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Abstract

Insulin-like growth factor binding protein4 (IGFBP4) is a
24-26-kD protein expressed by a variety of cell types in vivo
and in vitro. Treatment of normal adult human fibroblasts with
10 nM insulin-like growth factor II (IGF-II) for 24 h resulted
in an 85% decrease in endogenous IGFBP4, as assessed by
Western ligand blot analysis of the conditioned medium. Incu-
bation of human fibroblast-conditioned medium (HFCM) with
IGF-II under cell-free conditions led to a similar loss of
IGFBP4. This posttranslationally regulated decrease in
IGFBP-4 appeared to be due to a protease in HFCM: (a) It
could be prevented with specific protease inhibitors or incuba-
tion at 40C; (b) proteolysis of recombinant human (rh)
IGFBP-4 required HFCM; (c) immunoblotting and radiolabel-
ing confirmed cleavage of IGFBP4 into 18- and 14-kD
IGFBP4 fragments. The protease was specific for IGFBP4,
and was strictly dependent on IGFs for activation. IGF-II was
the most effective of the natural and mutant IGFs tested, induc-
ing complete hydrolysis of rhIGFBP4 at a molar ratio of
0.25:1 (IGF/IGFBP4). Simian virus 40-transformed adult
human fibroblasts also expressed IGFBP4 and IGFBP4 pro-
tease, as well as an inhibitor ofIGFBP4 proteolysis. In biologi-
cal studies, intact rhIGFBP4 potently inhibited IGF-I-stimu-
lated [3HIaminoisobutyric acid uptake, whereas proteolyzed
rhIGFBP-4 had no inhibitory effect. In conclusion, these data
provide evidence for a novel IGF-dependent IGFBP4-specific
protease that modifies IGFBP4 structure and function, and
indicate a preferential role for IGF-II in its activation. Post-
translational regulation of IGFBP4 may provide a means for
cooperative control of local cell growth by IGF-I and IGF-II.
(J. Clin. Invest. 1993.91:1129-1137.) Key words: insulin-like
growth factors I and II * insulin-like growth factor binding pro-
tein4 * protease * protease inhibitor

Introduction

In recent years, six distinct insulin-like growth factor binding
proteins (IGFBPs)' have been identified and designated as
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1. Abbreviations used in this paper: AIB, aminoisobutyric acid;
HFCM, human fibroblast-conditioned medium; IGF, insulin-like
growth factor; IGFBP, IGF binding protein; SFM, serum-free me-
dium; SV40, simian virus 40.

IGFBP- I through IGFBP-6 (1-8). The importance of these
IGFBPs lies in their potential to modify the diverse metabolic
and mitogenic effects of insulin-like growth factor (IGF) I and
11 (9). IGFBPs are present in serum and other biological fluids
and are secreted by a variety of cells in culture, suggesting criti-
cal modulation of local as well as systemic action of the IGFs
( 10, 11 ). Therefore, knowledge of the regulation of the differ-
ent IGFBPs is fundamental to our understanding of IGF re-
sponsiveness at the cellular level. At present, the factors affect-
ing IGFBP bioavailability are not completely understood.
IGFBP-1, IGFBP-2, and IGFBP-3 mRNA expression can be
regulated by various hormones and growth factors ( 12-17).
Additionally, IGFBP-1 and IGFBP-3 have been shown to un-
dergo posttranslational modifications, such as phosphorylation
and proteolytic processing, that result in altered bioactivity
(18-21).

Little is known about the regulation of IGFBP-4. IGFBP-4
is a 24-26-kD protein, originally isolated from the conditioned
medium ofhuman bone cells and rat serum (6, 7). It is secreted
by a number of different cell types in vitro and IGFBP-4
mRNA is expressed in a variety of tissues (6, 7, 22-29). Al-
though its precise biological function is unknown, IGFBP-4
has been implicated as a potent inhibitor ofIGF action in bone
and in other systems (8, 22, 26, 30-32). Recently, we reported
that, in contrast to an increase in IGFBP-3, treatment of nor-
mal human fibroblasts and human osteoblast-like cells with
IGF-I or IGF-II led to a marked reduction in the levels of 24-
kD IGFBP-4 detected in the cell-conditioned medium (25,
33). An IGF-induced decrease in human fibroblast-derived
IGFBP-4 was also described by Neely and Rosenfeld (34) and
Clemmons et al. (27). Data from these studies indicated that
this effect did not require IGF binding to type I or type II IGF
receptors present on the cells. Interestingly, simian virus 40
(SV40)-transformed human fibroblasts, SV40-transformed
human osteoblasts, a human epidermal squamous cell carci-
noma line, and various osteosarcoma cell lines secrete 24-kD
IGFBP, the medium levels of which are not affected by treat-
ment of cells with IGF-I or IGF-II (25, 33, 34).

In this study, we examined the mechanism by which IGFs
regulate IGFBP-4 in cultured human fibroblasts. We present
evidence for an IGF-activated protease that is specific for
IGFBP-4 and that modifies IGFBP-4 structure and function.
Furthermore, our data suggest involvement of an inhibitor,
dominant in the transformed fibroblasts, that blocks proteoly-
sis of IGFBP-4.

