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ABSTRACT

The concentration of insulin-like growth factor I (IGF-I) in tissue taken
from human non-small cell lung carcinomas (non-SCLC) is 1.4- to 7-fold
higher than in the surrounding normal lung tissue, and thus, IGF-I may
be involved in the growth of non-SCLC. We report here that non-SCLC
cell lines (A549, A427, SK-LU-1) expressed the IGF-I receptor protein, and
IGF-I stimulated the proliferation of low-density plated (2000 cells/cm2

growth area) carcinoma cells by 1.6- to 3-fold above control after a 4-day
incubation period under serum-free conditions (A549, A427) or in the
presence of 0.25% serum (SK-LU-1). Immunoblni data indicated that
IGF-I was not secreted by the lung carcinoma cells; however, IGF-I-like
proteins were present in the serum-free medium conditioned by human
adult lung fibroblasts (CCD-19Lu). The secretion of the Â¡mmunoreactive
IGF-I-like protein was dependent on the passage level of the fibroblasts. At
least one of the IGF-I-like factors promoted the serum-free growth of A549
cells (2-fold increase in cell number over control after 4 days) and stim
ulated a 3-fold increase in the tyrosine kinase activity of detergent-solu-
bilized IGF-I receptors from A549 cells. Both stimulatory effects were
neutralized by an anti-IGF-I antibody, suggesting that the fibroblast-
derived factor mediated its activity via the IGF-I receptor. Our data
indicate that lung fibroblast-derived IGF-I may stimulate the growth of
non-SCLC in vivo.

INTRODUCTION

Polypeptide growth factors are potent mitogens for many neoplastic
epithelial cell lines in vitro (I). Among these factors, IGF3 type I is

implicated in the growth of carcinomas from a variety of tissues,
including the lung (2). Human lung tumors are classified as either
SCLC or non-SCLC by morphological and biochemical criteria (3).
Most SCLC cell lines secrete immunoreactive IGF-I and express the
IGF-I receptor; thus, IGF-I is thought to be an autocrine growth factor
for SCLC (4, 5). Conversely, it is not clear whether IGF-I is an
autocrine growth factor for non-SCLC. IGF-I mRNA is not expressed
by non-SCLC cell lines (6), nor was immunoreactive IGF-I detected
in extracts of non-SCLC cells (7), although one study did detect
immunoreactive IGF-I in media conditioned by a non-SCLC cell line
(8). Clearly, IGF-I plays an important role in the growth of non-SCLC
in vivo since the immunoreactive IGF-I concentration in tissue re
sected from non-SCLC is 1.4- to 7-fold higher than the IGF-I content

of the surrounding normal lung tissue (9).
An alternative to the autocrine hypothesis of IGF-I production by

the non-SCLC cells is the idea that the source of IGF-I in non-SCLC

could be derived from a cell type other than the neoplastic epithelial
cells. Stromal fibroblasts are the primary source of IGF-I and IGF-II
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in human breast tumors (10). In the human fetal lung, in situ hybrid
ization studies have shown that the mRNA for the IGFs are localized
to cells of mesenchymal origin (11). Furthermore, IGF-I-like factors
have been partially purified from the serum-free media conditioned by

cultures of human (12) and rat (13) fetal lung fibroblasts. We propose
that a source of IGF-I in non-SCLC may be derived from the stromal
fibroblasts of the tumors and that the fibroblast-derived IGF-I is a

growth stimulator for the neoplastic epithelial cells.
In this study, we demonstrated that (a) IGF-I stimulated the pro

liferation of non-SCLC cell lines, (b) a cell line of human adult lung

fibroblasts released factors into its medium that were immunologically
related to IGF-I, and (c) at least one of the fibroblast IGF-I-like factors
was a potent growth stimulator for the non-SCLC cells.

MATERIALS AND METHODS

Materials. The human lung adenocarcinoma cell lines (A549, A427, SK-
LU-1) and the human adult lung fibroblast cell line (CCD-19Lu) were pur

chased from the American Type Culture Collection (Rockville, MD). Recom
binant human IGF-I and polyclonal rabbit antibody against the a-subunit of the
human IGF-I receptor were purchased from Upstate Biotechnology, Inc. (Lake
Placid, NY). Monoclonal mouse antibody against human IGF-I (BPL-M23)
was purchased from BioDesign International (Kennebunkport, ME). Biotiny-
lated goat anti-mouse IgG, streptavidin-horseradish peroxidase conjugate.
Western blot ECL reagents, and Hyperfilm-ECL were purchased from Amer-

sham (Arlington Heights, IL). Nonspecific antibodies (mouse and rabbit IgG),
goat anti-rabbit IgG conjugated to horseradish peroxidase, insoluble protein A,

phenylmethylsulfonyl fluoride, and poly(Glu.Tyr)4:l were purchased from
Sigma Chemical Co. (St. Louis, MO). [7-"P]ATP (3000 Ci/mmol) was from

New England Nuclear (Boston, MA). Agarose-bound wheat germ agglutinin
was from Vector Laboratories (Burlingame. CA). Phenol red-free Eagle's

minimum essential medium, antibiotics, nonenzymatic cell dissociation buffer,
cell culture grade bovine insulin, and Sephadex gel filtration media were
purchased from Sigma. Fetal bovine serum was obtained from HyClone Lab
oratories (Logan, UT). Ultrafiltration units and membranes were purchased
from Amicon (Beverly. MA).

Cell Cultures. All cell lines were grown in phenol red-free minimum

essential medium supplemented with the nonessential amino acids, 20 mM
L-glutamine, 25 mM sodium bicarbonate, 10 mM HEPES, 10% fetal bovine

serum, penicillin (100 units/ml), streptomycin (0.1 mg/ml), and amphotericin
B (0.25 fig/ml). This was designated as complete medium. For some experi
ments the medium lacked serum supplementation (SFM). All cultures were
maintained at 37Â°Cin a humidified atmosphere of 5% CO2 in air. The fibro

blast stock cultures were passaged at 1:2 or 1:4 split ratios after confluence was
reached.

