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Introduction

Insulin-like growth factor I and II (IGF-I and IGF-II) associate
with specific IGF binding proteins (IGFBPs) present in plasma
and extracellular fluids that can modulate the anabolic effects
of these peptides. IGF-I has been shown to increase IGFBP
concentrations in vivo and in vitro, but the mechanism and sig-
nificance of this action are unknown. Weexamined these issues
using normal and simian virus 40-transformed adult human fi-
broblasts (SV40-HF) in culture. Treatment with IGF-I mark-
edly stimulated the appearance of IGFBP-3 (42/38 kD doub-
let), a 36 kD IGFBP, and 28-32 kD IGFBPs in the medium of
these cells, as assessed by Western ligand blotting, IGF-I de-
creased levels of 24 kD IGFBP in normal HF cultures. The
IGF-I-induced change in IGFBP levels was not a type I IGF
receptor-mediated effect on IGFBP synthesis because (a) high
concentrations of insulin did not mimic IGF-I's effect; (b) IGF-
II and IGF-I analogues having reduced affinity for the IGF-I
receptor were equipotent with IGF-I in increasing medium
IGFBPs; (c) IQAYLJIGF-I, an IGF-I analogue having normal
receptor affinity and decreased affinity for IGFBPs, had no
effect; and (d) aIR-3, a monoclonal antibody specific for the
type I IGF receptor, did not block IGF-I-stimulated increases
in IGFBPs. In physiological studies, preincubation with 1 nM
IGF-I had no effect on type I IGF receptor binding in normal
HF and SV40-HF. In contrast, preincubation of cells with an
equivalent concentration of IQAYLiIGF-I downregulated the
receptors 40-50%. Changes in cell surface receptor number
were reflected in cell responsiveness to IGF-I-stimulated 1H1-
thymidine incorporation and VHlaminoisobutyric acid uptake.
In conclusion, IGF-I regulates the availability of specific
IGFBPs in cultured human fibroblasts by a novel receptor-in-
dependent mechanism. Rapid changes in levels of soluble
IGFBPs as a direct response to extracellular IGF-I, in turn,
modulate IGF-I peptide and receptor interaction, and may con-
stitute an important level of control in IGF cellular physiology.
(J. Clin. Invest. 1991. 88:1354-1361.) Key words: IGF-I *
IGFBP-3 * IGF-I analogues * type I IGF receptor * downregula-
tion * thymidine incorporation
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The insulin-like growth factors I and II (IGF-I, IGF-II) are
growth hormone (GH)'-dependent peptides ancestrally related
to insulin that have potent growth-promoting and insulin-like
effects in vivo and in vitro (1). Unlike insulin, these peptides
associate with distinct proteins present in serum and other bio-
logical fluids, as well as in medium conditioned by cultured
cells (2). Multiple insulin-like growth factor binding proteins
(IGFBPs) have been identified, and full amino acid sequence
has been determined for four of these proteins (3-9).

At present, the factors regulating IGFBP synthesis and se-
cretion are not completely understood. IGFBP-3 has been re-
ferred to as the GH-dependent IGFBP; however, recent evi-
dence suggest that in vivo IGF-I mediates GH-associated in-
creases in IGFBP-3 levels (10, 11). Subcutaneous infusion of
IGF-I in healthy adults also raises serum levels of IGFBP-2
(12). Moreover, IGF-I stimulates the release of various
IGFBPs, including IGFBP-3, in cultured cells (13-18). Because
IGFBPs can alter IGF-I receptor binding (19-21) and are able
to potentiate or attenuate the metabolic and mitogenic actions
of IGF-I (19, 22, 23), IGF-I-induced increases in IGFBPs may
play an important role in controlling local cell responsiveness
to this growth factor. The mechanism(s) by which IGF-I pro-
motes increased availability of its own IGFBPs and the poten-
tial significance of this action have not been determined.

In this study, we investigated the mechanism by which
IGF-I regulates IGFBPs in cultures of SV40 (simian virus 40)-
transformed and normal adult human fibroblasts. These cells
synthesize and secrete several IGFBPs, one of which is physio-
logically and immunologically related to human IGFBP-3 (24,
25). Wepresent evidence that IGF-I regulation of IGFBP avail-
ability in human fibroblasts is a novel receptor-independent
process that is an important physiological component of cell
growth homeorrhesis.