Methods
Materials. Recombinant human IGF-I and IGF-II were purchased
from Amgen Biologicals (Thousand Oaks, CA) and Bachem, Inc.
(Torrance, CA), respectively. des( 1-3)IGF-I was from KabiGen
(Stockholm, Sweden). IGF-I analogues obtained by site-directed mu-
tagenesis [Ser24]IGF-I, [1-27, Gly4, 38-70]IGF-I, and [Gln3, Ala4,

Posttranslational Regulation ofInsulin-like Growth Factor Binding Protein-4 1129

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
002 1-9738/93/03/1 129/09 $2.00
Volume 91, March 1993, 1129-1137



Tyr'5, Leu`6]IGF-I([QAYL]IGF-I), were generous gifts of Dr. M.
Cascieri (Merck Sharp & Dohme, Rahway, NJ). Recombinant human
(rh) IGFBP-4, rhIGFBP-5, and rhIGFBP-6 were produced in yeast and
purified by IGF-I affinity chromatography and HPLC (8). IGFBP-4
antiserum was generated against rhIGFBP-4 in rabbits by Babco
(Berkeley, CA), and is highly specific for IGFBP-4 (35). Crystalline
human insulin was provided by Eli Lilly & Co. (Indianapolis, IN) and
human growth hormone and rhIGFBP-3 by Genentech, Inc. (South
San Francisco, CA). Epidermal growth factor was obtained from Col-
laborative Research Inc. (Lexington, MA), endoglycosidase F was
from Calbiochem-Behring Corp. (La Jolla, CA), and tissue culture
supplements were from Gibco Laboratories (Grand Island, NY).
Aprotinin was obtained from Boehringer Mannheim Biochemicals
(Indianapolis, IN). BSA (fraction V, RIA grade), steroid hormones,
and all other inhibitors were purchased from Sigma Chemical Co. (St.
Louis, MO).

Cell-conditioned medium. Human dermal fibroblasts from normal
adult donors (GM03652B) and SV40-transformed human fibroblasts
(GM00637E) were purchased from the Human Genetic Mutant Cell
Repository (Camden, NJ). Fibroblasts were cultured in DME supple-
mented with 100 U/ml penicillin, 100 Ag/ml streptomycin, and 4 mM
glutamine, and containing 10% supplemented calf serum (HyClone
Laboratories, Logan, UT).

At confluency, fibroblasts were washed twice and preincubated in a
1:1 mixture by volume of Waymouth's medium to DME plus 0.1%
BSA serum-free medium (SFM) for 24 h. The cells were then washed
and the medium changed to SFM for 72 h. At the end ofthe incubation
period, the cell-conditioned medium was centrifuged at 2,000 g, 4VC
for 30 min and stored frozen at -70°C. Medium conditioned by nor-
mal human fibroblasts is referred to as HFCM; medium conditioned
by SV40-transformed human fibroblasts is referred to as SV40-HFCM.

Cell-free incubation. 50 Al of cell-conditioned medium (HFCM or
SV40-HFCM) were incubated in a microfuge tube with experimental
additions (or equivalent volume ofSFM) at 37°C for 24 h unless other-
wise indicated.

Cell culture incubation for inhibitor studies. SV40-transformed hu-
man fibroblasts were plated in 24-multiwells (Costar, Cambridge, MA)
and grown to confluency. Cells were washed twice and preincubated
with SFM for 24 h. At this time the cells were again washed and then
incubated for 24 h with HFCM with or without addition of cyclohexi-
mide and IGF-II.

Western ligand blot analysis. Unreduced conditioned medium sam-
ples (50 Al) were processed by SDS-PAGE using a 7.5-15% linear gra-
dient, and separated proteins were electroblotted onto nitrocellulose
filters using a BioTrans Unit (Gelman Sciences, Inc., Ann Arbor, MI).
Filters were blocked, labeled with '251I-IGF-I overnight at 4°C, and visu-
alized by autoradiography, according to the method of Hossenlopp et
al. (36) and as described in previous publications (23, 33). Unstained
Mr standards (BioRad Laboratories, Richmond, CA) were processed
in parallel, and proteins were stained using India ink (37). Films were
scanned with an UltroScan XL laser densitometer; absorbance curves
were integrated and compared, and molecular size was determined,
using GelScan XL software (Pharmacia LKB Biotechnology Inc., Pis-
cataway, NJ).

Western immunoblot analysis. Reduced (+ 100mM DTT) or unre-
duced samples were electrophoresed using a 10-20% linear gradient
and transferred as described above for Western ligand blots. Filters
were blocked with 3% BSA overnight at 4°C, incubated 2 h with
IGFBP-4 antiserum ( 1:500 final dilution), and then incubated 2 h with
goat anti-rabbit IgG-alkaline phosphatase conjugate ( 1:300 final dilu-
tion). Antigen-antibody reactions were visualized using Vectastain
ABC immunoblotting reagents following manufacturer's instructions
(Vector Laboratories, Burlingame, CA).

Radiolabeled IGFBP-4. rhIGFBP4 was iodinated by a modifica-
tion ofthe chloramine-T method (38) and reaction products separated
on a G-75 Sephadex column (Pharmacia). '25I-rhIGFBP-4 (- 25,000
cpm) was incubated in cell-free HFCM for 6 h at 370C with or without
IGF-II. Unreduced samples were fractionated by SDS-PAGE using a

10-20% linear gradient. Gels were stained with Coomassie Blue, dried,
and exposed to film.

Soluble IGF binding assay. rhIGFBP-4 (0.08 nM) was incubated
with '251-IGF-I (30,000 cpm, - 0.02 nM) and various concentrations
of unlabeled IGF overnight at 40C. (The concentration of rhIGFBP-4
was based on a preliminary titration experiment to determine a con-
centration near but not at the plateau ofmaximal radioligand binding.)
Activated charcoal (1%) containing 0.2 mg/ml protamine sulfate was
added, and the samples were centrifuged at 40C to separate bound from
free IGF-I (23, 24). Binding in buffer alone was subtracted from the
total bound radioactivity to determine specific binding.

