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Abstract

Specific, high affinity insulin-like growth factor (IGF) binding
proteins are secreted by human fibroblasts in culture. By mul-
tiple criteria, the species of IGF binding proteins produced by
human fibroblasts are distinct from the HepG2/amniotic fluid
IGF binding protein, but share many characteristics with the
growth hormone-dependent IGF binding protein forms pre-
dominant in normal adult human plasma. Treatment of cul-
tured human fibroblasts with growth hormone produced an

increase in IGF binding protein activity in the medium, while
addition of glucocorticoids markedly diminished IGF binding
activity. Insulin, epidermal growth factor, platelet-derived
growth factor, and progesterone had no effect on IGF binding
activity in fibroblast media. In comparison, HepG2 IGF bind-
ing activity was enhanced by progesterone, decreased by insu-
lin, and unaffected by growth hormone or glucocorticoid treat-
ment. Five molecular forms of IGF binding proteins were iden-
tified by Western ligand blots in human fibroblast conditioned
medium, with Mr = 41,500, 37,000, 32,000, 28,000, and
23,000. In human fibroblast conditioned medium, the Mr
= 41,500 and 37,000 IGF binding protein species were abun-
dant, as in normal human plasma, with a major Mr = 23,000
form which was a minor component in plasma.

Introduction

The insulin-like growth factors I and II (IGF-I and IGF-II)'
mediate many of growth hormone's anabolic effects in vivo,
and have been shown to be important growth factors for a

variety of cells in vitro, including human fibroblasts (1, 2).
IGF-I and -II are carried as two major forms in human plasma,
with relative molecular masses of - 150,000 and 40,000 (3).
The Mr = 150,000 binding protein appears to be under growth
hormone control and is the major carrier of IGF-I and IGF-II
in the circulation. Evidence suggests that this big binding pro-
tein complex may be composed of smaller binding protein
molecules (3-5). The small IGF binding protein is a minor
form in normal adult plasma, but has been found to be ele-
vated in fetal and growth hormone-deficient plasma. In addi-
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tion, a variety of human cells and biological fluids have been
shown to produce or contain IGF-specific binding proteins. M,
= 28,000 IGF binding proteins have been purified from
human amniotic fluid (6) and from culture medium condi-
tioned by a human hepatoma line, HepG2 (7), which by im-
munological and sequence data have been shown to be similar
or identical proteins (8). IGF binding activity has also been
detected in the conditioned medium of cultured human skin
fibroblasts (9), and has been suggested to modulate IGF action
(10). Although there has been implied identity of low molecu-
lar weight human fibroblast IGF binding protein to the
HepG2/amniotic fluid IGF binding protein (1 1), its structural
characterization and relationship to various binding proteins
in human plasma and other fluids have not been established.
Furthermore, the hormonal regulation and physiological sig-
nificance of these different IGF binding protein species are
unknown.

This study describes the characterization and regulation of
the IGF binding protein species secreted by cultured human
skin fibroblasts.

Methods

Materials. Recombinant DNA-derived Thr59-IGF-I was purchased
from Amgen Biological Corp. (Thousand Oaks, CA). Synthetic IGF-II
was provided by Dr. C. H. Li (San Francisco, CA). Epidermal growth
factor (EGF) and platelet derived growth factor (PDGF) were obtained
from Collaborative Research, Inc. (Lexington, MA). Recombinant
human growth hormone was supplied by Genentech, Inc. (South San
Francisco, CA), and crystalline human insulin was from bli Lilly &Co.
(Indianapolis, IN). Dexamethasone, hydrocortisone, beta-estradiol,
progesterone, testosterone, protamine sulfate, activated charcoal, and
BSAwere purchased from Sigma Chemical Co. (St. Louis, MO). Con
A was from Pharmacia Fine Chemicals (Uppsala, Sweden). Prestained
molecular weight protein standards and RNAladder were obtained
from Bethesda Research Laboratories (Gaithersburg, MD). IGFs were
iodinated by a modification of the chloramine T method (12, 13) to a
specific activity of 150-300 ,Ci/jug.

Cell cultures. Normal human fibroblasts of dermal origin were
purchased from the Human Genetic Mutant Cell Repository (Cam-
den, NJ) and the American Type Culture Collection (Rockville, MD).
Fibroblasts were cultured in DME(Irvine Scientific Co., Santa Ana,
CA) supplemented with 100 U/ml penicillin, 100 ,g/ml streptomycin,
and 4 mMglutamine, and containing 10% supplemented calf serum
(HyClone Laboratories, Logan, UT), as previously described (2).

HepG2 cells, originally isolated from a human hepatoma, were
kindly provided by Dr. A. D. Cooper (Stanford University) HepG2
cells were maintained in RPMI supplemented with penicillin, strepto-
mycin and glutamine, and containing 10% fetal bovine serum (Gibco
Laboratories, Grand Island, NY).

