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Abstract Insulin-like growth factor binding proteins (IGFBPs) are found both associated with cells and in
extracellular fluids. Cell-associated IGFBPs increase [125I]-IGF binding to cell monolayers, whereas extracellular
(soluble, released) IGFBPs decrease binding. In the current study, we show that either IGFBP-3 or IGFBP-5 are the major
forms of IGFBP released from monolayers of human GM10 fibroblasts, T98G glioblastoma cells and forskolin-treated
bovine MDBK cells. IGFBPs represent the most abundant [125I]-IGF-I binding site on GM10 and T98G cell monolayers,
but 4–17% of the total cell-associated IGFBPs are released from the cell monolayer at 8°C during their quantification.
Most of the IGFBPs (. 70%) are released from MDBK cells. Quantitative estimates of [125I]-IGF binding to the cell
monolayers are altered because of the ability of the released IGFBPs to reduce the amount of radiolabeled ligand that is
available to bind to the cell surface. Lanthanum (La31) depresses IGFBP release from all three cell types (. 80% for
GM10 and T98G cells and . 65% for MDBK cells). The effect was cation specific, noted with La31 or Zn21 but not with
either Mn21, Sr21 or Se31. The effect was also IGFBP specific; La31 markedly depressed the release of IGFBP-3 and
IGFBP-5, but had less of an effect on IGFBP-2 and IGFBP-4. Concomitant with a decrease in IGFBP-3 and IGFBP-5
release, La31 caused an increase in [125I]-IGF-I binding to cell-associated IGFBPs and type I IGF receptors. The released
soluble IGFBPs have a three- to 20-fold greater affinity (Ka) for [125I]-IGF-I compared to cell-associated IGFBPs. La31 did
not alter the affinity constants of cell-associated IGFBPs. In summary, we have identified a means to prevent loss of
IGFBPs from cell monolayers during binding assays. This procedure will be useful in accurately quantifying the levels of
IGFBPs on cell monolayers and in determining the role of cell-associated IGFBPs in controlling IGF activity. Retention of
cell-associated low affinity IGFBPs may be important in controlling the size of the pericellular IGF pool and in regulating
IGF-I access to the type I IGF receptor. J. Cell. Biochem. 66:256–267. r 1997 Wiley-Liss, Inc.
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The insulin-like growth factor binding pro-
teins (IGFBPs) modulate IGF actions because
of their ability to bind IGF-I and IGF-II [Jones
and Clemmons, 1995; McCusker and Clem-
mons, 1992]. The various forms of extracellular
soluble IGFBP have been shown to control IGF
actions by blocking IGF association with the
type I IGF receptor [Gopinath et al., 1989; Han
et al., 1988; Knauer and Smith, 1980; Ritvos et
al., 1988; McCusker et al., 1991]. This inhibi-
tory action was recognized early in the study of

IGFBP action when the IGFBPs were consid-
ered solely as carrier proteins. Work on the
carrier protein role of the IGFBPs proceeded
without rival until they were shown to potenti-
ate IGF activity [Elgin et al., 1987]. With this
finding it was apparent that soluble IGFBPs
could not act to potentiate IGF activity. In addi-
tion to their presence in extracellular fluids,
IGFBP-1, IGFBP-2, IGFBP-3 and IGFBP-5 have
been shown to bind to cultured cells [Conover,
1991; Clemmons et al., 1987; Martin et al.,
1992; McCusker et al., 1990; Orlowski et al.,
1989; Holly et al., 1989; DeVroede et al., 1986].
IGFBP cell-association may control cellular ac-
tivity by direct interactions with integral mem-
brane proteins, the extracellular matrix or cell-
associated glycosaminoglycans [Hodgkinson et
al., 1994; Jones et al., 1993a, 1993b; Arai et al.,
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1996]. Indeed IGFBP-1 has IGF-independent
actions mediated through integrin receptors
[Jones et al., 1993b]. The mechanism by which
the IGFBPs enhance IGF activity however is
still undefined. The existence of cell-associated
IGFBPs implies that they may control IGF ac-
tivity by localizing the IGFs onto cell surfaces.
This effect does not appear to involve direct
interaction of IGFBPswith the type I IGF recep-
tor, but provides a reservoir of IGFs in the
pericellular milieu.
We have previously shown that IGFBPs that