Preparation of Conditioned Medium. Confluent fibroblast cultures at
population-doubling levels between 28 and 36 were rinsed twice with PBS and
then incubated in SFM (25 ml/150-cm2 T-flask). After 24 h this medium was

discarded and an equal volume of fresh SFM was added to the cultures. LFCM
was then collected every 48 h for a 6-day period with the cultures being

replenished with fresh SFM. Each collection of LFCM was centrifuged at 1000
x g for 10 min to remove cell debris prior to storage at -80Â°C in the presence

of 1 min phenylmethylsulfonyl fluoride. For experiments, each collection of
LFCM was concentrated by ultrafiltration (Diaflo YM-3 membrane. M, 3000
cutoff), and the retÃ©ntaleswere further concentrated using Centricon 3 micro-

concentration units (M, 3000 cutoff).
For the collection of conditioned medium from A549 cultures, the cells were

grown to midconfluence in complete medium and then switched to SFM. After
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24 h, the medium was discarded and fresh SFM added. Conditioned medium

was collected after 48 h and processed as described above.
IGF-I Receptor Purification. Confluent carcinoma cells (four to eight

150-mm dishes) were detached from the plates with a nonenzymatic cell

dissociation buffer. A crude membrane fraction was obtained and detergent
solubilized as described by Sasaki et al. (14) except that the cells were lysed
by sonication (3 x 15s, 35% maximum output; Fisher Sonic Dismembrator,
model 300). IGF-I receptors were enriched from the solubilized membranes by

lectin chromatography using WGA coupled to agarose as described by Hedo et
al. (15), except that the bound proteins were eluted from the lectin column with
buffer containing 0.5 M N-acetyl-o-glucosamine. The receptor preparations
were kept at -20Â°C and used within 4 days for the kinase assays.

Immunoblot Analysis. For the IGF-I immunoblots, equal amounts of pro
tein (100 fig) from fibroblast- and A549-conditioned media were fractionated
on 15% gels by nonreducing SDS-PAGE (16), followed by transfer of the

protein onto nitrocellulose membranes (17). Membranes were incubated (24 h,
4Â°C)with 0.5 ng/ml of either a mouse IgG anti-human IGF-I monoclonal

antibody (BPL-M23) or a nonspecific mouse IgG. All subsequent steps were

performed at room temperature according to the protocol provided by the ECL
kit manufacturer. Secondary reagents used were biotinylated goat anti-mouse

IgG (1:1000), followed by horseradish peroxidase conjugated to streptavidin
(1:1000).

For the IGF-I receptor immunoblots, equal amounts of WGA-purified pro

tein (25^10 fig) from each carcinoma cell line were fractionated by SDS-PAGE
(8% gels) in the presence of 5% ÃŸ-mercaptoethanol, transferred onto nitrocel
lulose membranes, and then incubated (24 h, 4Â°C)with 0.5 fig/ml of either a

rabbit polyclonal IgG against the a-subunit of the human IGF-I receptor or a

nonspecific rabbit IgG. All subsequent steps were performed as described
above except that the secondary reagent was an anti-rabbit IgG conjugated to

horseradish peroxidase (1:10,000).
Gel Filtration Chromatography of Fibroblast-conditioned Medium.

Concentrated LFCM (2 ml, 1-2 mg protein) was applied to a column of
Sephadex G-100 ( 1.5 x 90 cm) equilibrated with 10 min HEPES buffer (pH 7.5)

containing 50 mm NaCl. Fractions (1.5 ml) were collected (18 ml/h) and
concentrated (0.25 ml, Centricon 3 micro-concentrators), and aliquots (20 fil)
were taken for the IGF-I receptor kinase assay and IGF-I immunoblot analysis.

Fractions containing immunoreactive material were pooled, concentrated, and
stored at -20Â°C.

For gel filtration under acidic conditions, the fibroblast IGF-I-like protein

was first subjected to acid/ethanol extraction as described by Huff et al. (18)
which dissociates IGF-I from its binding proteins. The acid/ethanol extract
(from 0.5 ml of Sephadex G-100-purified IGF-I-like factor) was reconstituted
in 0.5 ml of l Macetic acid and applied to a column of Sephadex G-50 ( 1 x 25

cm) equilibrated with I Macetic acid. Fractions (0.5 ml) were collected (9 ml/h)
and lyophilized. Each fraction was reconstituted (50 fj.1) in 50 ITIMHEPES
buffer (pH 7.5), and an aliquot (25 Â¡i\)was taken for the IGF-I receptor kinase

assay.
IGF-I Receptor Kinase Assay. Phosphorylation of the tyrosine kinase-

specific substrate poly(Glu,Tyr)4:l was carried out under conditions in which
the rate of substrate phosphorylation by the IGF-I-stimulated type I receptor
kinase was linear as a function of time (0-15 min) and directly proportional to
the concentration of the WGA-purified protein in the assay mixture (0-50
fig/ml). The reaction was performed at 25Â°Cin a total volume of 50 fil of 50

min HEPES buffer (pH 7.5), containing 20 min MgCU, 0.1% Triton X-100, 1
mg/ml BSA, and 50 JAMATP (1500-3000 cpm/pmol) in the absence and
presence of IGF-I or fractions from the gel filtration columns. WGA-purified

protein (25 fig/ml, from A549 cells) was preincubated for 15 min in the
absence and presence of growth factor in 45 /xl HEPES buffer containing
MgCl2, Triton X-100, BSA, and ATP. Substrate phosphorylation was initiated

by the addition of poly(Glu,Tyr)4:l at a final concentration of 2 mg/ml. The
reaction was terminated after 10 min by spotting 40 p.1 of the assay mixture
onto a Whatman 3MM filter (2x2 cm), followed by washes of the filters (3
X 15 min) with 10% trichloroacetic acid and 10 IÃ•IMsodium pyrophosphate.
The washed filters were rinsed with 95% ethanol and air dried, and 32P

incorporation into the substrate was determined by liquid scintillation count
ing.