Collection of conditioned medium. Cells were detached by trypsini-
zation and plated in 16 mmmultiwells (Costar, Cambridge, MA). At
confluency, human fibroblasts were washed three times with a 1:1
mixture by volume of Waymouth's medium:DME plus 0. 1%BSAand
then incubated in this serum-free medium with or without experimen-
tal additions for the indicated times. For HepG2cells, the cultures were
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washed three times with RPMI, and then incubated in serum-free,
BSA-free RPMI with or without experimental additions for the indi-
cated times. At the end of the incubation period, the conditioned
medium was centrifuged at 2,000 g,4°C for 30 min and frozen at
-200C until assayed. At the time of media collection, cell counts were
determined with a Coulter counter (Coulter Electronics, Hialeah, FL)
on four wells for each condition.

Acid chromatography. To obtain binding proteins free of IGF pep-
tide, conditioned media or plasma samples were chromatographed
over a Sephadex G-50 column in 1% formic acid (14). The exclusion
volume of the column, which contains no immunoreactive IGF, was
pooled, lyophilized, and then resuspended in assay buffer.

Charcoal adsorption assay for IGF binding activity. Measurements
of IGF binding activity were determined using a modified assay proce-
dure described by Martin and Baxter (15). Aliquots of media were
incubated with '251-IGF-I (10,000 cpm) overnight at 40C in a final
volume of 0.5 ml of 50 mMTris-HCI, 0.5% BSA (pH 7.4). One ml of
1%activated charcoal±protamine sulfate (0.2 mg/ml) was added to the
tubes, followed by centrifugation at4°C for 30min. Bound'25I-IGfF-
in the supernatant was counted in a gammacounter. Unconditioned
medium was assayed in parallel and was subtracted from the total
bound radioactivity to determine specific IGF binding activity.. Dose-
response curves were determined for each experiment, and all samples
were studied at a minimum of three different concentrations (1 -20 Ml),
each in duplicate. Experimental results presented in the text were those
compared at equivalent concentrations, and only where the dose-de-
pendent relationships were linear.

Glycoprotein assay. Glycosylated IGF binding protein species were
determined according to the procedure described by Martin and
Baxter (15). Samples were incubated with `25I-IGF at4VC overnight,
then 200Mgg of Con A were added and bound radioactivity precipitated
with 17% PEG;

Western ligand blots. Unreduced conditioned media and plasma
samples were electrophoresed through a SDSpolyacrylamide gel using
a 5-15% linear gradient (16), and separated proteins were electroblot-
ted onto nitrocellulose filters (O.45-Mrm pore size) using a BioTrans
Unit (Gelman Sciences, Ann Arbor, MI). Filters were blocked, labeled
with '25I-IGF-I or'25I-IGF-II overnight at4VC, and visualized by auto-
radiography, according to the method of Hossenlopp et al. (17).

Northern analysis. Total cellular RNAwas isolated from human
fibroblasts and HepG2 cells using the guanidine monothiocyanate/
lithium chloride method, and polyadenylated RNAprepared by chro-
matography on oligo(dT)-cellulose (18). Northern analyses of the sam-
ples were performed, as detailed previously (19). RNAwas electro-
phoresed in a 1.2% agarose-formaldehyde gel and transferred to
nitrocellulose membranes. The membranes were baked at 80'C for 2
h, prehybridized at 42°C for 2 h, and hybridized at 42°C overnight
with 1 Xio' cpm of a32P-labeled 367 bp fragment of the 3' coding
region of a HepG2 IGF binding protein cDNA probe (19). The frag-
ment was obtained by digestion of the cDNA with BamHI and PSTI.
The membranes were washed, air dried, and exposed to Kodak XAR-2
film for autoradiography. The integrity of the RNAwas assessed by
ethidium bromide staining of the gel.

Results

Effect of protamine sulfate on IGF binding protein activity.
When conditioned medium from human fibroblast cultures
was incubated with '25I-IGF-I overnight at 4°C, and then 1%
activated charcoal added, little or no bound '25I-IGF-I was
evident in the resulting supernatant, even using 100 Ml of con-
ditioned medium, suggesting no IGF binding activity in the
medium (Fig. 1). Under identical incubation and assay condi-
tions, maximum IGF binding protein activity (26% specifically
bound '251-IGF-I) was found with only 25 ul of HepG2 condi-
tioned medium'. Dramatically different results were obtained
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Figure 1. IGF binding assay: effect of protamine sulfate. Aliquots of
conditioned medium from human fibroblast (. o) or HepG2(A A)
cultures were incubated with'251-IGF-I overnight at 40C. At the end
of the incubation period,1%activated charcoal without (open sym-
bols, broken lines) or with (closed symbols, solid lines) 0.2 mg/ml
protamine sulfate was added, followed by centrifugation. Results are
expressed as percentage of total '25I-IGF-I added that is specifically
bound in the supernatant. Data points are means of triplicate deter-
minations.

when protamine sulfate (0.2 mg/ml) was added to the1%acti-
vated charcoal. When assayed under these conditions, condi-
tioned media from human fibroblast cultures demonstrated
high IGF binding protein activity. Near maximal binding
(26%) was seen with 10 ul conditioned medium from human
fibroblasts. In contrast, addition of protamine sulfate to the
activated charcoal resulted in the apparent loss of all detectable
IGF binding activity in the condition medium from HepG2
cultures. When IGF-II was used as the radioligand, similar
results were observed (data not shown).