Methods

Materials. Recombinant DNA-derived Thr59-IGF-I was purchased
from Amgen Biologicals (Thousand Oaks, CA), and IGF-II was from
Bachem, Inc. (Torrance, CA). IGF-I analogues obtained by site-direc-
ted mutagenesis, [ser24]IGF-I, [1-27,Gly4,38-70]IGF-I, and [Gln3,
Ala4,Tyr"5,Leu'6]IGF-I ([QAYL]IGF-I), were generous gifts of Dr. M.
Cascieri (Merck Sharp and Dohme, Rahway, NJ). Crystalline human
insulin and recombinant human growth hormone were kindly pro-
vided by Eli Lilly Co. (Indianapolis, IN) and Genentech, Inc. (South
San Francisco, CA), respectively. aIR-3, a monoclonal antibody highly
specific for the type I IGF receptor, was obtained from Oncogene

1. Abbreviations used in this paper: AIB, aminoisobutyric acid; GH,
growth hormone; IGFBP, insulin-like growth factor binding protein;
SFM, serum-free medium; SV40-HF, simian virus 40-transformed hu-
man fibroblasts.
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Science, Inc. (Manhasset, NY). BSA(fraction V, RIA grade) was pur-
chased from Sigma Chemical Co. (St. Louis, MO), and tissue culture
media and media supplements were from Gibco Laboratories (Grand
Island, NY).

IGFs were iodinated by a modification of the chloramine T method
to a specific activity of 150-300 MCi/Mg (26).

Cell cultures. Dermal fibroblasts from normal adult donors
(GM03652A and GM00037D) and SV40-transformed GM00037D
cells (GM00637D) were purchased from the HumanGenetic Mutant
Cell Repository (Camden, NJ). Fibroblasts were cultured in DMEsup-
plemented with 100 U/ml penicillin, 100 Mg/ml streptomycin, and 4
mMglutamine, and containing 10% supplemented calf serum (Hy-
Clone Laboratories, Logan, UT).

Conditioned medium. Cells were detached by trypsinization and
plated in 24-multiwells (Costar, Data Packaging Corp., Cambridge,
MA). At confluency, fibroblasts were washed twice and preincubated
in a 1:1 mixture by volume of Waymouth's medium:DME plus 0.1%
BSA serum-free medium (SFM) for 24 h. The cells were then washed
and the medium changed to 0.5 ml SFM±experimental additions for
the indicated times. At the end of the incubation period, the condi-
tioned medium was centrifuged at 2000 g, 4C for 30 min and frozen at
-20'C. At the time of media collection, cell counts were determined
on triplicate wells with a Coulter Counter (Coulter Electronics, Hia-
leah, FL).

Western ligand blots. Unreduced conditioned medium samples (50
,ul) were processed by SDS-PAGEusing a 7.5-15% linear gradient, and
separated proteins were electroblotted onto nitrocellulose filters (0.45
,gm pore size) using a BioTrans Unit (Gelman Sciences, Ann Arbor,
MI). Filters were blocked, labeled with ['251]IGF overnight at 4°C, and
visualized by autoradiography, according to the method of Hossenlopp
et al. (27). Unstained mol wt standards (BioRad, Richmond, CA) were
processed in parallel, and proteins stained using India ink (28). Films
were scanned with an UltroScan XL laser densitometer; absorbance
curves were integrated and compared, and molecular size determined,
using GelScan XL software (Pharmacia LKB Biotechnology Inc., Pis-
cataway, NJ).

IGF-I receptor binding. Confluent fibroblast cultures (24-multi-
wells) were washed twice and the medium changed to SFMwith or
without IGF-I and [QAYL]IGF-I for 24 h. Cells were then incubated in
2 ml SFMat 37°C for 1 h (medium changed after 30 min) to allow
dissociation of reversibly bound peptide (26). ['251I-QAYL]IGF-I bind-
ing was performed as described for ['2511]IGF-I binding to human fibro-
blasts (29, 30). Monolayers were washed twice with Hepes binding
buffer, and incubated with ['251I-QAYLJIGF-I (25,000 cpm) for 2.5 h at
15°C. Nonspecific binding, defined as the amount of ['25I-QAYL]IGF
bound in the presence of unlabeled IGF-I (500 ng/ml), was less than 1%
of the total counts added and was subtracted from total binding to
determine specific [QAYL]IGF-I binding. ['25I-QAYL]IGF-I binding
can be used to determine type I IGF receptor binding without interfer-
ence by IGFBPs (31).

Thymidine incorporation. Fibroblast monolayers were treated as
described above for IGF-I receptor binding. Cells were washed and
[3H]thymidine incorporation measured 22-26 h after stimulation with
5 nM IGF-I, as detailed in previous publications (29, 32).

Aminoisobutyric acid uptake. Fibroblast monolayers were treated
as described above for IGF-I receptor binding. Cells were washed and
[3Hlaminoisobutyric acid (AIB) uptake measured 6 h after stimulation
with 2 nM IGF-I, as described previously (19, 29).