For the immunoneutralization experiments, the kinase assay was performed
as described above except that the preincubation was with the presence and

absence of 25 fig/ml of either the mouse IgG against human IGF-I or a

nonspecific mouse IgG.
Cell Proliferation Assays. For each carcinoma cell line, confluent stock

cultures were trypsinized, and the cells were replated within 25-cm2 T-flasks at

a density of 50,000 cells/flask in complete medium. After 24 h, the cultures
were rinsed twice with PBS, and then each flask received 2.5 ml of SFM-0.1%
BSA (controls) or media containing IGF-I or concentrated LFCM (3 flasks/

treatment). The LFCM was obtained from cultures at population-doubling

levels between 28 and 30. Media and growth factor were replenished after 48
h, and at 96 h the cells were harvested by trypsin and counted using a
hemacytometer. For experiments with the SK-LU-1 cell line, the assay media

contained 0.25% fetal bovine serum.
For the immunoneutralization experiments, A549 cells were plated at

20,000 cells/well in six-well plates in 1 ml of complete medium. After 24 h the

wells were rinsed with PBS, and each well received 1 ml of the appropriate
assay medium (3 wells/treatment). Control wells received SFM-0.1 % BSA. A
second set of wells received medium supplemented with the Sephadex G-l 00-
purified IGF-I-like factor [assay concentration, 2.5% (v/v)]. The remaining
wells received supernatant from the preincubation (24 h, 4Â°C)of the IGF-I-like

factor with 50 /j.g/ml of either BPL-M23 or a nonspecific mouse IgG. For the
immunoprecipitation, the IGF-I-like factor (0.125 ml) was incubated (24 h,
4Â°C)with antibody in a final volume of 0.2 ml. After incubation (2 h, 4Â°C)with

insoluble protein A (10 mg/ml), the immunocomplexes were collected by
centrifugation (10,000 x g, 15 min), and the supernatant was diluted to 5 ml
with medium. Each well then received 1 ml of supernatant. If the IGF-I-like
factor was not immunoprecipitated, the final volume of the IGF-I-like factor in

the diluted supernatant would be 2.5% (v/v). The assay media were replenished
after 48 h, and at 96 h cell numbers were determined as described above.

Statistical Analysis. The mean Â±SD was calculated for the monolayer
growth assays. Analysis of variance followed by Dunnett's test were performed

to determine significant differences between means.

RESULTS

IGF-I Receptor Immunoblot Analysis. Lung carcinoma cells ex
pressed the IGF-I receptor protein as determined by Western immu
noblot analysis of lectin-purified membrane protein (Fig. 1). For each

cell line, an M, 132,000 protein strongly reacted with the antibody
directed against the a-subunit of the human IGF-I receptor. The ap

parent size of the prominent M, 132,000 immunoreactive band is in
agreement with the published M, for the a-subunit of the human IGF-I

receptor (19).
Growth Effects of IGF-I on Lung Cancer Cells. IGF-I was a

potent mitogen for the lung cancer cells (Table 1). Depending on the
cell line, IGF-I stimulated a dose-dependent increase in cell number of
1.6- to 3-fold above control after a 4-day incubation in SFM (A549,
A427) or in the presence of 0.25% serum (SK-LU-1). The addition of

205 -
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Fig. I. Immunoblot analysis of IGF-I receptor expression by lung carcinoma cells.
Lectin-purified protein was obtained from each cell line and equal amounts of protein (40
fig) were fractionaled by SDS-PAGE (8"7r gels), followed by tranfer onto nitrocellulose
membranes as described in "Materials and Methods." Membranes were incubated with

either a rabbit polyclonal IgG directed against the a-subunit of the human type I IGF
receptor {lanes I, J. and 5) or a nonspecific rabbit IgG {lanes 2. 4. and 6). Membranes
were washed and incubated with anti-rabbit IgG conjugated to horseradish peroxidase, and
bound antibody was visualized by chemiluminescence. Lanes I and 2, protein from A549
cells. Lanes 3 and 4. protein from A427 cells. Lanes 5 and 6, protein from SK-LU-1 cells.
Ordinale, positions of the molecular weight standards indicated in thousands. Arrow.
position of the putative M, 132,000 a-subunit of the type I IGF receptor.
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Table 1 Effect of recombinant IGF-I un lung carcinoma cell proliferation under
serum-free conditions (A549. A427) or in the presence of 0.25% serum (SK-LU-1 ).
The carcinoma cells were plated at 50,000 cells/25-cm2 T-flask. Cells were grown for

24 h in complete medium, rinsed twice with PBS, and then cultured (3 flasks/treatment)
in the absence (control) or presence of IGF-I at the concentrations shown. Media and

growth factor were replenished after 48 h. and at 96 h cell numbers were determined by
hemocytometer counts.

CelllineA549

SK-LU-1A427Control12.1

Â±0.5"

10.2 Â±0.5
5.8 + 0.35

ng/mlIGF-I25.5Â±

1.1*
16.4Â±1.0"
9.8 Â±0.6*25

ng/mlIGF-I35.9

Â±3.8*
20.4 Â±1.5"
13.1 Â±0.4*

" Data are expressed as the cell number (X 10 (/flask (mean Â±SE) of three experi

ments.
* P < 0.05 with respect to the control value.

serum to the assay media was required for the SK-LU-1 cells to

remain attached to the culture flasks. The A549 cell line, which had
the greatest growth response to IGF-I, also had the largest increase in

cell number in the absence of added growth factor. It was reported by
Siegfried (20), that A549-conditioned medium supports the growth of

primary cultures of human lung tumors as well as established human
lung cancer cell lines. At least one growth factor in the conditioned
medium is identified as transforming growth factor-a (20). Our data
suggest that extracellular IGF-I can augment the proliferation of A549

cells above the level of growth induced by the autocrine factor(s) of
the cell.

We determined also that IGF-I (5-100 ng/ml) stimulated a dose-
dependent 1.6- to 4-fold increase in the phosphorylation of a tyrosine
kinase-specific substrate by detergent-solubilized IGF-I receptors

from A549 cells (data not shown). Only at the highest concentration
tested (100 ng/ml) did insulin stimulate substrate phosphorylation
(1.8-fold). These results indicate that IGF-I mediated its growth-
promoting effects via the activation of IGF-I receptors.