are associated with monolayers of human fibro-
blasts and glioblastoma cells are released even
at 8°C and they act as partitioning agents in
controlling the localization of [125I]-IGF-I be-
tween the extracellular fluid and cell surface
[McCusker et al., 1990]. Partitioning is a func-
tion of the distribution of IGFBPs between ex-
tracellular fluids and the cell surface. There are
several means to quantify extracellular soluble
IGFBP content: IGF-binding capacity, ligand
blot analysis and radioimmunoassay. Each of
these assays has distinct advantages and prob-
lems especially relevant to quantifying cell-
associated IGFBPs. Ligand blot and radioimmu-
noassay of cell extracts do not differentiate
between intracellular and cell-associated
IGFBPs since, at present, there are nomeans to
extract only cell-surface associated IGFBPs.
Thus, the only means to quantify cell surface-
associated IGFBP content is by direct [125I]-IGF-
I binding assays or affinity crosslinking.
In the current studies, we have investigated

the factors controlling the release of IGFBPs
from cell monolayers. In our previous work, it
was difficult to accurately determine the amount
of IGFBP on cell monolayers due to their re-
lease during direct [125I]-IGF-I binding assays.
IGFBP release is responsible for unusual bind-
ing characteristics including the ‘paradoxical
increase’ in [125I]-IGF-I binding that occurs fol-
lowing the addition of unlabelled IGF-I. This
phenomenon limits the usefulness of Scatchard
analysis for monolayer binding data [McCusker
et al., 1990]. To obtain a more complete and
reliable estimate of monolayer binding sites, it
would be beneficial to maintain the IGFBP cell
surface association during the binding assay. In
this report, we demonstrate that IGFBP re-
lease from cell monolayers can be suppressed
by the addition of either La31 or Zn21. La31 is

particularly useful in quantifying IGFBP abun-
dance on cell monolayers because it does not
affect the affinity of cell-associated IGFBPs.

MATERIALS AND METHODS
Materials

GM10 and T98G (1690) cells are a human
fibroblast cell line derived from a 12-week-old
fetus and a human glioblastoma cell line, respec-
tively. Both cell lines were purchased from the
NIGMS Human Genetic Mutant Cell Reposi-
tory (Camden, NJ). MDBK cells are bovine kid-
ney epithelial cells and were purchased from
the American Type Culture Collection (Rock-
ville,MD). Culturemediumwas purchased from
Hazelton Systems (Denver, PA). Calf serum
(CS) was purchased fromColorado Serum (Den-
ver, CO). Unlabeled recombinant human IGF-I
was purchased from Bachem (Torrence, CA)
and sodium-insulin was purchased from E.R.
Squibb (Princeton, NJ). Des-IGF-I was purchased
from GroPep (Adelaide, Australia). The four-point
mutatedQAYL-IGF-I (Gln3,Ala4,Tyr15,Leu16-IGF-I)
was a generous gift from M.A. Cascieri at Merck
Sharp andDohme (Rahway, NJ). IGF-I was iodin-
ated as previously described [D’Ercole et al., 1976].
All other chemicals were purchased from Sigma
(St. Louis,MO) unless noted.

Methods

Both GM10 and T98G cells were grown in
Eagle’sminimal essentialmedium (EMEM) con-
taining 10% CS and 10 U/ml penicillin and 10
µg/ml streptomycin [McCusker et al., 1990].
MDBK cells were grown in Dulbecco’s minimal
essential medium (DMEM) containing 10%
heat-inactivated CS and antibiotics. For bind-
ing assays, cells were cultured on 2-cm2 multi-
well plates (Falcon 3047, Oxnard, CA) and ini-
tially plated at 1 3 104 cells/cm2. Confluent,
7–8-day cultures were used for the binding
assays. Binding of IGF-I to cell monolayers was
performed as previously described [McCusker
et al., 1991]. The cultures were washed twice
with phosphate buffered saline (PBS) and once
with Hank’s balanced salt solution then incu-
bated (at 8°C) with 250 µl of assay buffer
(EMEM, 20 mM HEPES and 1 mg/ml bovine
serum albumin, pH 7.4). Unlabeled IGF-I or
insulin were added at the indicated concentra-
tions in the presence or absence of cations.
Between 70,000 and 90,000 cpm (<1 ng/ml) of
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[125I]-IGF was added/well. In all but two experi-
ments (Table III and Fig. 8), 10 µg/ml of sodium-
insulin was included in all assay wells to block
[125I]-IGF binding to the type I IGF receptor
[McCusker et al., 1990].At the end of the incuba-
tion period (,3 h) the assay buffer was collected
and transferred into 12 3 75 mm tubes. The
cells were then rinsed, solubilized with 0.3 M
NaOH and transferred to tubes. Cell bound
[125I]-IGF-I was determined by counting with a
gamma-spectrometer (Beckman, Fullerton, CA).
The assay buffer (250 µl) was incubated for