Affinity cross-linking. Confluent fibroblast cultures (6-multiwell
dishes) were preincubated in SFMwith or without peptides for 24 h.
Cells were acid-washed three times with 0.2 Macetic acid and 0.5 M
sodium chloride (pH 2.5) to remove surface bound IGF before binding
(33). Monolayers were then washed twice with Hepes binding buffer
and incubated with ['251]IGF-I (1.25 X 106 cpm) at 15°C for 2.5 h in the
absence or presence of unlabeled IGF-I (250 ng) or insulin (100 ,g) in a
final volume of 1 ml. Affinity cross-linking with disuccinimidyl suber-
ate (Pierce Chemical Company, Rockford, IL) was carried out as de-
tailed elsewhere (30, 32). Reduced (+100 mMDTT) samples were

fractionated by SDS-PAGE. Unstained mol wt standards were pro-
cessed in parallel. Gels were stained with Coomassie blue, dried, and
exposed to Kodak XAR-2 film.

Statistics. Differences between two groups were analyzed using Stu-
dent's t test for two independent samples. Results were considered sta-
tistically significant when P < 0.05.

Results

Characterization ofIGFBPs secreted by SV40-transformed and
normal human fibroblasts: regulation by IGF-I. Weincubated
SV40-transformed human fibroblasts (SV40-HF) and non-
transformed HFwith or without hormonal additions, and col-
lected serum-free conditioned medium after 24 h. Fig. 1 shows
the migration of IGFBPs after SDS-PAGEof medium samples
under nonreducing conditions, transfer of proteins onto nitro-
cellulose, and incubation with radiolabeled IGF-I. Medium
from unstimulated SV40-HF contained IGFBPs with apparent
mol wt of 42, 38, 28, and 24 kD. Western ligand blots of me-
dium conditioned by the untransformed parent line also
showed bands at 42, 38, 28, and 24 kD, with additional bands
at 36 and 32 kD. When [1251]IGF-II was employed as the radio-
ligand, the only major change was the appearance of a diffuse
band at 30-32 kD in both SV40-transformed and untrans-
formed cell-conditioned media, indicating an IGF-II-prefer-
ring IGFBP of this mol wt (data not presented). The 42/38-kD
IGF binding doublet in human fibroblast conditioned medium
comigrates with purified IGFBP-3 (13). The two bands are en-
coded by a single gene and are believed to represent glycosyla-
tion variants of IGFBP-3 (7, 8, 19,34). By densitometric analy-
ses of autoradiograms from six experiments, normal HF ap-
peared to secrete (mean±SE) 8±2-fold more IGFBP-3 than
their SV40-transformed counterpart; this was inspite of a 4-
fold greater cell number in the SV40-HF cultures at the time of
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Figure 1. Western ligand blot of IGFBPs in culture medium condi-
tioned by normal and transformed adult human fibroblasts. SV40-HF
and the nontransformed parent cell line, GM00037D(normal HF),
were incubated 24 h in SFMwithout (control, C) or with IGF-I (10
nM), insulin (Ins, 1,000 nM), or GH(1I sg/ml). Conditioned medium
samples (50 Ml) were electrophoresed through a nonreducing
SDS-polyacrylamide gel (7.5-15% linear gradient) and separated pro-
teins transferred onto nitrocellulose; after incubation with ['"I]IGF-I,
filter-immobilized IGFBPs were identified by autoradiography, as

described in Methods. The migration positions of unstained molecu-
lar size markers are indicated on the left.
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media collection (3.76±0.53 x 105 cells vs. 0.87±0.13 X 105
cells).

IGF-I (10 nM) increased levels of IGFBP-3 in medium
from SV40-HF and normal HFcultures (Fig. 1 and Table I). As
was more evident in the SV40-HF cells, IGF-I preferentially
increased the 38-kD IGFBP-3 form (7-fold) over the 42-kD
form (2.5-fold). IGF-I also increased 28-32-kD IGFBPs, and
induced the appearance of a 36-kD IGFBP in these cells. Incu-
bation with IGF-I had no significant effect on the 24-kD
IGFBP form secreted by SV40-HF. The small increase in
SV40-HF cell number with IGF-I treatment (122±7%;
mean±SE, n = 9) was inadequate to account for the marked
changes in secreted IGFBP-3 and 36 kD IGFBP. Furthermore,
insulin (1,000 nM) had equivalent stimulatory effects on
SV40-HF replication (122+14%, n = 5), but had no effect on
IGFBP secretion. In normal adult HF (Fig. 1 and Table I),
addition of IGF-I (10 nM) caused smaller relative increases in
38-kD (210%) and 42-kD (139%) IGFBP-3 forms. In these
cells, IGF-I increased the 28- and 36-kD IGFBPs threefold and
fivefold, respectively, and decreased levels of the 24-kD IGFBP
by 80%. The 30-32-kD IGF-II-preferring IGFBP was also in-
creased 50-100% by IGF-I treatment of SV40-HF and normal
HF, as assessed by Western ligand blotting of the medium with
radiolabeled IGF-II (data not presented). In three separate
dose-response experiments, an effect of IGF-I to alter IGFBP
release in normal HFand SV40-HF was evident at 0.1- 1 nM
IGF-I, and maximal at 5 nMIGF-I; insulin at 0.1 - 1,000 nM
had no effect (data not shown). GH(1 ytg/ml) had little or no