Aminoisobutyric acid (AIB) uptake. [3H]AIB uptake was deter-
mined as described previously (33, 39, 40). Confluent bovine fibro-
blasts (24 multiwells) were washed three times with HBSS containing
1.75 g/l NaHCO3, 20mM Hepes, pH 7.4, and 0.1% BSA. The medium
was changed to 2 nM IGF-I in 450 Al HBSS buffer plus the indicated
experimental additions (in 50 AI ofHFCM), and the monolayers incu-
bated at 370C for 6 h. [3H]AIB (0.5 MCi/ml, 8MM) was added and the
incubation was continued for 12 min. Cultures were placed on ice and
washed quickly four times with cold PBS. Monolayers were solubilized
in 0.25 N NaOH and aliquots were taken for liquid scintillation count-
ing. Results are expressed as percentage of total counts in the incuba-
tion medium which were taken up by the cells.

Statistics. Statistical comparisons were performed using analysis of
variance and the Scheffe test for multiple comparisons. Results are
considered statistically significant at P < 0.05.

Results
IGF regulation of IGFBP-4 in normal human fibroblasts.
Under control serum-free culture conditions, normal adult hu-
man fibroblasts secrete various IGFBPs with apparent M, of
42, 38, 36, 32, 28, and 24 kD, as assessed by Western ligand
blotting with '251I-IGF-I (Fig. 1 A). The 38/42-kD IGF binding

(A) (B)
Cell Culture Cell-free

42.7 -

31.0 - 4.

4,0
21.5

Figure 1. Western ligand blot of IGFBPs in HFCM: effect of IGF-II in
cell culture and cell-free incubation. (A) Cell culture: human fibro-
blasts were plated in 24 multiwells and grown to confluency. Con-
fluent cultures were washed and incubated 24 h at 370C in 500 M1
SFM without (-) or with (+) 10 nM IGF-II. Medium was collected
at the end ofthis incubation period. (B) Cell-free: medium was col-
lected from human fibroblasts incubated with SFM for 72 h (referred
to as HFCM in the text), and then incubated under cell-free condi-
tions without (-) or with (+) 10 nM IGF-II for 24 h at 370C. Me-
dium samples (50 Ml) were electrophoresed through a nonreducing
SDS-polyacrylamide gel (7.5-15% linear gradient) and separated
proteins were transferred onto nitrocellulose; after incubation with
'25I-IGF-I, filter-immobilized IGFBPs were identified by autoradiog-
raphy, as described in Methods. The migration positions of unstained
molecular size markers (in kD) are shown on the left. The arrow on
the right indicates 24-kD IGFBP-4.
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doublet and the 24-kD IGFBP form are predominant, and
have been identified as IGFBP-3 and IGFBP-4, respectively
(33, 34, 41). In addition, 28-kD IGFBP is reduced to 24 kD
with endoglycosidase F treatment (data not shown), and likely
represents glycosylated IGFBP-4 (5, 26, 41) . Treatment of hu-
man fibroblasts with 10 nM IGF-II for 24 h under serum-free
culture conditions resulted in decreased medium IGFBP-4
(17% of control levels) and increased levels of IGFBP-3 (2.7-
fold), in accord with our earlier description of IGF regulation
of IGFBPs in human fibroblasts (33). Moreover, incubation of
control HFCM with IGF-II for 24 h at 37°C without cells re-
sulted in the specific loss of 24- and 28-kD IGFBP-4 (Fig. 1 B).
During this cell-free incubation, there was no decrease in
IGFBP-4 in the absence ofIGF-II. Furthermore, IGF-II did not
alter IGFBP-3 levels and had no effect on other IGFBPs in
HFCM. In time- and temperature-dependence studies (n = 3),
IGFBP-4 in HFCM was decreased 73-82% within 2 h and was
undetectable by 6 h of 37°C cell-free incubation with IGF-II;
no loss of IGFBP-4 occurred with IGF-II when incubations
were carried out at 4°C (data not shown). Addition of insulin
(100 nM), growth hormone (1 jIg/ml), epidermal growth fac-
tor ( 10 nM), dexamethasone ( 100 nM), /-estradiol (1 ,uM), or
progesterone (1 ,uM) to cultured cells or to cell-free condi-
tioned medium had no effect on IGFBP-4 levels (data not
shown).

IGF-II, IGF-I, and various structural analogues of IGF-I
were compared in their ability to modulate IGFBP-4 levels.
Cell-free HFCM was incubated with or without 10 nM of each
peptide for 24 h at 37°C and the samples analyzed by Western
ligand blot (Fig. 2). IGF-I, IGF-II, [Ser24]IGF-I, and des( 1-
3)IGF-I each produced near complete loss of detectable
IGFBP-4 in HFCM; [1-27, Gly4, 38-70] reduced IGFBP-4 lev-
els - 50% and [QAYL] IGF-I had no effect. IGF-II was consis-
tently found to be the most effective IGF. In three experiments,
the relative decrease in IGFBP-4 induced by 5 nM of peptide
was (mean±SE) 95±1% (IGF-II), 83±4% (IGF-I), 82±4%
([Ser24]IGF-I), 61±8% (des(1-3)IGF-I), and 35±5% ([1-27,
Gly4, 38-70]IGF-I).

Effect ofprotease inhibitors on IGF regulation ofIGFBP-4.
Results of the cell-free experiments described above suggested
that human fibroblasts may secrete an IGFBP-4-specific pro-
tease that is dependent upon IGFs for activation. Therefore, we
tested various protease inhibitors on their ability to prevent
IGF-II-induced decreases in IGFBP-4 in cell-free HFCM.
EDTA and 1,10 phenanthroline, agents that complex divalent

Figure 2. Regulation of
IGFBP-4 in cell-free
conditioned medium by
IGF-II, IGF-I, and IGF-
I analogues. Cell-free
HFCM was incubated
with 10 nM IGF-I (lane
b), IGF-II (lane c),

W '- des( 1-3)IGF-I (lane d),
[Ser24]IGF-I (lane e),

a b c d e f g [1-27, Gly4, 28-70]-
IGF-I (lanef), [QAYL]-
IGF-I (lane g), or an

equivalent amount of SFM (lane a) for 24 h at 370C. Samples were
analyzed by Western ligand blot using '25I-IGF-I, as described in Fig.
1. The arrow indicates 24-kD IGFBP-4.