Growth Effect of Fibroblast-conditioned Medium on Lung Car

cinoma Cells. Human adult lung fibroblasts secreted a factor(s) into
their medium that stimulated the serum-free proliferation of A549
cells (Table 2). The LFCM was obtained from cultures at population-

doubling levels between 28 and 30. The media were concentrated by
Ultrafiltration (Mr 3000 cutoff), and the retÃ©ntaleswere diluted with
SFM-0.1% BSA to final protein concentrations of 10 and 25 fig/ml.
A549 cell number increased approximately 1.5- to 2.1-fold above

control in the presence of the LFCM protein.
IGF-I Immunoblot Analysis of Fibroblast-conditioned Medium.

We next determined whether LFCM contained at least one growth
factor related immunologically to IGF-I. Conditioned media were
collected from confluent CCD-19Lu cultures (population-doubling
level 30) maintained for three consecutive 48-h incubations in SFM.

Equal amounts of protein from each LFCM collection were subjected
to nonreducing SDS-PAGE followed by transfer onto nitrocellulose

filters and incubation with a monoclonal antibody directed against
human IGF-I. Each LFCM collection contained an immunoreactive

protein of Mr 8000 (Fig. 2). Some LFCM collections contained two
immunoreactive IGF-I proteins of Mr 8,000 and M, 13,000-15,000

(Fig. 2, lanes 3 and 7). The immunoblot analysis was repeated several
times with different 48-h collections of LFCM; some collections
contained immunoreactive IGF-I proteins of M, 8,000, 13,000-
15,000, and 17,000-20,000 (data not shown). Collections of LFCM
from cultures at population-doubling levels of 32 and 34 contained
only the Mr 8000 IGF-I-like factor, and immunoreactive IGF-I protein

was absent in LFCM obtained from cultures at doubling levels >34.
Therefore, the presence of the immunoreactive IGF-I protein in
LFCM appears to be dependent on the population-doubling level of
the fibroblasts. For collections of LFCM that contained multiple IGF-
I-like proteins, the number and size distribution of the immunoreac
tive IGF-I proteins did not change when the proteins were subjected

to the reducing agent ÃŸ-mercaptoethanol (5%) prior to SDS-PAGE,
although the ability of the anti-IGF-I antibody to detect the reduced
IGF-I-like proteins was severely diminished (data not shown). Immu
noreactive IGF-I was not detected in medium conditioned for 48 h by
near-confluent cultures of A549 cells.

Gel Filtration of Fibroblast-conditioned Medium. In order to
isolate the immunoreactive IGF-I protein for growth studies, LFCM
was concentrated 100-fold by ultrafiltration (Mr 3000 cutoff filter),
and the retentate was applied to a column of Sephadex G-100 equil
ibrated with HEPES-NaCl buffer, pH 7.5. Aliquots of selected frac
tions were subjected to IGF-I immunoblot analysis and assayed for the
ability to stimulate the activity of the IGF-I receptor kinase isolated
from A549 cells (Fig. 3). The receptor kinase stimulatory factor co-
eluted with the immunoreactive IGF-I protein as a single peak with an

apparent Mr of 38,000. Western blot analysis of the LFCM prior to gel
filtration revealed the presence of only the M, 8000 immunoreactive
IGF-I-like protein (data not shown). This experiment was repeated

several times with different collections of LFCM obtained from cul
tures at population-doubling levels 32 to 34. In each case, the LFCM
contained only the Mr 8,000 IGF-I-like protein as determined by

Western blot analysis, and when the LFCM protein was fractionated
on the gel filtration column, the immunoreactive IGF-I-like factor
coeluted with the IGF-I receptor kinase stimulatory factor as a single
peak of M, 35,000-40,000. When the Sephadex G-100-purified IGF-
I-like protein was subjected to acid/ethanol extraction, the IGF-I-like
factor nearly comigrated with the IGF-I standard when chromato-
graphed on a Sephadex G-50 column in 1 Macetic acid (Fig. 4).

Immunoneutralization Experiments. The Sephadex G-100-puri-
fied IGF-I-like factor was a potent growth stimulator for the A549
cells. In monolayer growth assays under serum-free conditions, A549
cell number increased about 2-fold over control in the presence of the
IGF-I-like factor (Table 3). Preincubation with 50 p.g/ml of the anti-
IGF-I antibody completely depleted the growth stimulatory activity

Table 2 Growth stimulation of lung carcinoma cells by lung fibmblasl-condilioned

medium.
A549 cells were plated at 20.000 cells/well in six-well plates in complete medium.

After 24 h, the wells were rinsed twice with PBS, and each well received I ml of either
SFM-0.1% BSA (control) or media supplemented with LFCM protein at 10 or 25 |Â¿g/ml

(3 wells/treatment). Media and supplements were replenished after 48 h, and cell numbers
were determined after 96 h

Treatment
Cell no. <XIO-4)/well"

Control
10 /o.g/ml LFCM protein
25 (ig/ml LFCM protein

5.1 Â±0.4
7.9 Â±0.7*

10.7 Â±0.9*

" Data are expressed as the means Â±SE of three experiments.
* P < 0.05 with respect to the control value.
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Fig. 2. Immunoblot of IGF-I present in lung fibroblast-conditioned medium. LFCM

was obtained from confluent cultures of human adult lung fibroblasts as described in
"Materialsand Methods." Equal amounts of protein (100 ng) from each LFCM collection

were subjected to nonreducing SDS-PAGE (15% gels), transferred onto nitrocellulose
membranes, and incubated with either the anti-IGF-I antibody (lanes I, 3, 5, and 7) or a
nonspecific mouse IgG (lanes 2, 4, 6, and A). Blots were incubated with a biotinylated
anti-mouse IgG, followed by streptavidin-horseradish peroxidase. Bound antibody was
detected by chemiluminescence. Lanes 1 and 2. IGF-I standard. Lanes 3 and 4. first 48-h
collection of LFCM. Lanes 5 and 6. second 48-h collection of LFCM. Lanes 7 and H. third
48-h collection of LFCM. Ordinate, positions of the molecular weight standards indicated