Table L IGFBPs in the Medium of HumanFibroblasts Treated
with IGF-IL Insulin, and GH

kD

IGFBP
SV40-HF

42
38
36
28
24

Normal HF

42
38
36
28
24

IGFBP band intensity

%of control

IGF-I (9)

255±26*
695±76§

+
196±161
107±5

IGF-I (6)

139±14*
211±33*
516±86t
308±86*

21±5§

Insulin (7)

105±7
95±7

122±18
104±4

Insulin (4)

115±8
96±11

104±19
104±6
118±7

GH(3)

119±9
120±4*
111±17
113±13
100±11

Cells were treated and IGFBPs analyzed by Western ligand blotting,
as described in Fig. 1. Values represent scanning densitometric data
of IGFBP bands from (n) experiments. For each experiment, at least
two exposures were taken to optimize analysis of the different IGFBP
species. Data from GM00037Dand GM03652are included for nor-
mal HF. Results (mean±SE) are expressed as the percentage change
in band intensity compared with control (100%). Induction of an
IGFBP species (i.e., no band in control) is indicated by +. *, $, Val-
ues significantly different from control at P < 0.05, P< 0.01, and P
< 0.001, respectively.

effect on IGFBP secretion in SV40-HF (Fig. 1 and Table I). In
normal adult human fibroblasts there was a small but signifi-
cant increase in 38-kD IGFBP-3 with GHtreatment, in agree-
ment with our earlier report (24). GHdid not block IGF-I-in-
duced changes in IGFBP secretion in these cells (data not
shown). The relative changes in the different IGFBP species
with IGF-I, insulin, and GHtreatment of SV40-HF and nor-
mal HF cultures are given in Table I.

These data indicate that IGF-I is a major regulator of its
own binding proteins in normal and SV40-transformed HF
cultures. Wenext investigated the mechanism(s) of the IGF-I-
associated increase in IGFBPs in these cells.

Is the IGF-I-specific increase in IGFBPa receptor-mediated
event? As shown in Fig. 2, SV40-HF released IGFBPs into the
medium with time in culture. The addition of IGF-I (10 nM)
resulted in increased levels of IGFBP-3 and induced 36-kD
IGFBP at each time period. A preferential 4.5-fold increase in
the 38-kD IGFBP-3 form was apparent at 6 h; IGF-I increased
38-kD IGFBP-3 five to eightfold and 42-kD IGFBP-3 approxi-
mately twofold with longer incubations (24-72 h). Insulin
(1,000 nM) did not mimic IGF-I's effects on IGFBP produc-
tion by SV40-HF. Similar time course results with IGF-I and
insulin were obtained in normal HF (data not shown). Insulin
at high concentrations does not bind to IGFBPs but can cross-
react with the type I IGF receptor and act as an IGF-I surrogate
(2, 26, 30). Thus, these data suggested that the IGF-I-stimu-
lated increase in IGFBPs might not be receptor-mediated. In
concordance with this, aIR-3, a monoclonal antibody that in-
hibits IGF-I binding and receptor-mediated action in human
fibroblasts (29, 32), inhibited IGF-I receptor binding but failed
to block the IGF-I-induced changes in IGFBPs in normal HF
and SV40-HF media (Fig. 3). Furthermore, there were major
differences in the ability of IGF-I, IGF-II, and different IGF-I
analogues to stimulate IGFBP secretion (Figs. 4 and 5). IGF-II,
[ser24]IGF-I, and [1-27,Gly4,38-70]IGF-I, IGFs that bind nor-
mally to IGFBPs but have 10-, 16-, and 30-fold reduced affin-
ity, respectively, for the type I IGF receptor (32, 35, 36), were
able to increase IGFBP-3 and the 36-kD IGFBP in SV40-HF
medium in a dose-dependent manner comparable to native
IGF-I. IGF-I, IGF-II, [ser24]IGF-I, and [1-27,Gly4,38-70]IGF-I
all preferentially increased the 38-kD IGFBP-3 form. In com-
parison, treatment of SV40-HF with [QAYL]IGF-I, a mutant
IGF-I with normal type I and type II IGF receptor binding but