While investigating this assay phenomenon further, it be-
came apparent that soluble IGF binding proteins could be
separated into two classes depending upon the effect of prota-
mine sulfate on theIGF binding assay (Table I). Activity that
was enhanced (2- to 40-fold) when1%activated charcoal plus

protamine sulfate was used included IGF binding protein ac-
tivity in conditioned media from fetal and postnatal human
fibroblasts, human breast cancer cells, rat neuroblastoma cells,
BRL3A2 cells, and ovine thyroid cells, and normal adult
human plasma. Acid chromatography of the human plasma,
to obtain binding protein free of IGF peptide (14), resulted in
even greater apparent IGF binding activity, as determined
using 1% charcoal in presence of protamine sulfate. Activity
that was attenuated when1% charcoal plus protamine sulfate
was used included IGF binding protein activity in the condi-
tioned medium of HepG2 cells and in amniotic fluid, as well
as purified IGF binding proteins from these two sources. There
was general concordance between the protamine sulfate data

for the different IGF binding proteins and their affinity for
Con A (Table I, see below).

In subsequent experiments, IGF binding protein activity in
human fibroblast medium was assayed with 1% activated
charcoal + protamine sulfate (0.2 mg/ml), and HepG2 binding
protein activity was determined with 1% activated charcoal
alone. The use of protamine sulfate did not affect the binding
kinetics,2 and IGF binding protein activity determined under

2. Rosenfeld, R. G., H. Pham, C. A. Conover, and R. L. Hintz. Manu-
script submitted for publication.
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Table L Effect of Assay Conditions on Apparent
IGF Binding Activity

IGF binding activity (%)

n (-)PS* (+)PS Con At

Conditioned media
Human fibroblasts

GM3652A(adult) 9 2±0.5 30±1.7 22
CRL1564 (adult) 1 3 38 21
CRL1493 (adult) 2 2 26 ND
GM10(fetal) 1 6 30 ND
AG4392 (fetal) 1 6 32 ND
AG4449 (fetal) 1 6 37 ND

HepG2 6 22±2.8 1±0.3 0
Breast carcinoma (human) 2 11 27 16
Neuroblastoma (rat) 2 7 46 ND
Thyroid cells (ovine) 3 8±0.9 22±2.5 21
BRL3A2 4 5±1.4 47±4.8 14

Biological fluids
Humanplasma 2 2 10 ND
Humanplasma (AC) 4 1±0.2 41±0.8 45
Amniotic fluid 4 18±1.9 5±1.5 1

Purified BP
HepG2 1 18 3 ND
Amniotic fluid 1 17 4 ND

Samples (10 Al) were incubated with '251-IGF-I overnight at 40C.
* IGF binding activity was determined by adsorption with 1% acti-
vated charcoal in the presence or absence of protamine sulfate (PS;
0.2 mg/ml), as described in Fig. 1. Results (means±SEM of n experi-
ments) are expressed as percentage of total '25I-IGF-I added which is
specifically bound in the supernatant.
t Glycosylated IGF binding proteins were determined by addition of
200 MgCon A, followed by precipitation with 17% PEGas described
in Methods. Results (average of two experiments) are expressed as
percentage of total '25I-IGF-I added which is specifically precipitated.
Humanbreast carcinoma, MCF7(41); rat neuroblastoma, B104 (42);
ovine thyroid cells, primary culture (43); BRL3A2, Buffalo rat liver
cell line (44); human plasma (AC), acid-chromatographed before
assay; HepG2 and amniotic fluid binding proteins were purified ac-
cording to published procedures (7, 35).

these respective assay conditions was specific. In competitive
binding studies, 50% displacement of '251I-IGF-I from binding
protein in human fibroblast conditioned medium was
achieved with 0.2 ng/ml Unlabeled IGF-I or IGF-II. When
IGF-II was used as the radioligand, unlabeled IGF-II appeared
to be slightly more potent than IGF-I, with 50% displacement
at 0.6 and 2.5 ng/ml unlabeled IGF-II and IGF-I, respectively
(data not shown). These results are similar to those reported by
Adams et al. (9). This specificity and relative affinity have also
been found for the growth-hormone-dependent IGF binding
protein in human plasma (15). In contrast, HepG2 condi-
tioned medium' bound IGF-I and IGF-II equivalently with
10-fold lower affinity.2 Insulin at 10 sg/ml did not compete
with either '251-IGF-I or -II for binding to human fibroblast or
HepG2 conditioned medium (data not shown).