in thousands.
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Fig. 3. Gel filtration chromatography of Â¡mmunoreactive IGF-I in fibroblast-condi-
tioned medium. Concentrated LFCM (2 ml, 1-2 mg protein) was applied to a 1.5- x 90-cm
column of Sephadex G-100. and the protein was eluted in 10 IHMHEPES buffer (pH 7.5)
containing 50 mM NaCl (18 ml/h). Fractions (1.5 ml) were concentrated, and aliquots (20
fil) were assayed for the IGF-I-like factors by the IGF-I receptor kinase assay (A) and
immunoblot analysis (B). as described in "Materials and Methods." The molecular weight

standards used were bovine serum albumin (66,000), turkey egg albumin (45,000), horse
heart cytochrome c~(12,400), and insulin (6,000). For the immunoblot analysis, only the

results from fractions 43 to 59 are shown. These results are representative of three
experiments using different collections of LFCM. *. thousands; 5, IGF-I standard.

from the pooled Sephadex G-100 fractions containing the IGF-I-like
factor. In addition, the anti-IGF-I antibody (25 /ig/ml) completely
inhibited the ability of the IGF-I-like factor to stimulate the tyrosine
kinase activity of detergent-solubilized IGF-I receptors from A549
cells (Table 3). In the absence of antibody, the IGF-I-like factor
stimulated a 3-fold increase in the phosphorylation of poly(Glu.Tyr)-

4:1. Incubation with a nonspecific mouse IgG had no effect on either
the growth-promoting or the receptor kinase stimulatory activity of the
IGF-I-like factor. These results indicate that the M, 8000 IGF-I-like
factor was a potent mitogen for non-SCLC cells, and its biological
activity may be mediated by the activation of the IGF-I receptor.

DISCUSSION

In order for cells to respond to an extracellular polypeptide growth
factor, they must have the appropriate plasma membrane-associated

growth factor receptor. In this study, we determined that lung carci
noma cells of non-SCLC origin express the IGF-I receptor protein as
shown by immunoblot analysis (Fig. 1). The interaction of IGF-I with
its receptor activates the receptor-associated tyrosine kinase which

initiates the cascade of intracellular events that culminates in various
biological responses including cell proliferation (21). We determined
that IGF-I stimulated (a) the phosphorylation of a tyrosine kinase-
specific substrate by detergent-solubilized IGF-I receptors from A549

cells and (b) the monolayer growth of the lung carcinoma cells (Table
1). Our results indicate that IGF-I mediated its biological activity via
the IGF-I receptor, resulting in the stimulation of lung cancer cell

proliferation.

Our data suggest the potential role of IGF-I in promoting the growth
of non-SCLC in vivo. Indeed, Minuto et al. (9) found that the IGF-I
concentration of tissue from resected non-SCLC is 1.4- to 7-fold
greater than the IGF-I content of normal lung tissue taken from the
same patient, irrespective of whether the IGF-I concentrations are

calculated with respect to tissue weight, hemoglobin content, or DNA
content. In addition, Shigematsu et al. (22) detected IGF-I and IGF-
I-binding sites by immunohistochemical and autoradiographic tech
niques in tissue from resected non-SCLC. The specificity of the bind
ing sites for IGF-I relative to IGF-II and insulin is consistent with the
binding characteristics of the IGF-I receptor. Furthermore, Reeve et
al. (1) detected IGF-I-binding proteins in the conditioned media from
non-SCLC cell lines. Therefore, the components necessary for IGF-I
involvement in cell growth are present in non-SCLC.

The lack of IGF-I mRNA expression by non-SCLC cells (6) and the
absence of immunoreactive IGF-I in media conditioned by some
non-SCLC cell lines (7) suggest that the origin of IGF-I in non-SCLC

comes from a source other than the neoplastic epithelial cells. As was
found in this study, the presence of immunoreactive IGF-I-like factors
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Fig. 4. Acid gel nitration chromatography of acid/ethanol extract of partially purified
IGF-I-like factor from LFCM. Immunoreactive IGF-I purified by Sephadex G-100 chro

matography at neutral pH (Fig. 3) was subjected to acid/ethanol extraction as described in
"Materials and Methods." The lyophilized extract was dissolved in l Macetic acid (0.5 ml)

and chromatographed on a I- x 25-cm Sephadex G-50 column in l Macetic acid. Fractions
(0.5 ml) were lyophilized, reconstituted in 50 fil 50 mM HEPES buffer (pH 7.6), and
assayed for the presence of the IGF-I-like factor using the IGF-I receptor kinase assay. The
column was calibrated using turkey egg albumin (M, 45,000) for the void volume (Vo)
determination and IGF-I. The experiment was performed twice with similar results.

Table 3 Neutralization of the growth-pmmoting and IGF-I receptor kinase stimulatory
activities of the fibroblast IGF-l-like factor b\ the anti-IGF-I antibody.

Sephadex G-100-purified IGF-I-like factor (20 /Â¿I)was preincubated for 15 min in
HEPES buffer (pH 7.5) with lectin-purified protein (25 fig/ml) from A549 cells, [r"PI-
ATP (2 (iCi), MgCI2, Triton X-100, and BSA in the presence and absence of 25 /xg/ml of
either the anti-IGF-I antibody or a nonspecific mouse IgG. Final assay volume was 50 fil.
Phosphorylation of poly(Glu,Tyr)4:1 was determined after 5 min as described in "Mate
rials and Methods." For the monolayer growth assay. A549 cells were grown in six-well

plates (20,000 cells/well; 3 wells/treatment) in 1 ml/well of assay media. Control wells
received SFM-0.1% BSA. The remaining wells received medium containing the gel
filtration-purified IGF-I-like factor or medium containing the supernatant from the incu
bation of the IGF-I-like factor with either the anti-IGF-I antibody or a nonspecific mouse
IgG as described in "Materials and Methods." Cultures were replenished with fresh assay

media after 48 h, and cell numbers were determined after 96 h.

