not the isotypic
control antibody, MOPC-21 is shown in Fig. 3. The MAb,
aIR-3, inhibited both IGF-I- and insulin-mediated growth of
all four SCLCcell lines tested in a dose-dependent fashion as
shown in Table II. High concentrations (10 Ag/ml) of aIR-3
almost completely blocked the IGF-I- and insulin-mediated
cell growth of the four cell lines (16.3 to - 147% of maximum
growth). The same concentration of the isotypic control anti-
body (MOPC-2 1) had minimal inhibitory effect. The cell line
with the least amount of growth in response to exogenous
IGF-I or insulin (NCI-N4 17) had the most marked response to
aIR-3 exposure (-147.5 and - 122.8% maximum growth),
suggesting that at least in this cell line we were seeing antibody
inhibition of endogenous IGF-I activity. To test for this, we
next evaluated the effect of aIR3 on growth of the SCLCcell
lines grown precisely as before, although now in the absence of
insulin or IGF-I (RTrs). In four separate experiments, the high-
est concentration of aIR3 (10 ,g/ml) mediated growth inhibi-
tion for all four cell lines: with a mean of 28% for NCI-N4 17,
26% for NCI-H82, 22% for NCI-H345, and 21% for NCI-H209
compared with growth of cells in RTS alone. Lesser degrees of
inhibition were seen at the lower doses of aIR3 (0.1, 1 ,ug/ml),
and no inhibition was seen at any of the three concentration
(0.1, 10 jig/ml) for an isotypic control antibody, MOPC-21
(data not shown).

Discussion

Both classic (NCI-H345) and variant (NCI-N417) SCLClines
produce a molecule of the appropriate weight and immuno-
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Table II. Effect of Anti-IGF-I Receptor MAb(aIR-3) and Isotypic Control (MOPC-21)
on IGF-I-mediated and Insulin-mediated Cell Growth

100 ng/ml IGF-I 10 jig/ml insulin

Concentration of aIR-3 Concentration of aIR-3

jg/mi ;Lg/mi

Cell line 0.1 1 10 0.1 1 10

NCI-H82 105.1 64.3 -11.0 ND ND ND
NCI-H209 66.3 41.2 6.8 45.1 14.1 -4.6
NCI-H345 64.3 36.3 -8.7 74.0 53.7 16.3
NCI-N417 100.9 -15.2 -147.5 98.5 -42.6 -122.8

100 ng/ml IGF-I 10 pg/ml insulin

Concentration of MOPC-21 Concentration of MOPC-21

pg/mi jig/mi
Cell line 0.1 1 10 0.1 I 10

NCI-H82 127.8 95.3 106.3 ND ND ND
NCI-H209 111.4 96.6 95.8 88.3 90.0 88.4
NCI-H345 117.6 121.4 118.3 98.0 101.0 117.7
NCI-N417 100.0 83.4 112.4 79.7 96.9 86.3

Identical numbers of cells as shown in the legend of Table I were seeded in RTs + 10 ,sg/ml insulin or 100 ng/ml IGF-I with/without the con-
centrations of aIR-3 or control MAb(MOPC-21) as indicated, incubated 7 d, and growth effects of the antibodies were measured using the
MTTassay. Each experiment was done three times. Percent maximum growth was calculated as follows: %maximum growth = ([OD]sample media
- [OD]R-s)/([OD]Rrs + IGF-I or insulin - [OD]Rms) X 100, so with this equation, 100% equals growth in RTS with supplementation of opti-
mal amounts of insulin or IGF-I and 0%equals growth in R-s only. Results are the mean of measurements from 14 wells and varied by < 10%.
ND, not done.

logic specificities to be consistent with an IGF-I precursor (22).
Wehave previously reported that dot blot analysis of spent
conditioned media from NCI-H345 revealed a molecule that
was immunologically cross-reactive with IGF-I (32). Receptor
assays demonstrate two classes of binding sites that are present
on NCI-H345 consistent with previous characterization of the
IGF-I receptor (29, 33). Insulin competition experiments con-
firmed that the binding to the high affinity site was specific for
the IGF-I receptor as previously demonstrated (29). The cell

Na N-417 Na H-345

100> - -100 ----

I 50 50

-100 Ejb _~~~~~~~~~~~~~~~1

-10 O 0 1 -50 0. .0 1

pg/mI ANTIBODY pg/mI ANTIBODY

Figure 3. Effect of aIR-3 on the growth of SCLGcell lines. This fig-
ure illustrates representative data of the experiments described in
Table II. o o, effect of aIR-3 on IGF-I-mediated growth;
o-- --, effect of aIR-3 on insulin-mediated growth;. * , effect
of MOPC-21 on IGF-I-mediated growth; o -S-C- *, effect of
MOPC-21 on insulin-mediated growth.