20 min at 8°C with 250 µl of 1% human immu-
noglobulin and 500 µl of 25% polyethylene gly-
col 8000. The mixture was vortexed and centri-
fuged as previously described [McCusker et al.,
1991]. [125I]-IGF-I bound to IGFBPs in the pel-
let was quantified by gamma spectrometry and
is an estimate of the soluble IGFBP activity
that has been released from the cell surface
during the binding assay.
The results are expressed either as counts

per minute of [125I]-IGF-I bound or as changes
in [125I]-IGF-I bound as a percentage of the
control. Binding affinity (Ka) and number of
binding sites (Ro) of the cell-associated IGFBPs
or soluble ‘released’ IGFBPs were calculated by
Scatchard analysis. The computer program that
was used corrects the amount free at each point
to be the [total added] 2 [amount bound to
cell-associated IGFBPs 1 amount bound to
soluble ‘released’ IGFBPs].
Ligand blot analysis was performed as previ-

ously described [McCusker et al., 1989]. In brief,
confluent cell monolayers (which had been solu-
bilized with 1 3 Laemmli buffer; 50 µl/cm2) or

assay buffer (250 µl collected/well plus 83 µl
4 3 Laemmli buffer) were electrophoresed (30
µl samples) through 12.5% polyacrylamide gels.
After electrophoresis, proteins were trans-
ferred to Immobilon-P. IGFBPs were then visu-
alized by incubating the membrane with [125I]-
IGF-I followed bywashing and autoradiography.
IGFBP sizes were estimated by comparing their
relative mobility to that of prestained molecu-
lar weight standards run in parallel lanes (Rain-
bow markers, Amersham, Arlington Heights,
IL).

RESULTS

IGFBPs from cell monolayers were visual-
ized by ligand blot analysis (Fig. 1). GM10 cell
extracts contain primarily the 46,000 Mr

IGFBP-3 with a lesser amount of the 32,000 Mr

IGFBP-5 (left). In contrast, T98G cell extracts
contain primarily the 32,000 Mr IGFBP-5 and
lesser amounts of the 27,000 Mr IGFBP-4
(middle). Extracts of forskolin-treated MDBK
cells contain primarily the 43,000 Mr IGFBP-3
followed by lesser amounts of the 27,000 Mr

IGFBP-4 and the 34,000 Mr IGFBP-2 (right).
Untreated MDBK cell extracts contain primar-
ily IGFBP-2.
IGFBP release from cell monolayers occurs at

8°C as determined by ligand blot activity (Fig.
2). GM10 cells release only the 46,000 Mr

IGFBP-3. IGFBP-3 release is depressed if ei-
ther La31 or Zn21 are present during the bind-
ing assay. T98G cells release the 32,000 Mr

IGFBP-5 and 27,000 Mr IGFBP-4. IGFBP-5
release is markedly depressed by La31, whereas
IGFBP-4 release is only slightly affected.MDBK

Fig. 1. IGFBP content of cell monolayers. Monolayer cultures
were extracted with Laemmli sample buffer for SDS-PAGE and
ligand blot analysis was performed as described in Materials
and Methods. All cultures were incubated overnight (,18 h) in
serum-free media before extraction. MDBK cells were either
treated with (1) or without (--) 5 µM forskolin during the

overnight incubation. The size of each IGFBP band was esti-
mated by comparison to the migration of molecular weight
standards run in parallel lanes. The identities of the IGFBPs have
previously been published [Cohick and Clemmons, 1991; Cama-
cho-Hubner et al., 1992].
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cells, pre-treated overnight with forskolin, re-
lease IGFBP-3, IGFBP-2 and IGFBP-4 during
the binding assay. The release of IGFBP-2 and
IGFBP-3 is depressed by La31 with IGFBP-3
being the most significantly suppressed. In con-
trast, in the absence of forskolin treatment,
MDBK cells release IGFBP-2 and its release is
slightly depressed by the presence of La31.
[125I]-IGF-I binding to GM10 cell-associated