6h 24h
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Figure 2. Western ligand blot of IGFBPs: time course of IGF-I and
insulin (Ins) stimulation. Conditioned medium samples from SV40-
HF cultures incubated for the indicated times without (control, C) or

with 10 nM IGF-I or 1,000 nM insulin were analyzed by Western
blotting with ['25I]IGF-I, as described in Fig. 1.
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Figure 3. Western ligand blot of IGFBPs: effect of aIR-3. SV40-HF
were pretreated 1 h with or without 20 nM aIR-3, and then IGF-I
(1 nM) was added to the SFMfor 24 h. Normal HF (GM03652A)
were pretreated 1 h±50 nM aIR-3, and then 5 nM IGF-I was added
to the SFMfor 24 h. The conditioned medium samples were analyzed
by Western blotting with ['25I]IGF-I, as described in Fig. 1. These
experiments were repeated twice with similar results. Under these
conditions, aIR-3 inhibited [125I-QAYL]IGF-I binding to normal HF
and SV40-HF monolayers 85-90%. ['251-QAYL]IGF-I binding is a
specific measure of type I IGF receptor binding (31).

luu
1 nM 10 nM

Figure 5. Effect of native IGFs and IGF-I analogues on 38-kD
IGFBP-3 levels in human fibroblast conditioned medium. Cells were
treated as described in Fig. 4. Values represent scanning densitometric
analyses of the 38-kD IGFBP-3 bands in two experiments, expressed
as the percentage change in band intensity compared with control
(100%).

with 600-fold reduced affinity for IGFBPs (37), had little effect
on IGFBP secretion. The relative changes in medium 38-kD
IGFBP-3 induced by incubation of SV40-HF with IGF-I and
the different IGF analogues are presented in Fig. 5. Compara-
ble change in IGFBP-3 and 36-kD IGFBP with the different
IGFs were seen in normal HF. In these cells, however, the
potency of the different IGF preparations in decreasing 24-kD
IGFBP levels was IGF-II > IGF-I > [1-27,Gly438-70]IGF-I;
[QAYL]IGF-I was without effect.

These data indicate that IGF-I-associated increases in
IGFBPs in SV40-HF and normal adult HFare not due to type I
IGF receptor-mediated stimulation of IGFBP synthesis.

Soluble IGFBPprevents ligand-induced receptor downregu-
lation. What could be the physiological significance of an acute
increase in soluble IGFBPs in the microenvironment as a di-
rect response to IGF-I? One possibility might be as a means to

SV40-HF
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Figure 4. Western ligand blot of IGFBPs: regulation by native IGFs
and IGF-I analogues. SV40-HF (left) and normal HF(GM00037D;
right) were incubated without (control, C, lanes a, 1, m) or with IGF-I,
IGF-II, [ 1-27,Gly4,38-70]IGF-I, [QAYL]IGF-I, or [ser24]IGF-I at 1
nM (lanes b, d, f h, j) or 10 nM (lanes c, e, g, i, k, n-q). 24-h condi-
tioned medium samples were analyzed by Western ligand blotting
with ['231]IGF-I as described in Fig. 1.

protect certain cell types from ligand-induced receptor
downregulation, a process that renders cells refractory to fur-
ther IGF-I stimulation. Weexplored this idea in the following
series of experiments. SV40-HF and normal HF were incu-
bated for 24 h with 0.5 nMand 1 nM IGF-I (which increases
soluble IGFBP) or [QAYL]IGF-I (which does not). Cells were
washed to remove reversibly bound ligand, and ['251-QAYL]-
IGF-I binding performed. The use of this radiolabeled IGF-I
permits determination of type I receptor binding on cells inde-
pendent of the presence of IGFBPs (31). As shown in Fig. 6 A, a
24-h preincubation with [QAYL]IGF-I caused a dose-depen-
dent decrease in [125I-QAYL]IGF-I binding to SV40-HF and
normal HF. With 1 nM [QAYL]IGF-I, receptor binding was
55-60% of maximum. In comparison, preincubation with 0.5
nMor 1 nM IGF-I did not affect ['251-QAYL]IGF-I binding to
normal HF and SV40-HF.

[1251-QAYL]IGF-I binding, a measure of receptor availabil-
ity, reflected changes in cell surface receptor number as shown
in Fig. 7. For these experiments, SV40-HF were preincubated
with IGF-I (1, 10 nM) or insulin (1,000 nM) for 24 h. Insulin at
high concentrations binds to the type I receptor but not to
IGFBPs, properties similar to [QAYL]IGF-I (37). Monolayers
were then washed to remove surface bound IGF-I before affin-
ity cross-linking with [125111GF-I. When cells were preincu-
bated for 24 h in SFMalone, we observed major affinity-la-
beled bands (reducing conditions) at 132 and 36-50 kD. Label-
ing of the 132-kD band was inhibited by unlabeled IGF-I (125
ng) and insulin (100 ,ug); this band corresponds to the alpha
binding subunit of the type I IGF receptor described in a vani-
ety of cells, including human fibroblasts (30, 32, 38). Labeling
of the lower mol wt bands was inhibited by unlabeled IGF-I but
not by high concentrations of insulin, indicating cell surface-
associated IGFBPs. In four experiments, one of which is pre-
sented in Fig. 7, a 24-h preincubation with 10 nM IGF-I de-
creased labeling of the 132-kD band (mean±SE) 53±4%; treat-
ment with high concentrations of insulin decreased labeling
64±4%. Preincubation with 1 nM IGF-I did not alter 132-kD
band intensity. Labeling of membrane-associated IGFBPs was