growth experiments have demonstrated that IGF-I and insulin
significantly stimulate the growth of four SCLCcell lines. The
maximum growth of each SCLCcell line after the exogenous
addition of IGF-I, IGF-II, or insulin is similar, but consistently
occurs at a 10-100-fold lesser concentration for IGF-I. This
situation has been previously reported with other cells in vitro
(15, 23) and suggests stimulation is mediated by the IGF-I
receptor.

The MAb to the IGF-I receptor inhibits both IGF-I and
insulin-mediated growth stimulation of human SCLC cell
lines in a dose-dependent manner, as shown in Fig. 2 and
Table II (IGF-II stimulation was also blocked in a similar fash-
ion by aIR-3, data not shown). These experiments also suggest
that the mitogenic effects of IGF-I, IGF-II, and insulin on

human SCLCcell lines are predominantly mediated through
the IGF-I receptor, as has been previously described in experi-
ments comparing the effect of aIR-3 on IGF-I- and insulin-
mediated growth of cultured human fibroblasts in serum-free
media (20, 21). The sensitivity of the SCLCcell lines to exoge-
nous addition of both IGF-I and insulin is varied (Table I). lp
the four SCLCcell lines tested, the degree of growth inhibition
by a high concentration (10 gg/ml) of aIR-3 is inversely rp-
lated to the sensitivity to exogenous insulin and IGF-I, i.e., the
lowest responder to these growth factors, NCI-N417, is the
most sensitive to the effect of aIR-3. These results suggest
interference of IGF-I-receptor-mediated mitogene~is of both
exogenous and endogenous IGF-I activity on SCLCcell lines.
Similar experiments conducted in the absence of exogenous
IGFs or insulin confirm that the anti-IGF-I receptor antibody
inhibits cell growth below baseline, which suggests an auto-
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stimulatory role for an IGF-I-like activity for all four cell lines.
The degree of inhibition of growth caused by the anti-IGF-I
receptor antibody in basal media (i.e., insulin- or IGF-I-free
RTS) was not as marked as that seen when we evaluated the
effect of aIR-3 on exogenous IGF-I or insulin. The greater cell
growth in the control plates for the cells grown in RTIS (RTS
with insulin added) or (RTSIGF-I [RTS with IGF-I added]) com-
pared with those in RTs, has a major effect on the calculation
of the percent inhibition of growth. Since FCS generally con-
tains significant and variable amounts of IGF-I and other
growth factors, it was avoided in these experiments, as with
other experiments evaluating growth factor effects (3, 4, 20) to
ensure reproducibility of these results.

In considering the results of the receptor experiments, the
effect of endogenous IGF-I activity on radiolabeled ligand
binding can not be fully assessed. Endogenous production of
an IGF-I molecule may lead to an underestimate of the KDand
Bmax of the ligand for the IGF-I receptor due receptor occu-
pancy, though this effect is hard to quantitate in this system.
All four cell lines tested respond to exogenous peptide and
show growth inhibition in basal conditions after exposure to
an anti-IGF-I receptor MAb. Our limited receptor binding
analysis suggests that for at least NCI-H345, the binding char-
actenrstics of the IGF-I receptor are similar to the previously
characterized IGF-I receptors (29, 33).

Wehave shown evidence for peptide production, high af-
finity receptors, and in vitro growth stimulation of IGF-I for
SCLCcell lines. The MAbto the IGF-I receptor (aIR-3) also
successfully inhibits the IGF-I- and insulin- (and IGF-II) me-
diated proliferation of SCLC. IGF-I is more potent on a molar
basis than either insulin or IGF-II in stimulating SCLC
growth. In light of those findings, the experiments with the
antibody to the IGF-I receptor performed in basal media (in-
sulin- or IGF-free) suggest that IGF-I or a very closely related
entity can function as an autocrine growth factor for SCLC.
Wehave previously demonstrated that GRP(2) and recently a
transferrin-like molecule (31, 34) may share this role in SCLC.
This is the first example of a solid tumor that is potentially
responsive to multiple autocrine factors, and as such provides
an unique model for further study of this complex system to
ultimately facilitate understanding of the regulation of prolif-
eration in this lethal malignancy.
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