IGFBPs and soluble released IGFBPs was
performed to quantify the distribution of IGF
binding activity and to determine the effect of
multivalent cations on IGFBP release (Fig. 3).
[125I]-IGF-I binds to both cell-associated (top)
and IGFBPs released into the assay buffer (bot-
tom). La31, but not Zn21 or Mn21, increases
[125I]-IGF-I binding to GM10 cell-associated IG-
FBPs. In contrast, both Zn21 and La31 depress
IGFBP release from GM10 cells and Mn21 is
ineffective. Similar to Mn21, Sr21 and Se31 also
do not affect binding of [125I]-IGF-I to released
or cell-associated IGFBPs (not shown). Thus

La31 and Zn21 depress release of cell-associated
IGFBPs, but Zn21 apparently decreases IGF-I
binding to cell-associated IGFBPs since an in-
crease in [125I]-IGF-I binding to cell-associated
IGFBPs cannot be detected.
The addition of increasing concentrations of

La31, not Zn21, is associated with an increase in
cell surface [125I]-IGF-I binding. Both La31 and
Zn21 decrease binding activity in the assay
buffer (Fig. 4). The effect of La31 is evident at 10
µM, whereas between 10 and 50 µM Zn21 is
needed to depress IGFBP release from cell
monolayers. La31 significantly increases bind-
ing of [125I]-IGF-I to GM10, T98G and forskolin-
treated MDBK cells (Table I). Binding to cell-
associated IGFBPs is increased by 51% for
GM10 cells and 3.4- and 4.2-fold for T98G and
MDBK cells, respectively. Concurrent with this
effect, La31 depresses the release of IGFBPs
from the surface of all three cell types. IGFBP
release is depressed by 84% for GM10 cells,
87% for T98G cells and 66% for MDBK cells.

Fig. 2. Release of IGFBPs from cell monolayers. Assay buffer
was collected at the end of a typical binding assay, except that
no [125I]-IGF-I was added. The cultures were incubated with or
without La31 (100 µM) or Zn21 (200 µM). Samples were ana-
lyzed by ligand blot analysis as described in Materials and

Methods. The size of each band was estimated by comparison
to the migration of molecular weight standards run in parallel
lanes. The identities of the IGFBPs have been confirmed previ-
ously [Cohick and Clemmons, 1991; Camacho-Hubner et al.,
1992].

Quantification of Cell-Associated IGFBPs 259



T98G cells release the most IGFBP activity
followed by MDBK cells and finally GM10 cells.
To confirm that measurements of cell surface

binding were quantifying binding only to
IGFBPs and not receptors, binding specificity
studies were performed using GM10 cells (Fig.
5). There was minimal binding of [125I]-QAYL-
IGF-I and low binding of [125I]-des-IGF-I rela-
tive to [125I]-IGF-I to the cell monolayer (top) in
the presence of insulin excess. [125I]-QAYL-IGF-
I binding to the cell-associated (top) and re-
leased IGFBPs (bottom) was not affected by the
addition of La31. In contrast, La31 increased
specific binding of both [125I]-IGF-I and [125I]-des-
IGF-I to the cell-associated IGFBPs (twofold
and 50%, respectively) and decreased specific
binding to the soluble ‘released’ IGFBPs. Thus,
[125I]-IGF-I and [125I]-des-IGF-I specifically bind
to cell-associated IGFBPs and released IGFBPs
(primarily IGFBP-3). Binding of [125I]-IGF-I was
three- to fivefold greater than that of [125I]-des-

IGF-I. In control cultures, the competitive bind-
ing curve for [125I]-IGF-I shows a paradoxical
increase in binding with the addition of low
levels of unlabelled IGF-I; an effect that was
not present with La31.
Analysis of binding specificity using T98G

cells gave similar results (Fig. 6). [125I]-QAYL-
IGF-I and [125I]-des-IGF-I had relatively low
binding compared to [125I]-IGF-I to the cell
monolayers (top) and to released IGFBPs (bot-
tom). Specific binding of [125I]-IGF-I to the cell
monolayer was increased more than twofold
and specific binding to the soluble ‘released’
IGFBPs was decreased by .80% with the addi-
tion of La31. Binding of [125I]-des-IGF-I to re-
leased IGFBPs was depressed by La31 but bind-
ing to cell-associated IGFBPs was not affected
by La31. Thus, [125I]-IGF-I and [125I]-des-IGF-I
specifically bind to IGFBPs (primarily IGFBP-5)