TreatmentControl

F-IGF-I *

F-IGF-I + BPL-M23
F-IGF-I + nonspecific IgGMonolayer

growth
assay

[cell no. ( XlO^l/well]5.9

Â±0.3"

12.4 Â±0.8
5.8 Â±0.2

11.8Â±1.0Receptor

kinase
assay

(cpm)8.533

Â±814"

27,650 Â±2,481
8,097 Â±683

27,273 Â±2,759
" Data are expressed as the means Â±SE of three experiments.
* Sephadex G-100-purified fibroblast IGF-I-like factor.
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in media conditioned by human adult (CCD-19Lu) lung fibroblasts
indicates that the fibrotic strema of non-SCLC may be a source of
IGF-I in these tumors. However, it was determined by Minuto et al.
(8) that the non-SCLC cell line CaLu-6 releases an IGF-I-like factor
into its serum-free medium in increasing concentration as a function
of time that parallels an increase in cell number. In addition, CaLu-6
proliferation is inhibited by an anti-IGF-I antibody, indicating that the
cell-derived IGF-I is utilized as an autocrine growth factor. But
CaLu-6 proliferation is stimulated by the addition of IGF-I, suggesting
that both autocrine- and paracrine-derived IGF-I can promote the
growth of the non-SCLC cells. Given the heterogeneity of tumor cell
populations, it is likely that some non-SCLC cell lines produce IGF-I
and others do not. We determined that immunoreactive IGF-I was

either absent or below the detection limits of our assay, in media
conditioned for 48 h by near-confluent cultures of A549 cells. The
sensitivity of our immuno-blot assay was 5 ng of IGF-I standard.

Fibroblast-derived growth factors for lung epithelial cells have been

suggested based on the work of numerous investigators. In the rat,
primary cultures of fetal lung fibroblasts secrete a growth factor of Afr
30,000 which stimulates the proliferation of type II alveolar cells (23).
The secretion of this factor appears to be dependent upon the gesta-

tional age of the fetus at the time of the isolation of the fibroblasts. In
response to hyperoxic conditions. WI-38 human fetal lung fibroblasts

secrete multiple factors into their medium which stimulate the prolif
eration and lipid biosynthesis of tumorigenic and nontumorigenic type
II alveolar cells (24). Furthermore, cultures of HFL-1 human fetal

lung fibroblasts secrete a M, 6000 factor that stimulates the growth of
bronchial epithelial cells (25). Interactions between the epithelial and
stromal components of a tumor regulate the overall growth of the
tumor (26), i.e. all solid tumors require stroma if they are to grow
beyond a minimal size, and these interactions may be mediated in part
by growth factors. IGF-I is a potent mitogen for neoplastic mammary

epithelial cell lines (2, 27), and in situ hybridization studies have
localized IGF-I and IGF-II transcripts to the stromal fibroblasts of

human breast tumors, suggesting a paracrine role of the IGFs in
stimulating the growth of the neoplastic epithelial cells (10, 28).

A paracrine role for IGF-I in the lung has been suggested in studies

of the developing human and rat fetal lung. In situ hybridization and
immunocytochemical studies indicate that the mRNAs for the IGFs
(IGF-I and IGF-II) in midgestation fetal lung are localized to mesen-

chymal cells (fibroblasts), but the IGF proteins accumulate in the
epithelium (29). In addition, cultures of human (12) and rat (13) fetal
lung fibroblasts secrete immunoreactive IGF-I-like proteins into their
serum-free medium. In our study, the release of multiple immunore
active IGF-I-like proteins by the adult lung fibroblasts appeared to be
dependent on the population-doubling level of the cells. Media con
ditioned by cultures at population-doubling levels between 28 and 30
contained always an immunoreactive IGF-I-like protein of M, 8,000

and, in some collections, an additional immunoreactive protein of Afr
13,000-15,000 was detected (Fig. 2). Furthermore, some collections

of LFCM contained the immunoreactive proteins described above and
an immunoreactive IGF-I-like protein of Mr 17,000-20,000 (data not

shown). The LFCM from cultures at doubling levels of 32 to 34
contained only the M, 8000 IGF-I-like factor. Clemmons and Shaw

(30) showed that several variables, including passage level, regulate
the production of immunoreactive IGF-I by cultures of human dermal

fibroblasts; however, it was not determined whether the cell culture
variables had an effect on the size of the secreted IGF-I-like protein.

High M, forms of IGF-I have been detected in the media from a
variety of cell lines. An A/r 21,500 IGF-I was purified from media

conditioned by human adult dermal fibroblasts (31), an M, 16,000
IGF-I was isolated from media obtained from the human fetal lung
fibroblast cell line WI-38 (12), and an A/r 26,000 IGF-I is secreted by

human alveolar macrophages (32). The high M, (>8000) IGF-I-like
proteins secreted by the adult lung fibroblasts could be distinct trans-
lational products and, thus, represent the prohormone (IGF-IEa and
Eh) forms of IGF-I (33). These proteins differ only in the carboxyl-

terminal extension region of the E domain. Expression of the human
IGF-I gene results in a single mRNA transcript that undergoes alter

native splicing to generate transcripts that encode for the distinct
prohormone forms of IGF-I (34). Multiple IGF-I mRNA transcripts
have been detected in adult rat lung that encode for both prepro-IGF-I
proteins (35). Alternatively, the multiple IGF-I-like factors in the

LFCM could represent different stages of the postsecretory proteolytic
processing of a single translation product (IGF-IEa or Eb) which

ultimately generates the M, 8000 protein. Multiple sizes of transform
ing growth factor-a in the media conditioned by many carcinoma cell

lines are generated by the extracellular proteolytic processing of a
larger plasma membrane-bound precursor (36, 37).