Table I. Effect ofProtease Inhibitors on IGF-II
Regulation ofIGFBP-4 during Cell-free Incubation

IGFBP-4 band intensity
Protease inhibitor Concn. (percentage of control)*

None 3
EDTA 5mM 100

2 mM 70
1,10 phenanthroline 5 mM 93

1 mM 61
0.1 mM 10

Benzamidine 50 mM 94
5 mM 28

Aprotinin 2 mg/ml 8
PMSF 10mM 14

2mM < 1
Antipain 2.5 mM < 1
Soybean trypsin inhibitor 2 mg/ml < I

Cell-free HFCM (50 ,ul) was incubated for 24 h at 370C with 10 nM
IGF-II and the indicated protease inhibitors. The samples were then
analyzed by Western ligand blotting using '251-IGF-I as described in
Fig. 1. * IGFBP-4 band intensity was quantitated by scanning densi-
tometry, and results are expressed as percentage of control (i.e.,
values in HFCM incubated without IGF-II).

cations, blocked IGF-induced decreases in IGFBP-4 (Table I).
At high concentrations, benzamidine was also effective in in-
hibiting IGFBP-4 proteolytic activity, but other serine protease
inhibitors (aprotinin, antipain, phenylmethylsulfonyl fluoride,
and soybean trypsin inhibitor) had little or no effect at the
concentrations tested.

Detection ofIGFBP-4 fragments. We further investigated
IGF-II regulation of IGFBP-4 using recombinant human
IGFBP-4 (rhIGFBP-4). In initial experiments, rhIGFBP-4 (50
ng _ 40 nM) was incubated with or without IGF-II (10 nM)
for 24 h at 37°C in the absence or presence of cell-free HFCM.
As shown in the Western ligand blot ofFig. 3, 24-kD rhIGFBP-
4 was stable during the 24 h incubation in SFM (lane a) or in
HFCM (lanes c, e, and g). IGF-II had no effect on rhIGFBP-4
in the absence ofHFCM, but decreased rhIGFBP-4 50%, 88%,
and 97% when HFCM was present as 10%, 40%, and 80%
(lanes d, f and h, respectively) of the total incubation volume.
Under these same conditions, IGF-II had no effect on IGFBP- 1
(from HepG2 cells [1, 23]), IGFBP-2 (from BRL3A2 cells [3,
23]), rhIGFBP-3, rhIGFBP-5, or rhIGFBP-6 (data not
shown).2

The availability of rhIGFBP-4 and IGFBP-4 antiserum al-
lowed us to assess the nature of IGF-II-regulated IGFBP-4 by
Western immunoblotting (Fig. 4). In samples electrophoresed
under nonreducing conditions, a single immunoreactive band
at 24 kD was detected in samples containing 100 ng (- 80
nM) rhIGFBP-4 and HFCM but no IGF-II. Inclusion of 10 nM
IGF-II resulted in the complete loss of immunoreactive 24-kD
IGFBP-4 and the appearance of faint bands at 18 and 14 kD.

2. Western ligand blotting was performed using '251I-IGF-II as well as
'251-IGF-I in order to detect IGFBP-6, which has low affinity for
IGF-I (8).
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Figure 5. Proteolysis of 12511
rhIGFBP-4. Radiolabeled
rhIGFBP-4 was incubated in
HFCM without (-) or with
(+) 10 nM IGF-II, and after
6 h solubilized complexes

quo were separated by 10-20%
gradient SDS-PAGE under

40. nonreducing conditions. Mi-
gration positions of unstained
molecular size markers (in

- kD) are shown on the left.

Figure 3. IGF-II regulation of rhIGFBP-4. Recombinant human
IGFBP-4 (rhIGFBP-4, 50 ng) was incubated under cell-free condi-
tions without (-) or with (+) 10 nM IGF-II for 24 h at 37°C in a
total volume of 50 ,ul, which included no HFCM (lanes a and b), 10%
HFCM (lanes c and d), 40% HFCM (lanes e andf ), or 80% HFCM
(lanes g and h). Lanes i and j represent HFCM with no rhIGFBP-4.
The arrow indicates 24-kD IGFBP-4.

These bands most likely represent proteolytic fragments of
IGFBP-4. With disulfide bond reduction, intact rhIGFBP-4
migrated at 32 kD. IGF-II-induced loss ofthis form again coin-
cided with the appearance of 18- and 14-kD immunoreactive
fragments. 18-kD IGFBP-4 was variably seen in untreated
HFCM and may reflect a low level of proteolysis induced by
endogenous IGF peptides secreted during culture (42, 43). The
IGFBP-4 antiserum did not cross-react with 100 ng of
rhIGFBP-3, -5, and -6 or with IGFBP-1 and IGFBP-2 in cell-
conditioned medium (data not shown).

Products of IGFBP-4 proteolytic activity were also studied
using radiolabeled rhIGFBP-4. As shown in Fig. 5, incubation
of '251I-IGFBP-4 with HFCM and IGF-II resulted in a 76% de-
crease in intact IGFBP-4 and the generation of labeled frag-
ments with estimated Mr of 18 and 14 kD. There was no signifi-

- DTT

a b c

+ DTT

d e f

ON-

p .7=.

31.0 -

21.5 -

14.3 -

Figure 4. Immunoblot analysis using IGFBP-4 antiserum. rhIGFBP-4
(100 ng) in 50 ,l ofHFCM was incubated under cell-free conditions
without (-) or with (+) 10 nM IGF-II for 24 h at 37°C (lanes b, c,
e, andf). Lanes a and d represent 100 ng of rhIGFBP-4 in uncondi-
tioned medium and with no incubation. Reduced (+DTT) or unre-
duced (-DTT) samples were electrophoresed on a 10-20% gradient
SDS-polyacrylamide gel, and transferred to nitrocellulose, and the
filter was incubated with antiserum to IGFBP-4 (1:500 dilution), as
described in Methods. Migration positions of unstained molecular
size markers (in kD) are shown on the left.

cant breakdown of '25I-rhIGFBP-4 during incubation in the
absence of IGF-II.