Fig. 3. Cation specific effects on IGFBP release from GM10
cell monolayers. Binding was determined with and without the
addition of La31, Zn21 or Mn21 at the indicated concentrations.
All wells contained 10 µg/ml of insulin to prevent binding to the
type I IGF receptor. Thus, [125I]-IGF-I binding to the cell-
associated IGFBPs (top) and released IGFBPs (bottom) was
quantified as described in Materials andMethods. Other cations
that were tested include Se31 and Sr31. They were without
effects on [125I]-IGF-I binding to either cell-associated or re-
leased IGFBP-3. Data represent the means 6 SD of duplicates.

Fig. 4. Dose dependent effects of La31 and Zn21 on [125I]-IGF-I
binding to GM10 and T98G IGFBPs. Binding was analyzed with
and without the addition of La31 or Zn21 at the indicated
concentrations. All wells contained 10 µg/ml of insulin to
prevent binding to the type I IGF receptor. Thus, [125I]-IGF-I
binding to the cell-associated IGFBPs (top) and released IGFBPs
(bottom) was quantified using GM10 (left) and T98G (right) cells
as described in Materials and Methods. Data represent the
means 6 SD of duplicates. Error bars are shown only if they are
larger than the symbols.
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both on the cell monolayer and in the assay
buffer; although the amount of [125I]-IGF-I
bound was 10-fold greater. In control cultures,
the competitive binding curve for [125I]-IGF-I
shows a paradoxical increase in binding with
the addition of low levels of unlabelled IGF-I
and this effect was not present with La31.
Binding specificity of both cell-associated and

released IGFBPs was also determined for for-
skolin-treated MDBK cells (Fig. 7). Insulin
prevented binding to the type I IGF receptor,
confirmed by the extremely low binding of [125I]-
QAYL-IGF-I to the cell monolayer (top). [125I]-
QAYL-IGF-I binding to the cell-associated and
released IGFBPs was low and not affected by
the addition of La31. In contrast, La31 greatly
increased specific binding of [125I]-IGF-I and
[125I]-des-IGF-I to cell-associated IGFBPs and
it decreased specific binding to the soluble re-
leased IGFBPs (primarily IGFBP-3) by .60%.
Thus, [125I]-IGF-I and [125I]-des-IGF-I specifi-
cally bind to IGFBPs both on the cell monolayer
and in the assay buffer; the amount bound was
similar for the two radiolabeled ligands.
Scatchard analysis was performed using data

generated with the [125I]-IGF-I and [125I]-des-
IGF-I competition data for the three cell lines
(Table II). Non-linear Scatchard plots yielded

affinity constants, Ka, and the number of bind-
ing sites, Ro for high and low affinity sites.1
The affinity of the high and low sites of GM10

cell-associated IGFBP-3 was similar for both
[125I]-IGF-I and [125I]-des-IGF-I and was not
affected by the addition of La31. The Ka of the
high affinity site was approximately fivefold
that of the low but there were about twofold
more (Ro) low than high affinity sites. The in-
crease in specific binding to the cell monolayer

1It should be noted that the [125I]-des-IGF-I competition
was performed with unlabelled IGF-I. Although Scatchard
analysis is designed for use with homologous ligand combi-
nations, this analysis was used as a means to estimate the
Ka of the high affinity cell surface binding site in the
absence of La31, since this cannot be done when [125I]-IGF-I
is used.Although interpretations based on this analysis are
restricted, our data clearly indicate that similar affinity
constants are obtained for cell-associated IGFBPs when
[125I]-IGF-I and [125I]-des-IGF-I binding are compared.