Time course of IGF binding protein production. Fig. 2
shows that IGF binding protein activity is apparent in the
conditioned medium of human fibroblasts at 6 h of incubation
at 370C, and increases over time. When medium was serially

collected and the medium replaced, as indicated by the 18-h
time bars, the rate of production of human fibroblast IGF
binding protein activity was relatively constant over a 72-h
incubation period. Conditioned medium collected at 6-24,
30-48, and 52-72 h, and assayed at equivalent submaximal
concentrations, bound 18%, 19%, and 16% of added '25I-IGF-
I, respectively.

HepG2 IGF binding protein production was also time de-
pendent. Little or no binding protein activity was detectable in
the medium at 6 h, but a steady increase in activity was ob-
served over the next 72 h. When medium from HepG2 cul-
tures was repetitively collected and replaced, the 18-h produc-
tion rate was relatively low (4-6% '251-IGF-I bound) at all three
time periods. HepG2 cells appeared to require an undisturbed
state to efficiently produce and secrete IGF binding protein, in
contrast to human fibroblasts which, despite frequent media
changes, were able to rapidly synthesize new IGF binding pro-
tein. IGF binding protein released by human fibroblasts in the
first 6 h may be from previously sequestered calf serum or
represent preformed membrane-associated binding protein,
since activity was apparent in the medium when fibroblasts
were incubated at 40 and 15'C, temperatures at which protein
synthesis was inhibited (data not shown). Therefore, in subse-
quent experiments, serum-free medium conditioned during
the first 6 h was discarded and the cells washed again before
addition of fresh serum-free medium with or without experi-
mental additions. This protocol was especially important for
the hormonal control studies (see below), where the presence
of unregulated binding protein in the medium might mask any
observed effects.

Glycosylated IGF binding proteins. To determine whether
one or more of the IGF binding proteins secreted by human
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Figure 2. Time course of secretion of IGF binding protein activity.
Confluent cultures were washed three times, and serum-free medium
added at 0 h. Conditioned medium was collected either from differ-
ent wells at each time point (solid lines) or sequentially from the
same wells for the indicated time periods (shaded bars). For the se-
quential collection, media was collected, the cells washed and incu-
bated for 6 h in serum-free medium, and the serum-free medium
then replaced for an additional 18 h incubation. IGF binding protein
activity was determined by adsorption with 1% activated charcoal
with 0.2 mg/ml protamine sulfate ([A] HFCM, human fibroblast
conditioned medium) or without protamine sulfate ([B] HepG2 con-
ditioned medium), as described in Fig. 1. Results are expressed as
percent of total '251I-IGF-I added that is specifically bound in the su-
pernatant. Values for 10 Ml of conditioned medium are presented.
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fibroblasts were glycosylated, conditioned medium was incu-
bated with '25I-IGF-I, allowed to interact with Con A, and then
precipitated with PEG. Human fibroblast IGF binding protein
was precipitated by this methodology (- 20% of total 125I-
IGF-I was specifically precipitated), while there was no detect-
able IGF binding protein species that was precipitated from
HepG2 conditioned medium or amniotic fluid. Other binding
proteins species tested which bound to Con A included those
from MCF-7 breast carcinoma cells, BRL3A2 cells, thyroid
cultures, and human plasma, as indicated in Table I.

Hormonal regulation of IGF binding protein activity. The
effect of various hormones and growth factors on the secretion
of IGF binding proteins by cultured human fibroblasts was
investigated, and the results presented in Table II. IGF binding
protein activity in human fibroblast conditioned medium ap-
peared to be growth hormone dependent. At early time points
(6-24 h), a 30% increase in IGF binding protein activity was
observed in medium from cultures treated with growth hor-
mone (1 yg/ml), as compared with medium from control cul-

Table HI. Hormonal Control of Human Fibroblast IGF Binding
Protein Production

IGF binding activity (% control)*

6-24 h 24-30 h 30-48 h 24-72 h

GH 129±7 (5) 105 (1) 112 (1) 106 (1)
GH(AC) 158±26 (3) 200 (1) 135 (2)
DEX 49±4 (5) 53±2 (5) 52±9 (4) 58±3 (3)
DEX(AC) 47 (1) 48 (2) 50 (1) 55 (1)
HC 57 (2) 29 (1) 54 (1)
HC(AC) 50 (1) 46 (1)
P 116 (2) 125 (1) 100 (1)
P (AC) 105 (1) 106 (1)
E 125 (2) 133 (1) 107 (1)
E (AC) 100 (1) 104 (1)
T 96(2) 110(1) 100(1)
T (AC) 95 (1) 103 (1)
EGF 100 (1) 98 (1)
EGF(AC) 90 (1) 133 (1)
PDGF 105 (1) 104 (1)
PDGF(AC) 123 (1)
Ins 117±16 (3) 96 (2)
Ins (AC) 92 (1) 92 (1)