IGF binding to and regulation of rhIGFBP-4. IGF-I and
IGF-II were equipotent in competing for '25I-IGF-I binding to
0.08 nM rhIGFBP-4; 50% displacement was seen with 0.05 nM
unlabeled IGF-I or IGF-II. [1-27, Gly4, 28-70] IGF-I was two-
fold, and des( 1-3 )IGF-I was 30-fold less potent than IGF-I and
IGF-II in competing for 125I-IGF-I binding to rhIGFBP-4.
Thus, half-maximal displacement of '25I-IGF-I binding to
rhIGFBP-4 was achieved at a molar ratio (IGF/ rhIGFBP-4) of
0.6:1 for IGF-I and IGF-II, 1. 1:1 for [ 1-27, Gly4, 28-70 ] IGF-I,
and 19:1 for des( 1-3 )IGF-I (Fig. 6). In comparison, at a 0.25:1
molar ratio (IGF/rhIGFBP-4) IGF-II, IGF-I, and des( 1-
3)IGF-I were capable of inducing marked proteolysis of
rhIGFBP-4, decreasing rhIGFBP-4 levels 97%, 88%, and 74%,
respectively (Table II). Incubations with these three IGFs and

120

c)

E :5C

E0
I

C-E ._o .2
0 .Co.QScn-

100

80

60

40

20

0
0.25:1 1.25:1 6.25:1 25:1 62.5:1

Unlabeled IGF:rhIGBP-4
(molar ratio)

Figure 6. Competitive inhibition of '25I-IGF-I binding to rhIGFBP-4
by unlabeled IGF-II, IGF-I, and IGF-I analogues. Various concentra-
tions of unlabeled IGF-I (-), IGF-II (o), des( 1-3)IGF-I (o), and
[1-27,Gly4,28-70]IGF-I (A) were added to compete for '251-IGF-I
binding to 0.08 nM rhIGFBP-4, as described in Methods. Results are
the means of three experiments, expressed as percent of maximum
specific '251-IGF-I binding to rhIGFBP-4 (33 ± 3%).
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Table II. Regulation ofrhIGFBP-4 Proteolysis
by IGF-II, IGF-I, and IGF-I Analogues

rhIGFBP-4 (percent of
control)*

IGF 0.25:1 1:1

IGF-I 12 4
IGF-II 3 < 1
des( I-3)IGF-I 26 8
[ 1-27,Gly4,28-70]IGF-I 56 45

* rhIGFBP-4 (20 nM) was incubated for 24 h at 370C in 50 Al HFCM
with the indicated IGFs at 5 nM or 20 nM for a molar ratio (IGF/
rhIGFBP-4) of 0.25:1 or 1:1. The samples were then analyzed by
Western ligand blotting using 1251I-IGF-I, as described in Fig. 1.
rhIGFBP-4 band intensity was quantitated by scanning densitometry,
and results expressed as percentage of control (i.e., no added IGF).

rhIGFBP-4 at a 1:1 molar ratio produced > 90% reductions in
rhIGFBP-4 levels. [1-27, Gly4, 28-70] IGF-I was considerably
less effective under these conditions, producing a 44-55% de-
crease in rhIGFBP-4.

IGF regulation ofIGFBP-4 in SV40-transformed human
fibroblasts. SV40-transformed human fibroblasts also secrete
38 /42-kD IGFBP-3 and a 24-kD IGFBP. As shown in Fig. 7 A,
treatment of these cell cultures with 10 nM IGF-II markedly
increased IGFBP-3 (sixfold), but did not alter levels of 24-kD
IGFBP, similar to our previous findings (33). It was possible
that these cells produce negligible amounts of IGF-dependent
IGFBP-4 protease and/or a variant ofIGFBP-4 that is resistant

(A)

to proteolysis. However, incubation ofSV40-HFCM with IGF-
II in a cell-free system resulted in a 98% decrease in 24-kD
IGFBP by Western ligand blotting, similar to the IGF-induced
decrease in IGFBP-4 in HFCM (Fig. 7 B). This decrease was
confirmed as a loss of immunoreactive 24-kD IGFBP-4 (data
not shown). As with HFCM, control incubations of cell-free
SV40-HFCM did not alter the IGFBP profile and IGF-II had
no effect on IGFBP-3.

To test whether SV40-transformed human fibroblasts pro-
duce an inhibitor ofIGF-dependent IGFBP-4 proteolysis, com-
bination experiments were performed with these cells and exog-
enous HFCM containing both IGFBP-4 and IGFBP-4 protease
(Fig. 8). In a cell-free system, 5 nM IGF-II decreased IGFBP-4
in HFCM to undetectable levels (Fig. 8 A). The presence of
SV40-transformed human fibroblasts blocked the ability of
IGF-II to decrease IGFBP-4 in HFCM (Fig. 8 B). However, if
SV40-transformed human fibroblasts were treated with cyclo-
heximide (10 ,ug/ml) to inhibit ongoing protein synthesis, then
the IGF-induced decrease in HFCM IGFBP-4 occurred (Fig. 8
C). Cycloheximide had no effect on IGFBP-4 levels when
added directly to HFCM during cell-free incubation (data not
shown). Similar results were obtained in repeat experiments as
well as in experiments using SV40-transformed human fibro-
blasts with SV40-HFCM. In contrast, the presence of normal
human fibroblasts did not block the ability of IGF-II to de-
crease IGFBP-4 in HFCM (data not shown).