TABLE I. Effect of La31 on [125I]-IGF-I Binding
to GM10, T98G and MDBK Cell-surface

and Released IGFBPs

Cell Binding site Control La31

GM10 Surface IGFBPs
(7,207) 100 6 9 151 6 13*

Released IGFBPs
(6,972) 100 6 16 16 6 5*

T98G Surface IGFBPs
(4,179) 100 6 15 340 6 24*

Released IGFBPs
(18,870) 100 6 11 13 6 3*

MDBK Surface IGFBPs
(1,343) 100 6 24 419 6 58*

Released IGFBPs
(10,519) 100 6 9 34 6 4*

Values represent the mean 6 SE for the change in specific
binding of [125I]-IGF-I in the presence of 200 µM La31; data
are expressed as percent of same site control. The number
of determinations are 10, 9 and 8 for GM10, T98G and
MDBK cells, respectively. Average control values (cpm
bound) are shown in parentheses.
*Indicates significant differences (P , 0.05) between con-
trol and La31 values within rows by paired t-tests.

Fig. 5. [125I]-IGF binding to GM10 cell-associated IGFBP and
soluble ‘released’ IGFBP-3. Binding was analyzed with and
without the addition of 200 µM La31. All wells contained 10
µg/ml of sodium-insulin to prevent binding to the type I IGF
receptor. Binding was assessed with [125I]-IGF-I (line plots),
[125I]-des-IGF-I (left two bars) and [125I]-QAYL-IGF-I (right two
bars). Competitive binding curves were also generated for [125I]-
des-IGF-I and [125I]-QAYL-IGF-I but only data for the basal
binding are shown for simplicity. [125I]-IGF binding to cell-
associated IGFBPs (top) and soluble released IGFBPs (bottom)
was quantified as described in Materials and Methods. Data
represent the means 6 SD of duplicates. Error bars are shown if
they are larger than the symbols.
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with La31 was due to an increase in the number
of high affinity sites. The Ka of the soluble
‘released’ IGFBP-3 was 10-fold that of the cell-
associated IGFBP-3 with [125I]-IGF-I and 2.3-
fold for [125I]-des-IGF-I. The number of binding
sites released in the absence of La31 was low
(<4%) relative to the total number of binding
sites. [125I]-IGF-I binding to released IGFBP-3
was undetectable with La31. Therefore, La31

prevented the loss of cell-associated IGFBP-3.
The prevention of the loss of this small number
of IGF binding sites with La31 was associated
with twice as much detectable binding to cell-
associated IGFBP-3 (Table I and Fig. 5).
For T98G cell-associated IGFBP-5, the Ka of

the high and low affinity sites were similar for
both [125I]-IGF-I and [125I]-des-IGF-I in the pres-
ence and absence of La31. Ka of the high affinity
site was approximately fourfold that of the low

affinity site and there were similar number (Ro)
of high and low affinity sites. The increase in
specific binding of [125I]-IGF-I to the cell mono-
layer with the addition of La31 was due to an
increase in the number of high affinity sites.
The Ka (high) of the soluble ‘released’ IGFBPs
was 16-fold that of the cell-associated IGFBPs
for [125I]-IGF-I. The Ka of the low affinity re-
leased sites were 10-fold greater than that of
the cell-associated low affinity IGFBPs. The
number of binding sites released in the absence
of La31 was approximately one-sixth of the total
number of binding sites and was depressed by
the addition of La31. Hence, La31 depressed the
loss of cell-associated IGFBPs (primarily
IGFBP-5). The prevention of the loss of this
small number of IGFBP binding sites with La31

was associatedwith twiceasmuchdetectablebind-
ing to cell-associated IGFBP-5 (Table I and Fig. 6).

Fig. 6. [125I]-IGF binding to T98G cell-associated IGFBPs and
soluble ‘released’ IGFBPs. Binding was determined with and
without the addition of 200 µM La31. All wells contained 10
µg/ml of sodium-insulin to prevent binding to the type I IGF
receptor. Binding was assessed with [125I]-IGF-I (line plots),
[125I]-des-IGF-I (left two bars) and [125I]-QAYL-IGF-I (right bar).
Competitive binding curves were also generated for [125I]-des-
IGF-I and [125I]-QAYL-IGF-I but only data for the basal binding
are shown for simplicity. [125I]-IGF binding to cell-associated
IGFBPs (top) and released IGFBPs (bottom) was quantified as
described in Materials and Methods. [125I]-QAYL-IGF-I binding
was not performed with the addition of La31. Data represent the
means6 SD of duplicates. Error bars are shown if they are larger
than the symbols.