Confluent human fibroblast cultures were washed three times, and
then incubated for the indicated times in Waym:DME/0. 1%
BSA±peptides. IGF binding activity was determined by adsorption
with 1% activated charcoal in the presence of 0.2 mg/ml protamine
sulfate, as described in Fig. 1, and corrected for any changes in cell
number due to growth factor treatment. Samples (1-20 Al) of condi-
tioned medium from various treatments were assayed and results of
experiments compared at equal concentrations of media, where dose-
dependent relationships were linear.
* Values (means±SEM of [n] experiments) are presented as percent-
age of IGF binding activity in control (untreated) cultures, which was
9-15% '251I-IGF-I bound.
GH, growth hormone (1 Mg/ml); DEX, dexamethasone (100 nM);
HC, hydrocortisone (1 AM); P, progesterone (1 AM); E, beta estradiol
(1 AM); T, testosterone (1 MM); EGF, epidermal growth factor (10
ng/ml); PDGF, platelet derived growth factor (0.5 U/ml); Ins, insulin
(1 Ig/in); (AC) indicates acid-chromatographed sample.
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Figure 3. Hormonal regulation of IGF binding protein production.
Human fibroblasts (A) and HepG2 cells (B) were treated with hor-
mones, the medium collected at 6-24 h, and IGF binding activity as-
sayed, as described in Table II. Dose-response curves were deter-
mined for each medium sample. Values presented are for 10-Ml sam-
ples (determined to be on the linear portion of the dose response
curve) expressed as percentage of total '251-IGF-I added which is spe-
cifically bound, and corrected for any changes in cell number. C,
control; Ins, insulin (I Mg/ml); Dex, dexamethasone (100 nM); P,
progesterone (1 MM); GH, growth hormone (1 jig/ml).

tures. At later incubation times (> 24 h) there was no apparent
increase in IGF binding protein activity with growth hormone
treatment relative to control. However, when media samples
were first acid-chromatographed to remove IGF peptides,
growth hormone-treated cells demonstrated a 35-100% in-
crease in IGF binding protein activity.

The IGF binding protein activity was markedly diminished
when fibroblasts were treated with glucocorticoids. At all time
points, dexamethasone (100 nM) or hydrocortisone (1 1AM)
decreased IGF binding protein activity in the conditioned me-
dium - 50%. This effect was specific for glucocorticoids, since
other steroids, including progesterone, estradiol, and testoster-
one, had no effect on fibroblast IGF binding protein produc-
tion. EGF, PDGF, and insulin also had no consistent effect on
human fibroblast IGF binding protein production. Acid-chro-
matography of these conditioned medium samples showed lit-
tle or no alteration of IGF binding protein activity. The pres-
ence of the steroids and peptides tested had no direct effect in
the IGF binding protein assay (data not shown).

Fig. 3 presents an experiment where the patterns of hor-
monal regulation of human fibroblast and HepG2 IGF bind-
ing proteins were directly compared. Growth hormone treat-
ment increased IGF binding protein production 57% by
human fibroblasts. Dexamethasone suppressed IGF binding
protein production 50%, while insulin and progesterone had
no effect in these cultures. Thus, the results of this experiment
were representative of the hormonal control of human fibro-
blast IGF binding protein secretion as summarized in Table II.
In contrast, HepG2 binding protein production was dimin-
ished 50% by insulin treatment and enhanced 30% by proges-
terone. Dexamethasone and growth hormone had no effect on
HepG2 binding protein production. Three additional experi-
ments were performed in HepG2 cultures with the following
values for IGF binding activity (percent of control,
mean±SEM) in 6-48 h media for the indicated hormonal ad-
ditions: dexamethasone (95±5%), insulin (63±9%), progester-
one (156±18%), and growth hormone (93±6%).
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Figure 4. Western ligand blots of IGF binding proteins. Normal
human plasma and conditioned media samples were separated on a

5-15% gradient SDS-polyacrylamide gel under nonreducing condi-
tions, electroblotted onto nitrocellulose filters, and after incubation
with '25I-IGF-I, identified by autoradiography. HFCM1-4: Human
fibroblast conditioned medium from cultures designated GM3652A,
AG4449, CRL1564, and AG4392, respectively (see Table I).