Biological consequence of IGFBP-4 proteolysis. Study of
the functional role of IGFBP-4 in regulating IGF-stimulated
cell growth required a cell system that was responsive to IGF-I
and that would not degrade exogenous IGFBP-4 during the
IGF bioassay. Normal human fibroblasts in culture are widely

(B)

Cell Culture Cell-free

Uw,
El

31.0 -

U1 A._
+ I+

Li 1 1
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Figure 7. Western ligand blot of IGFBPs in
SV40-transformed HFCM: effect of IGF-II in
cell culture and cell-free incubation. (A) Cell
culture: SV40-transformed human fibroblasts
were plated in 24 multiwells and grown to

< confluency. Cultures were washed and incu-
bated 24 h in SFM without (-) or with (+)
10 nM IGF-II. Medium was collected at the
end of this incubation period. (B) Cell-free:
72-h conditioned medium from normal hu-
man fibroblasts (HFCM) or SV40-transformed
human fibroblasts (SV40-HFCM) was incu-
bated under cell-free conditions without (-)
or with (+) 10 nM IGF-II for 24 h at 37°C.
Medium samples (50 Al) were analyzed by
Western ligand blotting using 1251-IGF-I, as de-
scribed in Fig. 1. Migration positions of mo-
lecular size markers (in kD) are shown on the
left. The arrow on the right indicates 24-kD
IGFBP-4.
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Figure 8. Effect of SV40-trans-
formed human fibroblasts on
IGF-II-induced IGFBP-4 pro-
teolysis. HFCM was incubated
24 h without (-) or with (+)
IGF-I (A) in a cell-free system,
(B) in the presence of cultured
SV40-transformed human fi-
broblasts, or (C) in the pres-
ence of cultured SV40-trans-
formed human fibroblasts
treated with 10 ,g/ml cyclo-
heximide (CX). Medium sam-
ples were then analyzed by
Western ligand blot using 1251I
IGF-I, as described in Fig. 1.
The arrow indicates 24-kD

# IGFBP-4.

indicated in Fig. 10, 10 nM rhIGFBP-4 inhibited by 80% the
approximately fivefold increase in [3H]AIB uptake produced
by 2 nM IGF-I (c vs. a; P < 0.05). However, the same concen-
tration of proteolyzed rhIGFBP-4 had no suppressive effect on
IGF-I-stimulated [3H ]AIB uptake (d vs. b, P = NS). This loss
of inhibitory function was not due to IGF-II (in the proteolysis
medium) binding and, therefore, decreasing the effective con-
centration of rhIGFBP-4, because an equivalent amount of
IGF-II added directly to the assay did not dilute rhIGFBP-4's
inhibitory action (e vs. a, P < 0.05). In addition, the 1 nM
IGF-II contributed by the proteolysis medium had no stimula-
tory effect by itself (b vs. a, P = NS), as would be expected
based on IGF-II's low affinity for the type I IGF receptor (39,
44). Western ligand blotting ofthe buffer at the end ofthe assay
documented that rhIGFBP-4 remained intact during incuba-
tion with bovine fibroblasts even in the presence of IGF-I and
added IGF-II (data not shown).

used to study various aspects of IGF physiology, but, as we

have demonstrated here, these cells rapidly hydrolyze IGFBP-4
in the presence of IGF-I or IGF-II. SV40-transformed human
fibroblasts appear to produce an inhibitor of IGFBP-4 proteol-
ysis, but they are not very sensitive to IGF-I stimulation (our
unpublished data). Instead, cultured bovine fibroblasts proved
useful for examining the effect of IGFBP-4 on IGF-I action.
These cells have abundant type I IGF receptors and respond to
nanomolar concentrations of IGF-I with marked increases in
[3H ] AIB uptake; a half-maximal effect is obtained with approx-
imately 1 nM IGF-I (39). IGF-II and insulin also stimulate
[ 3H ] AIB uptake in these cells by cross-reaction with the type I
IGF receptor, but 4-fold and 50-fold higher concentrations of
the respective peptides are needed (39, 40). Moreover, cul-
tured bovine fibroblasts, like SV40-transformed human fibro-
blasts, block IGF-induced IGFBP-4 proteolysis (24 and data
not shown). Therefore, we employed cultured bovine fibro-
blasts to investigate the effect of rhIGFBP-4 on IGF-I-stimu-
lated [3H ] AIB uptake.

rhIGFBP-4 inhibited IGF-I-stimulated [ 3H ] AIB uptake in
bovine fibroblasts in a dose-dependent manner (Fig. 9). 80%
inhibition was achieved when rhIGFBP-4 was present in five-
fold molar excess [rhIGFBP-4 (10 nM): IGF-I (2 nM)]. In
contrast to its potent inhibition of IGF-I, 10 nM rhIGFBP-4
had no significant effect on des( 1-3)IGF-I- or insulin-stimu-
lated [3H ]AIB uptake. We then compared the effect of intact
versus proteolyzed IGFBP-4 on IGF-I-stimulated [3HH]AIB
uptake in bovine fibroblasts. To obtain proteolyzed IGFBP-4,
rhIGFBP-4 (100 nM) was incubated 24 h at 37°C in 50 ,l
proteolysis medium (cell-free HFCM with 10 nM IGF-II). For
intact IGFBP-4, rhIGFBP-4 was incubated in HFCM without
IGF-II. Western ligand blotting of the incubation products
confirmed that intact IGFBP-4 was retained and proteolytic
processing of IGFBP-4 occurred under the appropriate condi-
tions (data not shown). Incubation of proteolysis medium and
HFCM alone was also carried out for controls. These 50-Iu
samples were then added to cultured bovine fibroblasts with or

without 2 nM IGF-I in a total assay volume of 500 kd.3 As

3. Final concentrations of the various components in the [3H]AIB
assay were: IGF-l (2 nM), rhIGFBP-4 (10 nM), IGF-II (1 nM), and
HFCM ( 1:10 dilution).