Fig. 7. [125I]-IGF binding to forskolin-treated MDBK cell-
associated IGFBPs and soluble ‘released’ IGFBPs. Binding was
analyzed with and without the addition of 200 µM La31. All
wells contained 10 µg/ml of sodium-insulin to prevent binding
to the type I IGF receptor. Cells were treated with 5 µM forskolin
overnight prior to the assay. Bindingwas assessedwith [125I]-IGF-
I (line plots), [125I]-des-IGF-I (left two bars) and [125I]-QAYL-IGF-
I (right two bars). Competitive binding curves were also gener-
ated for [125I]-des-IGF-I and [125I]-QAYL-IGF-I but only data for
the basal binding are shown for simplicity. [125I]-IGF binding to
cell-associated IGFBPs (top) and released IGFBPs (bottom) was
quantified as described in Materials and Methods. Data repre-
sent the means 6 SD of duplicates. Error bars are shown if they
are larger than the symbols.
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For forskolin-treated MDBK cell-associated
IGFBPs (primarily IGFBP-3), the Ka of the
high affinity site could not be calculated for
[125I]-IGF-I or [125I]-des-IGF-I without La31. In
the presence of La31, the Ka of the high affinity
site was similar for both [125I]-IGF-I and [125I]-
des-IGF-I. Ka of the high affinity site was three-
fold higher than the low affinity site and there
were slightly greater number (Ro) of high affin-
ity sites. The increase in specific binding of
[125I]-IGF-I and [125I]-des-IGF-I to the cell mono-
layer with the addition of La31 was primarily
due to an increase in the number of high affin-
ity sites. The Ka (high) of the soluble ‘released’
IGFBPs was three- to fourfold higher than that
of the cell-associated IGFBPs. The Ka of the low
affinity site was similar to that of the cell-
associated IGFBPs. The number of binding sites
released in the absence of La31 was approxi-
mately three quarters of the total number of
binding sites. Release was depressed by the
addition of La31. Hence, La31 depressed the loss
of cell-associated IGFBPs. In this case, loss of
most of the IGFBPs from the cell monolayer
with enhanced binding ability decreased bind-
ing to the remaining cell-associated IGFBPs by
.75% (Table I and Fig. 7).
Type I IGF receptor binding was quantified

for the three cell types.As published [McCusker
et al., 1990], 10 µg/ml sodium-insulin effec-

tively blocks binding to the type I IGF receptor.
Thus type I IGF receptor binding was directly
assessed for each radiolabeled ligand as the
difference in binding between the absence and
presence of insulin (Table III). GM10 cells have
very few type I IGF receptors. La31 slightly
increases the amount of insulin competable
binding. Similarly, T98G cells have few recep-
tors and La31 slightly increases the amount of
insulin competable binding. However, MDBK
cells have numerous receptors with similar in-
sulin competable binding of [125I]-IGF-I and
[125I]-des-IGF-I but lower binding of [125I]-QAYL-
IGF-I. La31 increased the amount of insulin
competable binding for all three ligands. Thus,
insulin competable binding can be used to quan-
tify binding to the type I IGF receptor. The few
type I IGF receptors on GM10 and T98G cells
indicate that the IGFBPs are the major binding
site for IGFs on these cells. In the absence of
La31, the receptor is the major binding site on
MDBK cells. When quantified in the presence
of La31, IGFBPs represent approximately 45%
of the MDBK cell surface binding sites.
The usefulness of these findings is demon-

strated by a practical application (Fig. 8). [125I]-
IGF-I binding to MDBK cells was performed
without insulin (Fig. 8, top left). Specific [125I]-
IGF-I binding to the cell monolayer was low-
ered in a dose dependent manner by an over-

TABLE II. Effect of La31 on theAffinity and Number of Cell Surface and Released IGFBPs*

Cell [125I] Treatment

Binding to cell surface IGFBPs Binding to released soluble IGFBPs

Affinity:
Ka (nM21)

Sites:
Ro (N 3 1029)

Affinity:
Ka (nM21)

Sites:
Ro (N 3 1029)

High Low High Low High Low High Low

GM10 IGF-I Control — 0.13 — 130.5 5.26 — 5.6 —
La31 0.41 0.08 62.2 111.6 — — — —

des-IGF-I Control 0.58 0.07 9.2 17.5 1.32 — 4.1 —
La31 0.56 0.11 12.7 17.9 — — — —