Western ligand blotting. Fig. 4 shows the migration of IGF
binding protein species from human plasma, human fibroblast
conditioned medium, and HepG2 conditioned medium after
SDS-PAGE(nonreducing conditions), transfer onto nitrocel-
lulose and incubation with '251I-IGF-I. In normal plasma, five
bands emerged: two major bands of Mr = 41,500 and 37,000,
and three fainter bands of Mr = 32,000, 28,000, and 23,000
which by densitometric analysis accounted for 50%, 38%, 4%,
3%, and 5%of the total '25I-IGF-I bound, respectively. Condi-
tioned medium from cultured human fibroblasts contained
the same five forms of IGF binding proteins seen in normal
human plasma, although their proportions were different. In
human fibroblast conditioned medium, the M, = 23,000 bind-
ing protein species was more apparent (20-60% of the total
'25I-IGF-I bound), although the M, = 41,500 and 37,000 were

still abundant and together accounted for 30-70% of the total
'25I-IGF-I bound. Whenmedia from various human fibroblast
lines were analyzed, the migratory profiles were similar, with
no significant differences between fetal and postnatal lines.
With HepG2 conditioned medium, a Mr = 28,000 band was

heavily labeled, with a small "cap" at Mr = 32,000. The speci-
ficity of these bands was confirmed by their inhibition in the
presence of excess unlabeled IGF (data not shown). When
'25I-IGF-II was employed as the radioligand, the only major
change was an increase in intensity of the Mr = 28,000 band in
plasma and human fibroblast conditioned media samples
(data not shown).

Western ligand blots of the conditioned medium from
hormone treated human fibroblasts revealed that the Mr
= 41,500, 37,000, 28,000, and 23,000 IGF binding proteins
appeared to be regulated concordantly (Fig. 5). By densitomet-
ric analysis, treatment of cells with dexamethasone showed a

20-50% reduction in labeling intensity in the four bands, while
growth hormone treatment resulted in a 42-50% increase in
the four bands. The Mr = 32,000 bands were very faint and did
not appear to be affected by either glucocorticoid or growth
hormone treatment.

Northern analysis. Northern analysis of RNAextracted
from HepG2 cells and human fibroblasts is shown in Fig. 6.
Hybridization of HepG2 RNAwith a 32P-labeled fragment of
the cDNA probe for the Mr = 28,000 HepG2 IGF binding
protein identified a predominant band, indicating a transcript
size of 1.65 kb, as reported by Lee et al. (19). RNAisolated
from four different lines of fetal and postnatal human fibro-

18-

Plasma C DEX GH

HUMANFIBROBLAST CONDITIONEDMEDIUM

Figure 5. Western ligand blot: hormonal regulation of human fibro-
blast IGF binding proteins. Normal human plasma and conditioned
media samples from the experiment presented in Fig. 3 were electro-
phoresed through a 5-15% SDS-polyacrylamide gel, transferred onto
nitrocellulose filters, incubated with '25I-IGF-I, and visualized by au-

toradiography. C, control; Dex, dexamethasone (100 nM); GH,
growth hormone (1 lAg/ml).

blasts, as well as poly(A)+ RNAprepared from one fibroblast
line, did not show any hybridization to the cDNA probe for
HepG2 IGF binding protein. Conditioned medium from these
same fibroblast cultures had abundant IGF binding protein
activity (data not shown).

Discussion

Human fibroblasts in culture secrete low molecular weight
IGF binding proteins which are structurally, biochemically,
and physiologically distinct from the Mr = 28,000 HepG2/am-
niotic fluid IGF binding protein, but which share many of the
characteristics of the predominant big IGF binding protein
complex in normal adult human plasma.

The data presented here indicate that IGF binding protein
secretion is under specific hormonal control. Human fibro-
blast IGF binding protein production is increased by growth
hormone treatment, similar to the major M, = 150,000 IGF

1 2 3 4 5 6 7 8 Figure6. Northern
analysis. RNAwas iso-
lated from HepG2 cells
(lane 4) and the four
human fibroblast lines
listed in Fig. 4 (lanes

1.65
- 5-8). In addition,

poly(A)- (lane 1),
poly(A)+ (lane 2) and

total RNA(lane 3) were

prepared from human
fibroblast line
GM3652A. These
RNAswere hybridized
with a 32P-labeled frag-
ment of the 3' coding

region of the HepG2 IGF binding protein cDNAprobe before expo-

sure to film for autoradiography. An RNAladder from BRLwas

used as markers. The arrow indicates an mRNAtranscript size of
- 1.65 kb.
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binding protein complex in human plasma (3, 20). As mea-
sured by radioligand binding assays, this growth hormone ef-
fect was not consistently observed unless the medium was first
acid-chromatographed. This step would remove any interfer-
ence to equilibration of binding proteins with 'I25I-IGFs by
endogenous IGF peptides which may be produced and re-
leased by human fibroblasts under growth hormone stimula-
tion (21). In contrast, Adams et al. did not observe any effect of
growth hormone on IGF binding activity in human fibroblast
conditioned medium (9). Although the reason(s) for the dif-
ferences are unclear, their methodology differed from ours in
two essential ways: (a) The conditioned medium was not acid-
chromatographed to remove endogenous IGFs before assay,
and (b) the amount of control conditioned medium assayed
gave near maximal IGF binding activity, so that any increase
with growth hormone treatment might not have been detected.
In our study we were careful to assay and compare conditioned
media at a minimum of three concentrations to determine the
linear portion of the IGF binding assay curve where increases
in activity could be easily measured.