Insulin-like Growth Factor-I Regulation of IGF Binding Proteins 1357
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Figure 6. Human fibroblast receptor binding and cell responsiveness
to IGF-I stimulation: preincubation with IGF-I and [QAYL]IGF-I.
Normal HF (.o) and SV40-HF (AA) were preincubated for 24 h in
SFMwith 0, 0.5, and 1 nMIGF-I (closed symbols) or [QAYL]IGF-I
(open symbols). Cultures were then incubated at 370C with SFMfor
60 min before measurements of binding and thymidine incorpora-
tion. (A) Binding of ['251I-QAYL]IGF-I to monolayer cultures of
SV40-HF and normal HF was performed as described in Methods.
Results (mean±SE of three or four experiments) are expressed as a
percentage of maximum specific binding (no additions during prein-
cubation = 100%). (B) [3H]Thymidine incorporation was measured
in normal HF (GM00037D and GM03652) 22-26 h after addition of
5 nMIGF-I. Results (mean±SE of three experiments) are expressed
as a percentage of maximum IGF-I stimulation (no additions during
preincubation = 100%). (*.***) A significant difference between IGF-I
and [QAYL]IGF-I preincubations at P < 0.05 and P < 0.001, respec-
tively.

unaffected by preincubation with IGF-I, certifying the efficacy
of the wash procedure to remove unlabeled IGF-I before bind-
ing. In other experiments (not shown), 24-h preincubation with
2 nM [QAYL]IGF-I also resulted in diminished labeling of the
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Figure 7. Autoradiogram of ['2']IGF-I cross-linked to SV40-HF
monolayers: preincubation with IGF-I. SV40-HF were incubated 24
h in SFMwithout (lanes a-c) or with 1 nM IGF-I (lane d), 10 nM
IGF-I (lane e), or 1,000 nM insulin (lane f). The monolayers were
washed to remove reversibly bound ligand before ['251]IGF-I binding
and cross-linking in the absence or presence of unlabeled IGF-I (lane
b) and insulin (lane c), as described in Methods. Solubilized com-
plexes (+DTT) were separated by 5-15% gradient SDS-PAGE. Mi-
gration positions of unstained molecular size markers are shown on
the left. The arrow indicates the 132-kD band.

132-kD band. Competitive binding experiments demonstrated
that preincubation with [QAYL]IGF-I or high concentrations
of insulin or IGF-I had no effect on receptor affinity. 50% dis-
placement of ['25I-QAYL]IGF-I binding occurred at 0.6 nM
unlabeled IGF-I or [QAYL]IGF-I and 600 nMinsulin under
both normal and preincubation conditions (data not shown).

Changes in receptor availability were reflected in cell re-
sponsiveness to IGF-I (Fig. 6 B). Preincubation with [QAYL]-
IGF-I for 24 h caused a dose-dependent decrease in IGF-I-
stimulated [3H]thymidine incorporation in normal HF; after
exposure to 1 nM [QAYL]IGF-I, cell responsiveness was only
35%of control. This relatively resistant state was also seen after
a 48-h preincubation period and persisted for more than 24 h
after removal of the [QAYL]IGF-I (data not shown). In con-
trast, preincubation with equivalent concentrations of IGF-I
had no significant effect on subsequent cell responsiveness to
IGF-I. IGF-I-stimulated [3H]AIB uptake in human fibroblasts
was also impaired after preincubation with 1 nM[QAYL]IGF-
1 (62±5% of maximum stimulation, n = 3, P < 0.05), whereas
cells maintained responsiveness to IGF-I after incubation for
24 h with 1 nM IGF-I (91±5% of maximum stimulation,
P= NS).

Discussion

IGF-I stimulates a marked increase in IGFBPs in the medium
of normal and SV40-transformed human fibroblasts, indepen-
dent of type I IGF receptor binding. The results of these in vitro
studies reflect observations of IGF-I-associated changes in
IGFBPs in vivo (10-12), and provide a possible mechanism to
explain why extracellular fluid concentrations of IGF-I and
specific IGFBPs are coordinated. Furthermore, our physiologi-
cal studies suggest that direct IGF-I alteration of IGFBP avail-
ability provides a unique mechanism for modulating cellular
responsiveness to IGF-I.