Discussion

In this study, we present evidence that IGF regulation of
IGFBP-4 in human fibroblasts occurs via activation of a spe-

cific IGFBP-4 protease. Furthermore, our biological studies
suggest a novel mechanism by which IGF-II-induced IGFBP-4
proteolysis can promote cell responsiveness to IGF-I.

Treatment of cells with IGF peptides had been reported by
us and others to decrease medium levels of IGFBP-4 (25-29,
33, 34). In the present study we were able to reproduce the
IGF-dependent decrease in IGFBP-4 in a completely cell-free
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Figure 9. IGF-I-stimulated [3H]AIB uptake in bovine fibroblasts:
dose effect of rhIGFBP-4. Bovine fibroblasts were incubated for 6 h
with 2 nM IGF-I (.), 2 nM des( 1-3)IGF-I (o), or 100 nM insulin
(tA) with or without rhIGFBP-4 at the indicated concentration. [3H ]-
AIB uptake was measured as described in Methods. Results are

means ± SE of three separate experiments, expressed as percent of
control (i.e., [3H]AIB uptake stimulated by 2 nM IGF-I).
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Figure 10. IGF-I-stimulated [3H]AIB uptake in bovine fibroblasts:
effect of intact versus proteolyzed rhIGFBP-4. [3H] AIB uptake by
bovine fibroblasts was measured 6 h after stimulation without (open
bars) or with (solid bars) 2 nM IGF-I and the indicated experimental
additions. (a) Control: HFCM. (b) Proteolysis medium: HFCM/ 10
nM IGF-II. (c) IGFBP-4: 100 nM rhIGFBP-4 in HFCM. (d) Proteo-
lyzed IGFBP-4: 100 nM rhIGFBP-4 in HFCM/ 10 nM IGF-II. Addi-
tions in a-d had been preincubated at 37'C for 24 h and were then
added as 50 ul for a total assay volume of 500 ,l. For e IGFBP-4
+ IGF-II, 100 nM rhIGFBP-4 was preincubated in HFCM but IGF-II
was added directly to the cell assay for a final concentration of 1 nM.
Results are means ± SE of three experiments. *Significant effect of
IGFBP-4 (P < 0.05).

system, demonstrating that the IGF effect can be exerted inde-
pendent of any changes in IGFBP-4 expression or secretion.
Thus, the direct addition of IGF-II to cell-free HFCM and in-
cubation for as little as 2 h at 37°C resulted in significant loss of
detectable IGFBP-4, as assessed by Western ligand blot. Only
IGF peptides were able to elicit this response; no other growth
factors tested, including insulin, growth hormone, epidermal
growth factor, or various steroid hormones, had any effect on
IGFBP-4 levels.

Involvement of a protease in HFCM was indicated by sev-
eral lines ofevidence. First, binding ofIGF peptide to IGFBP-4
in HFCM could not by itself explain the results because the
binding reaction proceeded at 4°C (standard Western ligand
blot procedure), whereas the IGF-induced decrease in IGFBP-
4 did not. Second, rhIGFBP-4 binds IGF-II with high affinity
but there was no loss of rhIGFBP-4 during incubation with
IGF-II in unconditioned medium. Nevertheless, IGF-II could
promote a marked decrease in rhIGFBP-4 during incubation
in the presence ofcell-free HFCM. Using Western immunoblot-
ting, we confirmed that under these latter conditions intact
rhIGFBP-4 (24 kD nonreduced; 32 kD reduced) was lost and
immunoreactive bands of lower mol wt ( 18 and 14 kD) ap-
peared. Also, iodinated rhIGFBP-4 treated with IGF-II and

cell-free HFCM yielded radiolabeled 18- and 1 4-kD fragments.
Finally, IGF-induced decreases in IGFBP-4 levels in HFCM
could be blocked by protease inhibitors, specifically EDTA, 1,
10 phenanthroline, and benzamidine. The data thus implicate
a type of cation-dependent protease in HFCM which, under
physiological conditions and in the presence of IGF peptide,
can hydrolyze IGFBP-4.

This protease appears to have a strict IGF requirement
since IGFBP-4 levels were unaltered when conditioned me-
dium was incubated without IGFs. Of the natural and mutant
IGFs examined, IGF-II was consistently the most effective and
could catalyze IGFBP-4 proteolysis to completion when incu-
bated with IGFBP-4 at a 0.25:1 molar concentration. IGF-II
bound IGFBP-4 with high affinity. Nevertheless, relative affin-
ity of different IGFs for IGFBP-4 did not necessarily corre-
spond to ability to regulate IGFBP-4 levels. The most striking
discordancy between IGFBP-4 binding and proteolysis was
seen with des( l-3)IGF-I. This IGF-I variant had low affinity
for IGFBP-4, as assessed by competition with '25I-IGF-I for
binding to rhIGFBP-4 and by failure of rhIGFBP-4 to inhibit
des( 1-3)IGF-I action; however, des( 1-3)IGF-I effectively pro-
moted the degradation of endogenous and recombinant
IGFBP-4. Conversely, [1-27, Gly4, 28-70]IGF-I bound
IGFBP-4 with high affinity, but was a comparatively weak in-
ducer of IGFBP-4 proteolysis. Our results suggest that IGF
peptides may directly activate the IGFBP-4 protease. However,
different conditions were employed to measure IGFBP-4 bind-
ing affinity and catalytic activity, and a proteolytic mechanism
involving IGF binding to IGFBP-4 cannot be ruled out.