The presence of the IGF-I-like protein in LFCM appeared not to be

due to serum contamination: (a) cultures were incubated for two
consecutive 48-h periods in serum-free medium and still released
multiple IGF-I-like factors into their medium during the course of the
third 48-h serum-free incubation, and (b) media obtained from fibre-
blast cultures at a population-doubling level of 36 did not contain
detectable levels of the IGF-I-like protein as assessed by immunoblot

analysis.
One immunoreactive IGF-I-like factor produced by the adult lung

fibroblasts had an approximate A/r identical with the IGF-I standard
when analyzed by nonreducing SDS-PAGE but eluted from the
Sephadex G-100 column at neutral pH with an apparent M, of 35,000-
40.000 (Fig. 3). Extraction of the Sephadex G-100-purified IGF-I-like
factor with acid/ethanol resulted in the IGF-I-like factor nearly comi-
grating with the IGF-I standard on a Sephadex G-50 column equili
brated with 1 Macetic acid (Fig. 4). The larger size of the IGF-I-like

factor purified by gel filtration at neutral pH could be due to aggre
gation of the M, 8000 factor. Alternatively, the M, 8000 factor could
be associated with an IGF-I-binding protein in which the noncovalent
interaction between the IGF-I-like factor and the binding protein was
stable under the neutral pH condition used for the Sephadex G-100

chromatography but was disrupted when the putative complex was
subjected to the acid/ethanol extraction or to heat treatment in the
presence of SDS prior to SDS-PAGE. The acid/ethanol extraction
procedure dissociates IGF-I from its binding proteins (18). Many cells
in culture, including fibroblasts, that produce IGF-I or respond to
IGF-I also secrete IGF-I-binding proteins that range in size from
20,000-50,000 (12, 31, 38). These binding proteins regulate the in
teraction of IGF-I with its receptor. Whether the CCD-19Lu cells
secrete an IGF-I-binding protein is under investigation.

The data presented in this paper support the hypothesis that the
stromal fibroblasts of non-SCLC may have a significant role in stim

ulating the proliferation of the neoplastic epithelial cells via the pro
duction of IGF-I-like factors. Along these lines, the recent synthesis of
peptide analogues of IGF-I, which inhibit the growth of many types of

neoplastic cells in vitro (39), may provide a potential therapeutic
treatment in the clinical management of non-SCLC.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Peter Kennelly for his expert advice
concerning the receptor tyrosine kinase assays.

REFERENCES

1. Goustin. A. S., Leof, E. B.. Shipley, G. D., and Moses. H. Growth factors and cancer.
Cancer Res., 46: 1015-1029. 1988.

2. Macaulay, V. Insulin-like growth factors and cancer. Br. J. Cancer. 65: 311-320, 1992.
3. Minna. J. D.. Higgins. G. A., and Glatstein. E. J. Cancer of the lung. In: V. J. de Vita,

3403

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/14/3399/2451232/cr0530143399.pdf by guest on 19 M

ay 2023



FIBROBLAST-DERIVED IGF-I AND LUNG CANCER

Jr., S. Hellman. and S. A. Rosenberg (eds.). Principles and Practice of Oncology, pp. 21.
507-597. Philadelphia, PA: J. B. Lippincott, 1985.

4. Jaques, G., Rotsch, M., Wegman. C., Worsen, U., Maasberg, M., and Haveman. K. 22.
Production of immunoreactive insulin-like growth factor-1 and response to exogenous
IGF-1 in small cell lung cancer cell lines. Exp. Cell Res., 176: 336-343. 1988.

5. Nakanishi, Y., Mulshine, J. L., Kasprzyk, P. O., Natale, R. B.. Maneckjee, R.. Avis, I.,
Treston, A.M., Gazdar, A. F.. Minna, J. D., and Cuttitta, F. Insulin-like growth factor-1 23.
can mediate autocrine proliferation of human small cell lung cancer cell lines in vitro.
1. Clin. Invest., 82: 354-359. 1988.

6. Soderdahl, G., Betsholtz, C.. Johansson, A., Nilsson, K., and Bergh, J. Differential 24.
expression of platelet-derived growth factor and transforming growth factor genes in
small-and non-small cell human lung carcinoma lines. Int. J. Cancer, 41: 636-641,

1988. 25.
7. Reeve, J. G., Payne, J. A., and Bleehen, N. M. Production of immunoreactive insulin-

like growth factor-1 (IGF-1) and IGF-1 binding proteins by human lung tumors. Br.
J. Cancer, 61: 727-731, 1990. 26.

8. Minuto, F.. Del Monte, P., Barreca, A., Alama, A.. CariÃ³la, G., and Giordano. G.
Evidence for autocrine mitogenic stimulation by somatomedin-C/insulin-like growth 27.
factor I on an established human lung cancer cell line. Cancer Res.. 48: 3716-3719.

1988.
9. Minuto. F.. Del Monte. P.. Barreca. A., Fortini, P., CariÃ³la, G., Catrambone, G., and 28.

Giordano, G. Evidence for an increased somatomedin-C/insulin-like growth factor I
content in primary human lung tumors. Cancer Res.. 46: 985-988, 1986.

10. Cullen, K. J., Smith, H. S., Hill. S., Rosen, N., and Lippman. M. E. Growth factor
messenger RNA expression by human breast fibroblasts from benign and malignant 29.
lesions. Cancer Res.. 51: 4978-4985. 1991.

11. Han, V. K., D'Ercole, A. J., and Lund, P. K. Cellular localization of somatomedin 30.

(insulin-like growth factor) messenger RNA in the human fetus. Science (Washington
DC), 236: 193-197, 1987. 31.

12. Atkison, P. R.. and Bala. R. M. Partial characterization of a mitogenic factor with
somatomedin-Iike activity produced by culture WI-38 human fibroblasts. J. Cell 32.
Physiol.. 107: 317-327. 1981.

13. Stiles. A. D., and Moats-Staats, B. M. Production and action of insulin-like growth
factor I/somatomedin-C in primary cultures of fetal lung fibroblasts. Am. J. Respir. 33.
Cell Mol. Biol.. /: 21-26. 1989.

14. Sasaki. N.. Rees-Jones, R. W., Zick, Y.. Nissley, S. P., and Rechler, M. M. Charac
terization of insulin-like growth factor I-stimulated tyrosine kinase activity associated 34.
with the beta-subunit of the type I insulin-like growth factor receptors of rat liver
cells. J. Biol. Chem.. 260.- 9793-9804. 1985.