It is interesting that IGF binding protein secretion by
human fibroblasts was markedly suppressed by glucocorti-
coids. Serum IGF carrier protein levels were also found to be
significantly lower than normal in untreated Cushing's syn-
drome patients, and close to normal after glucocorticoid ther-
apy (22). Glucocorticoids have been shown to act synergisti-
cally with IGF-I to stimulate DNAsynthesis and replication of
human fibroblasts by mechanisms as yet unknown (2). Modu-
lation of IGF binding proteins by glucocorticoids may play a
role in this interaction. EGFand PDGFhave been reported to
influence IGF secretion and to interact with IGF-I in stimulat-
ing fibroblast growth (23, 24). However, EGFand PDGFhad
no significant effect on IGF binding protein secretion by
human fibroblasts. Insulin also had no effect on IGF binding
protein activity in these cells. In contrast, insulin diminished
the IGF binding protein activity in HepG2 conditioned me-
dium. Suikkari et al. have suggested that insulin regulates the
amniotic fluid immunoreactive species of IGF binding protein
in human plasma (25). They found IGF binding protein levels
to be elevated in patients with diabetes and decreased in post-
prandial and hyperinsulinemic subjects. HepG2 binding pro-
tein was not affected by growth hormone, consistent with the
non-growth hormone responsiveness of "small" serum IGF
binding protein (3). HepG2 binding protein was not affected
by glucocorticoids, although it was stimulated by progesterone
treatment. Placental protein 12 (PP1 2), which is related if not
identical to the HepG2/amniotic fluid IGF binding protein,
was also found to be induced by progesterone in human endo-
metrium (26). Furthermore, preliminary reports suggest that
IGF-I can autoregulate the production of particular binding
proteins (27, 28). Therefore, the various IGF binding protein
species are differentially regulated by a variety of hormones
and growth factors.

The aforementioned IGF binding activities were deter-
mined by charcoal adsorption assays with protamine sulfate in
the case of human fibroblast media, and without protamine
sulfate for HepG2 media. As confirmed by Western ligand
analysis (Fig. 5), IGF binding activity determined under these
respective assay conditions accurately reflected qualitative and
quantitative differences in IGF binding proteins. Initially,
protamine sulfate was introduced into the IGF binding activity
assay as a general agent for controlling the charcoal adsorption

rate, as suggested by Scott et al. (29). However, under these
assay conditions, the presence or absence of protamine sulfate
became useful as a method for segregating IGF binding pro-
teins into two classes. Protamine sulfate added during the
charcoal separation step enhanced the apparent binding activ-
ity from human fibroblast conditioned medium, plasma, and
many other sources (see Table I). In contrast, it diminished
activity in HepG2 conditioned medium and amniotic fluid.
These results not only may help to explain some of the discrep-
ancies in the literature, but also indicate biochemically signifi-
cant qualitative differences in IGF binding protein species.
Protamine sulfate is a highly basic molecule, and when added
to the activated charcoal probably "coats" the charcoal, alter-
ing its charge and adsorptive qualities. This change in charge
could differentially affect interaction with IGF/binding pro-
tein complexes, depending upon the charge of the binding
protein species, itself, and the affinity of the binding protein
for the IGF peptide. Results of PEGprecipitation of the su-
pernatant from the charcoal separation assay indicated that, in
the case of HepG2 IGF binding protein, protamine sulfate
permitted the charcoal to adsorb bound IGF (data not shown).
It may be relevant that the amniotic fluid/HepG2 IGF binding
protein has been shown to have a lower proportion of basic
amino acids than the acid-stable growth hormone-dependent
IGF binding protein from human plasma (30). Also, differen-
tial reaction to protamine sulfate may be associated with the
glycosylation state of the IGF binding protein species. At least
one form of IGF binding protein from human fibroblasts is
glycosylated, as is the big IGF binding protein in plasma and
other IGF binding proteins that have been identified as prota-
mine sulfate responsive from MCF-7 breast carcinoma,
BRL3A2 cells, and thyroid tissue (Table I). The IGF binding
proteins isolated from HepG2 cells and amniotic fluid do not
appear to possess glycosylated moieties (Table I and 31). A
difference in charge amongst the IGF binding protein species
was also noted by Hardouin et al. (32). In chromatofocusing
experiments, they reported that the molecular forms asso-
ciated with the big M, = 150,000 binding protein in plasma
focused predominantly at pH 2 7.0, while the M, = 30,000
form in amniotic fluid eluted at pH < 4.5.