The IGF-dependent protease is specific for IGFBP-4. Cell-
free incubation with or without IGF-II had no effect on other
IGFBPs present in HFCM or on IGFBP- 1, IGFBP-2, IGFBP-3,
IGFBP-5, and IGFBP-6 added to HFCM. Therefore, it is un-
likely to be the same as the recently described cation-depen-
dent IGFBP-3 protease ( 19, 20) or the cation-independent ser-
ine protease, plasmin, which has been implicated in the proteol-
ysis of IGFBP- 1 (21 ). Although the protease in HFCM could
be active against different IGFBP substrates under different
conditions, it is more probable that the protease responsible for
IGFBP-4 processing in this study is the newest member of a
growing family of IGFBP-specific proteases. Its uniqueness
may derive from its IGF activation, a feature not specifically
identified with the other recognized IGFBP proteases.

Preliminary identification of an inhibitor involved in the
posttranslational regulation of IGFBP-4 derived from observa-
tions that, unlike findings with normal human fibroblasts,
IGF-II treatment of cultured SV40-transformed human fibro-
blasts did not bring about a reduction in medium levels of
IGFBP-4 (33 and Fig. 7 A). However, when the conditioned
media from these transformed cell cultures were treated with
IGF-II in a cell-free system, a marked decrease in IGFBP-4
levels occurred. These results indicated that an IGF-dependent
IGFBP-4 protease is present in the conditioned medium from
SV40-transformed human fibroblasts as well as a potent inhibi-
tor ofIGFBP-4 proteolysis. Effective restraint ofIGFBP-4 pro-
teolysis appeared to require the continued synthesis and/or
secretion of inhibitor. This hypothesis was tested by incubating
HFCM (source of IGFBP-4 and IGFBP-4 protease) with or
without IGF-II in the presence of SV40-transformed human
fibroblasts. As we showed, SV40-transformed human fibro-
blasts prevented the decrease in HFCM IGFBP-4 with the addi-
tion of IGF-II. However, treatment of SV40-transformed hu-
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man fibroblasts with cycloheximide, an inhibitor of protein
synthesis, allowed the IGF-II-dependent decrease in IGFBP-4
to proceed. These results suggest that SV40-transformed hu-
man fibroblasts produce an inhibitory protein involved in the
IGFBP-4 proteolytic reaction. However, other explanations
cannot be discounted at this time, and, like the IGFBP-4 pro-
tease itself, the identity of this inhibitor(s) awaits more thor-
ough characterization.

IGF-controlled proteolysis of IGFBP-4 may be involved in
a wide variety ofbiological systems. By using cell-free assay, we
could demonstrate IGFBP-4 protease activity in medium con-
ditioned by normal and transformed adult human fibroblasts.
Preliminary studies indicate the presence of a similar protease
in fetal human, bovine, rat, and sheep fibroblasts as well as
human decidual cells (45, 46, and our unpublished data). We
have previously reported that incubation of normal human
osteoblast-like cells with IGF-I or IGF-II results in an 80% de-
crease in levels of24-kD IGFBP in the medium (25), and have
confirmed these results under cell-free conditions (our submit-
ted manuscript). In addition, IGF-induced decreases in 24-kD
IGFBPs have been noted in cultures of human decidual cells,
human breast carcinoma cells, and a rat neuroblastoma cell
line (26, 28, 29, 41 ). It may be that posttranslational regulation
of IGFBP-4 is as important as IGFBP-4 expression in deter-
mining IGFBP-4 availability.

In biological studies using cultured bovine fibroblasts,
IGFBP-4 blocked IGF-I-stimulated [3H I AIB uptake when pres-
ent in 5-fold molar excess. IGFBP-4 had no significant effect
on [3H]AIB uptake stimulated by des( l-3)IGF-I or insulin,
peptides with little or no affinity for IGFBP-4. These findings
are in agreement with reports that IGFBP-4 inhibits IGF action
in vitro by sequestering the peptide and preventing receptor
interaction (8, 26, 30, 32). Our study further demonstrated
that relatively low amounts of IGF-II (molar ratio 0. 1:1 [ IGF-
II/IGFBP-4]) induced IGFBP-4 proteolysis with consequen-
tial loss ofIGFBP-4 inhibitory function. IGF-II was more effec-
tive than IGF-I in activating IGFBP-4 proteolysis whereas IGF-
I is more potent than IGF-II in activating type I IGF receptor
signaling (39, 40, 44), suggesting a novel mechanism for con-
certed control of cell growth by IGF-I and IGF-II. Thus at low
levels, IGF-II could facilitate the breakdown of IGF inhibitory
proteins (IGFBP-4), thereby increasing the availability ofIGF-
I for receptor interaction. In this way, stimulatory effects of
IGF-II may reflect ability to regulate IGFBP-4, independent of
IGF-II cross-reactivity with the type I IGF receptor. This mech-
anism could play a significant role in bone with its high con-
centration of IGF-II in bone matrix (47), osteoblastic produc-
tion ofIGFBP-4 (7, 25), and IGF-regulated IGFBP-4 protease
activity (25 and unpublished results). On the other hand, if
intact IGFBP-4 is an important inhibitor of IGF-I-stimulated
growth, then cell types which secrete IGFBP-4 but block local-
ized IGFBP-4 proteolysis (via inhibitors of proteolysis and/or
decreased IGFBP-4 protease production) would be expected to
have limited responsiveness to IGFs. However, if growth re-
quirements for IGFs are reduced (e.g., with transformation),
then the resulting effect could be inhibition of adjacent cell
growth and facilitated invasion into surrounding normal tis-
sue. Thus, constraints on IGFBP-4 proteolysis could provide
the potential for preferential tumor growth. It may be signifi-
cant that IGFBP-4 is secreted by a variety of transformed and
malignant cells and elevated levels of IGFBP-4 are, in many

cases, associated with a transformed phenotype (25, 29,
3 1-34).

In conclusion, identification of IGFBP proteases, especially
those regulated by IGF peptides, adds a whole new dimension
of complexity to our understanding of IGF physiology. Further
studies are needed to evaluate the significance of our findings
with respect to normal and abnormal cell growth.
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