15. Hedo. J. A., Harrison, L. C.. and Roth. J. Binding of insulin receptors to lectins:
evidence for common carbohydrate determinants on several membrane receptors. 35.
Biochemistry, 20: 3385-3393. 1981.

16. Lacmmli, U. K. Cleavage of structural proteins during the assembly of the head of
bacteriuphage T4. Nature (Lend.). 227.- 680-685, 1970.

17. Towbin. H., Staehelin, T., and Gordon, J. Electrophoretic transfer of proteins from 36.
polyacrylamide gels to nitrocelluose sheets: procedure and some applications. Proc.
Nati. Acad. Sci. USA. 76: 4350-4354, 1979.

18. Huff. K. K., Kaufman, D., Gabbay. K. H., Spencer, E. M., Lippman, M. E., and 37.
Dickson, R. B. Secretion of an insulin-like growth factor-I-related protein by human
breast cancer cells. Cancer Res., 46: 4613-4619, 1986.

19. Morgan, D. O., Jamagin, K., and Roth. R. A. Purification and characterization of the 38.
receptor for insulin-like growth factor I. Biochemistry. 25: 5560-5564, 1986.

20. Siegfried. J. M. Detection of human lung epithelial cell growth factors produced by 39.
a lung carcinoma cell line: use in culture of primary solid lung tumors. Cancer Res.,
47: 2903-2910, 1987.

Yarden. Y., and Ullrich, A. Growth factor receptor tyrosine kinases. Annu. Rev.
Biochem., 57: 443^178, 1988.
Shigematsu, K., Kataoka, Y, Kamio, T., Kurihara, M., Niwa, M., and Tsuchiyama, H.
Partial characterization of insulin-like growth factor I in primary human lung cancers

using immunohistochemical and receptor autoradiographic techniques. Cancer Res..
50: 2481-2484, 1990.

Stiles, A. D.. Smith, B. T., and Post, M. Reciprocal autocrine and paracrine regulation
of growth of mesenchymal and alveolar epithelial cells from fetal lung. Exp. Lung
Res., //.- 165-177, 1986.

Tanswell, A. K. Cellular interactions in pulmonary oxygen toxicity in vitro. Hyperoxic
induction of fibroblast factors which alter growth and lipid metabolism of pulmonary
epithelial cells. Exp. Lung Res.. 5.- 23-36, 1982.

Shoji, S., Rickard, K. A., Takizawa, H., Erti, R. F.. Linder, J., and Rennard, S. I. Lung
fibroblasts produce growth stimulatory activity for bronchial epithelial cells. Am. Rev.
Respir. Dis., 141: 433^139, 1990.
Dvorak, H. F. Tumors: wounds that do not heal. Similarities between tumor stroma
generation and wound healing. N. Engl. J. Med., 315: 1650-1659. 1986.
Furlanetto, R. W., and DiCarlo, J. N. Somatomedin-C receptors and growth effects in
human breast cancer cells maintained in long term tissue culture. Cancer Res., 44:
2122-2128, 1984.

Yee, D., Paik, S., Lebovic, G. S., Marcus, R. R., Favoni, R. E., Cullen, K. J., Lippman,
M. E., and Rosen, N. Analysis of insulin-like growth factor I gene expression in
malignancy: evidence for paracrine role in human breast cancer. Mol. Endocrinol., 3:
509-517, 1989.
Stiles, A. D., and D'Ercole, A. The insulin-like growth factors and the lung. Am. J.

Respir. Cell Mol. Biol., 3: 93-100, 1990.

Clemmons, D. R., and Shaw, D. S. Variables controlling somatomedin production by
cultured human fibroblasts. J. Cell Physiol., 115: 137-142, 1983.
Clemmons, D. R., and Shaw, D. S. Purification and biologic properties of fibroblast
somatomedin. J. Biol. Chem., 267: 10293-10298, 1986.
Rom, W. N.. Basset, P., Fells, G. A., Nukiwa, T., Trapnell, B. C., and Crystal, R. G.
Alveolar macrophages release an insulin-like growth factor I-type molecule. J. Clin.
Invest., 82: 1685-1693, 1988.
Rotwein, P., Folz, R. J., and Gordon, J. I. Biosynthesis of human insulin-like growth
factor I (IGF-I): the primary translation product of IGF-I mRNA contains an unusual
48-amino acid signal peptide. J. Biol. Chem., 262.- 11807-11812, 1987.

Rotwein, P., Pollock, K. M., Didier, D. K., and Krivi, G. G. Organization and
sequence of the human insulin-like growth factor I gene: alternative RNA processing
produces two insulin-like growth factor I precursor peptides. J. Biol. Chem., 267:
4828^832, 1986.
Adamo, M. L., Ben-Hur, H., Roberts, C. T., and LeRoith, D. L. The rat IGF-I gene:

structure, expression, and regulation. In: E. M. Spencer (ed.). Modern Concepts of
Insulin-Like Growth Factors, pp. 681-688. New York: Elsevier Science Publishing

Co., Inc., 1991.
Derynck, R., Roberts, A. B., Winkler, M. E., Chen, E. Y., and Goeddel, D. V. Human
transforming growth factor-alpha: precursor structure and expression in E. coli. Cell,
38: 287-297, 1984.

Lee, D. C., Rose, T. M., Webb, N. R., and Todaro, G. L. Cloning and sequence
analysis of a cDNA for rat transforming growth factor-alpha. Nature (Lond.), 313:
489-491, 1985.
Baxter, R. C., and Martin, J. L. Binding proteins for the insulin-like growth factors:
structure, regulation and function. Prog. Growth Factor Res., I: 49-65, 1989.
Pietrzkowski, Z., Wernike, D., Porcu, P., Jameson, B., and Baserga, R. Inhibition of
cellular proliferation by peptide analogues of insulin-like growth factor I. Cancer
Res., 52. 6447-6451, 1992.

3404

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/14/3399/2451232/cr0530143399.pdf by guest on 19 M

ay 2023