Western ligand blotting permitted electrophoretic identifi-
cation of protein subunits which specifically bind IGFs. 1251.
IGF-I binding to the transferred proteins from human fibro-
blast medium, resulted in the identification of five bands at M,
= 41,500, 37,000, 32,000, 28,000, and 23,000. These are simi-
lar in size to the five species of IGF binding proteins classified
by this method in human plasma, cerebrospinal fluid, and
conditioned medium from liver explants (32-34). The Mr
= 41,500 and 37,000 species accounted for 30-70% of the IGF
binding proteins secreted by human fibroblasts, and have been
shown to be associated with the growth hormone-dependent
M, = 150,000 binding protein complex predominant in
human plasma (32). These two forms may be related since
Baxter et al. purified the acid-stable subunit of the growth
hormone-dependent plasma IGF binding protein and showed
that the two bands on analytical electrophoresis had only a
single unambiguous amino-terminus sequence (30). The Mr
= 23,000 species accounted for 20-60% of secreted human
fibroblast IGF binding proteins. This is in contrast to plasma,
where it is a minor component representing - 5%of total IGF
binding proteins. Human fibroblasts do not secrete the
HepG2/amniotic fluid form of IGF binding protein, since
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(a) No immunologically reactive IGF binding protein in
human fibroblast conditioned medium was detected using spe-
cific polyclonal antiserum (35) and monoclonal antibodies
(36) for the HepG2/amniotic fluid IGF binding protein (data
not shown); (b) Synthesis of a M, = 28,000 IGF binding pro-
tein by human fibroblasts was suppressed by dexamethasone
and increased with growth hormone treatment, unlike the
hormonal regulation of HepG2 IGF binding protein produc-
tion, which is unresponsive to these growth factors; (c) RNA
extracted from human fibroblasts did not hybridize with a
HepG2 IGF binding protein cDNAprobe. Therefore, human
fibroblast IGF binding proteins are distinct gene products
from the HepG2/amniotic fluid IGF binding protein.

Thus, human fibroblasts appear to produce primarily the
molecular forms corresponding to the Mr = 150,000 IGF bind-
ing protein complex (M, = 41,500 and 37,000), as well as an
Mr = 23,000 product. The nature of the growth hormone-de-
pendent Mr = 23,000 IGF binding protein species, which is
predominant in many human fibroblast lines, and its relation-
ship to the Mr = 41,500 and 37,000 subunits are unknown.
Hossenlop et al. found an Mr = 24,000 species to be increased
in acromegalic serum, although it did not appear to be directly
associated with the growth hormone-dependent big IGF bind-
ing protein complex (32). Wilkins and D'Ercole reported that
an affinity labeled Mr = 24,000-28,000 IGF binding protein
subunit varied with growth hormone status (4). Studies are in
progress to purify and derive an amino acid sequence for the
Mr = 23,000 IGF binding protein from human fibroblast con-
ditioned media, and to determine its relationship to other
forms of IGF binding proteins.

One question not directly addressed in this study concerns
the possible association of these molecular forms in native
human fibroblast secretions as an oligomeric binding protein
complex, such as that found in plasma. The methodologies
utilized in this study identified only the monomeric units of
human fibroblast IGF binding protein. These units are indi-
vidually capable of binding IGFs, as evidenced by Western
ligand blots. Cerebrospinal fluid and conditioned medium
from cultured human liver also were shown to contain all five
molecular forms of IGF.binding protein, with no apparent
large complexes (33, 34). Therefore, although human fibro-
blast conditioned medium contains the same basic subunits as
the plasma high molecular weight IGF binding complex, addi-
tional factor(s) may be required for association. Nevertheless,
Adams et al. have reported IGF binding activity in human
fibroblast conditioned medium, which eluted in the void vol-
ume (Mr > 100,000) of a neutral Sephadex G- 150 column (9).

The precise role of IGF binding proteins in IGF physiology
is unclear (3). These binding proteins have been shown to
prolong the serum half life of IGF-I and IGF-II, and to protect
the body from excess insulin-like activity. They may also
monitor tissue selectivity and delivery of IGFs to the intersti-
tial space. Moreover, recent evidence of the synthesis and se-
cretion of IGF binding proteins by cells, themselves, suggests
they may play an important active role in the regulation of
biological action. At the cellular level, IGF binding proteins
have been described to have both inhibitory and stimulatory
effects (11, 37-39). No studies have been reported to date on
the effects of purified plasma binding protein, although a
truncated form of IGF-I, which has reduced affinity for plasma
binding proteins, had 10-fold greater bioactivity than intact
IGF-I (40). These studies, along with the present demonstra-

tion of specific hormonal regulation of discrete IGF binding
protein species, suggest that IGF binding proteins are complex
and highly influential elements in IGF physiology.

Thus, this study further demonstrates that multiple molec-
ular forms of IGF binding proteins exist, and presents evidence
that the various forms are subject to different control mecha-
nisms. Human fibroblasts secrete low molecular weight IGF
binding proteins, distinct from the HepG2/amniotic fluid IGF
binding protein, which are regulated by growth hormone and
glucocorticoids in vitro. This detailed characterization of the
cultured human fibroblast system will be an important basis
for further studies on the transcriptional and translational
modulation of IGF binding protein production. Furthermore,
the use of fibroblasts from various subjects will provide a valu-
able model for evaluating the functional significance of IGF
binding proteins in normal and pathological physiology.
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