Human fibroblast IGFBPs: regulation by IGF-I. The
IGFBPs identified in human fibroblast conditioned medium
(with apparent mol wt of 42/38, 36, 30-32, 28, and 24 kD)
correspond to specific forms found in human serum (39, 40).

The 42/38-kD doublet represents glycosylation variants of
IGFBP-3 (34). As demonstrated in this study, IGF-I increased
42/38-kD IGFBP-3 in the media of normal HFand SV40-HF,
whereas GHhad little or no effect. These results support the
proposal put forth by us (13) and by others (10, 11, 17) that the
apparent GH-dependency of IGFBP-3 is mediated in large part
by IGF-I. IGF-I's effect was particularly evident in SV40-HF
cultures, which have low levels of medium IGFBP-3 in the
unstimulated state. In these cells, there was a preferential in-
crease in the 38-kD (7-fold) over the 42-kD (2.5-fold) IGFBP-3
variant, suggesting that degree of glycosylation may be an im-
portant characteristic of this regulation. Relative increases in
38- and 42-kD IGFBP-3 with the addition of IGF-I to normal
HF cultures were 210 and 140%, respectively; the diminished
sensitivity presumably reflecting the high basal secretion of
IGFBP-3 by these cells. The absolute increase in IGFBP-3 in
the medium supplemented with IGF-I may be similar in both
normal and SV40-HF fibroblast systems, however. Martin and
Baxter also reported an increase in IGFBP-3 with IGF-I in
neonatal human fibroblasts (15). These results in cultured hu-
man fibroblasts correspond to in vivo studies where infusion of
hypophysectomized and diabetic rats and healthy man with
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IGF-I resulted in increased circulating IGFBP-3 (10, 12). Also,
circulating levels of IGF-I and IGFBP-3 change in parallel
under a variety of pathophysiological conditions (11). It may
be relevant that within the plasma 150-kD IGFBP-3 complex,
the 38-kD IGFBP-3, but not the 42-kD, form decreases with
age (41). Thus, normal HF and SV40-HF provide versatile
models for examining possible underlying mechanism(s) for
IGF-I regulation of IGFBP-3.

Wealso found that treatment of SV40-HF and normal HF
with IGF-I resulted in increased 36-kD IGFBP, and had signifi-
cant stimulatory effects on IGFBPs with mol wt in the range of
28-32 kD. In addition, IGF-I markedly decreased 24-kD
IGFBP in normal HF. The specific identities of these IGF-I-
regulated IGFBPs were not determined in this study. Neverthe-
less, our observations may be related to other in vivo and in
vitro studies. IGF-I-"inducible" 28-32-kD IGFBPs have been
described in fetal and neonatal human fibroblast cultures (15,
42), rat osteoblast-like cells (18), rodent muscle cells (14), and
rabbit articular chondrocytes (16). The 36-kD IGFBP may rep-
resent 36-kD human IGFBP-2, which is increased in plasma
during subcutaneous infusion of IGF-I in healthy adults (12).
However, in contrast to results in vivo where the increase is
prevented by simultaneous GHadministration (12), GHin our
study had no effect on basal or IGF-I-stimulated increases in
IGFBPs. This difference in modulation by GHmay indicate an
indirect effect of GHin vivo. On the other hand, the 36-kD
IGFBP in human fibroblast conditioned medium may be re-
lated to IGFBP-3, because these two forms appear to respond
in concert to IGF-I. The 24-kD IGFBP most likely relates to
IGFBP-4 purified from rat serum and human bone cell-condi-
tioned medium (9, 43). The IGF-I-associated decrease in 24-
kD IGFBP described here in normal adult HF has also been
reported by Clemmons et al. in human fetal fibroblasts (44). In
our study, IGF-II was twice as effective as IGF-I in decreasing
medium levels of 24-kD IGFBP. Wedid not observe a decrease
in 24-kD IGFBP with IGF-I or IGF-II in SV40-HF cultures,
and the potential significance of these differing results with
transformation is unclear.

Mechanism: receptor-independent. Many peptide hor-
mones have been shown to regulate IGFBP secretion through
receptor-mediated changes in gene expression (45-47). Our
findings are unique in this respect, and our conclusion that
IGF-I-associated increases in IGFBPs in human fibroblasts are
independent of IGF-I receptor interaction is supported by the
following observations: (a) insulin at high concentrations can
cross-react with the type I IGF receptor in these cells, but had
no effect on IGFBP secretion; (b) downregulation of the type I
IGF receptor did not diminish IGF-I-induced increases in
IGFBP release; (c) incubation of human fibroblasts with IGF-II
and IGF-I analogues having reduced affinities for the type I
IGF receptor resulted in dose-dependent increases in medium
IGFBP, equivalent to those seen with IGF-I; (d) [QAYL]IGF-I,
a mutant IGF-I that binds normally to the type I IGF receptor
but has 20- to 600-fold reduced affinity for IGFBPs, failed to
stimulate an increase in medium IGFBPs; and (e) aIR-3, a
monoclonal antibody that blocks IGF-I binding to its receptor,
did not block IGF-I-induced increases in IGFBPs. Thus, IGF-I
does not influence IGFBP availability by regulating IGFBP
synthesis in these cells. Weare currently exploring alternative
mechanisms involving direct interaction of IGF peptide with
secreted IGFBP.

This is the first report to examine and define an IGF-I re-
ceptor-independent mechanism for IGFBP regulation; how-
ever, our findings are not without precedent. These results
might have been anticipated from the observation of Clem-
mons et al. that IGF-I stimulation of 3 1-kD IGFBP secretion in
human fetal fibroblasts depended more upon IGF-I binding to
the binding protein and less on IGF-I receptor association (44).
Along the same lines, in a study by Martin and Baxter (15),
IGF-I stimulated an increase in a 29-3 l-kD IGFBP doublet in
neonatal HF medium, and this effect was not mimicked with
high concentrations of insulin, consistent with a receptor-inde-
pendent effect of IGF-I on this IGFBP. This mechanism may
also account for IGF-I-induced increases in IGFBP-3 in rat and
human osteoblast-like cultures, which are not related to
changes in IGFBP-3 gene expression (reference 48, and our
unpublished observations). However, not all IGF-I-stimulated
increases in IGFBPs appear to be receptor-independent. In cul-
tured bovine fibroblasts, IGF-I induces IGFBP-3 synthesis (ref-
erence 13, and our unpublished observations). Studies by
McCusker et al. also suggested that IGF-I-stimulated IGFBP
secretion (31- and 24-kD forms) in L6 and BC3H- 1 cells was
mediated via the type I IGF receptor (14).

Physiological significance. What are the possible physiologi-
cal implications of a receptor-independent mechanism allow-
ing for a rapid increase in soluble IGFBP in the microenviron-
ment as a direct response to IGF-I? Many peptide hormones,
including IGF-I, insulin, and GHare able to induce a decrease
in the number of their cell-surface receptors (downregulation),
rendering the cells refractory to further stimulation (26, 49).
Insulin and GHare secreted in a pulsatile fashion and generally
circulate at low levels. Total circulating IGF concentrations, on
the other hand, are high and relatively invariable (50) and
could result in extensive downregulation of the type I IGF re-
ceptor based upon in vitro studies (26). However, the 1 50-kD
IGFBP complex in serum restricts access of IGFs to the extra-
vascular spaces and prevents the insulin-like effects of excess
IGFs (10, 39); a similar role may exist for cell-derived IGFBPs.
Weand others have shown that soluble IGFBPs can prevent
IGF-I receptor interaction (19-21). In this study, we demon-
strated that incubation of normal HF and SV40-HF with an
IGF-I analogue unable to increase soluble IGFBPs, but having
normal type I IGF receptor binding, occupied and downregu-
lated the receptor more effectively than native IGF-I. This
downregulation of the type I IGF receptor was paralleled by
decreased responsiveness ofthe cells to subsequent IGF-I stimu-
lated DNAsynthesis and amino acid uptake. Moreover, addi-
tion of pure IGFBP-3 blocks IGF-I-induced receptor downre-
gulation and cell desensitization in cultured bovine fibroblasts
(51). Ernst and Rodan also showed that enhanced IGF-I-stimu-
lated DNAand collagen synthesis correlated with accumula-
tion of IGFBP-3 in the culture medium (52). Therefore, an
acute increase in soluble IGFBPs, especially IGFBP-3, may be
a "reflex" response of specific cells to changes in local IGF-I
levels, allowing continued cell responsiveness.

In addition, an increase in soluble IGFBPs may capture and
retain the IGF-I peptide in the cell microenvironment, and act
as a time-release complex. Blum et al. reported that addition of
IGFBP-3 enhanced IGF-I-stimulated thymidine incorporation
in baby hamster kidney fibroblasts (53). Although cell surface
association was not determined in their study, it is conceivable
that IGF-I activates or facilitates IGFBP-3 attachment to spe-
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cific cell membranes. This process would be analogous to the
assembling of the 1 50-kD plasma complex, i.e., the acid-labile
subunit binds only IGFBP-3 complexed with IGF (54).

Thus, IGF-I regulates the availability of IGFBPs in cultured
human fibroblasts by a unique receptor-independent mecha-
nism. Changes in levels of soluble IGFBPs, in turn, modulate
IGF-I peptide and receptor interaction and may constitute an
important level of control in IGF cellular physiology. Further
studies are needed to characterize this mechanism, and to de-
termine its contribution to IGF pathophysiology and its impli-
cation in the clinical use of IGFs.
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