T98G IGF-I Control — 0.15 — 102.1 6.36 — 20.7 —
La31 0.39 0.12 59.6 48.4 — 1.40 — 7.4

des-IGF-I Control 0.42 0.11 7.9 8.8 — 1.30 — 4.4
La31 0.42 0.12 7.7 7.4 — — — —

MDBK IGF-I Control — 0.09 — 25.2 1.32 0.17 29.2 39.4
La31 0.35 0.11 47.0 31.4 0.91 — 12.5 —

des-IGF-I Control — 0.12 — 21.7 1.67 0.14 13.6 42.0
La31 0.27 0.10 44.7 29.7 0.81 — 7.2 —

*Data represent analysis from competitive binding studies shown in Figures 5, 6 and 7. The labelled peptide varied (either
[125I]-IGF-I or [125I]-des(1-3)-IGF-I), the unlabelled peptide was consistently IGF-I. Insulin was present in all wells to prevent
binding to the type I IGF receptor.
— indicates that Ka or N of sites either not calculable or not detectable.
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night pre-treatment with forskolin. Such an
effect could be interpreted as a decrease in cell
surface binding sites, either IGFBPs or recep-
tors. However forskolin increases IGFBP re-
lease during the binding assay in a dose depen-
dent manner (Fig. 8, bottom left). The released
IGFBPs bind the [125I]-IGF-I and thus lower
association with the cell surface. In the experi-
ment in the right panel, La31 does not affect
[125I]-IGF-I binding to the cell monolayer of
non-forskolin-treated cultures butmarkedly in-
creases binding to forskolin-treated cells (top
right). Very little IGFBP is released in non-
forskolin-treated cultures and La31 does not
affect release (bottom right). However IGFBPs
are released from forskolin-treated cultures and
the release is depressed by La31.

DISCUSSION

The 43,000 Mr IGFBP on GM10 cells was
previously shown to be IGFBP-3 [Camacho-
Hubner et al., 1992]. IGFBP-3 was released
from the cells during binding assays at 8°C.
Release was almost completely blocked by La31.
T98G cells released a 31,000–32,000 Mr IGFBP
that we have identified as IGFBP-5 [Camacho-
Hubner et al., 1992]. IGFBP-5 release was simi-
larly prevented by the addition of La31. At least

80% of cell surface [125I]-IGF-I binding to these
cells is non-insulin displaceable due to the abun-
dance of IGFBP-3 and IGFBP-5 on GM10 and
T98G cell surfaces, respectively, which are the
major cell surface IGF-binding sites. We had
previously shown that [125I]-IGF-I binding to
the surface of these two cell types is affected by
the release of IGFBPs during binding assay;
i.e., there was a decrease in IGF binding to cell
surfaces with increased release of IGFBP [Mc-
Cusker et al., 1990]. This study extends this
finding by showing that the loss of only 4 to 17%
of cell surface IGFBPs can depress cell surface
binding by 50%. This effect is possible because
of the increase in affinity of the released IGFBPs
as compared to their affinity when they are
cell-associated.
The main goal of this study was to find a

means to prevent loss of cell-associated IGFBPs
without affecting binding affinity. This would
make it possible to accurately quantify the

TABLE III. Insulin Displacement of IGF
Binding to GM10, T98G and MDBK
Cell-Surface Type I IGF Receptors

Cell [125I] Treatment
Insulin

competable cpm

GM10 IGF-I Control 0 (2511)
La31 0 (2267)

des-IGF-I Control 375 6 170
La31 689 6 206

QAYL-IGF-I Control 183 6 95
La31 272 6 6

T98G IGF-I Control 0 (2103)
La31 702 6 1444

des-IGF-I Control 696 6 56
La31 727 6 415

QAYL-IGF-I Control 193 6 59
La31 ND

MDBK IGF-I Control 5,313 6 157
La31 6,867 6 259

des-IGF-I Control 4,953 6 491
La31 5,763 6 156

QAYL-IGF-I Control 2,276 6 525
La31 2,371 6 618

Values represent the mean 6 SD of duplicate determina-
tions for the decrease in specific binding of the labelled
ligand with the addition of 10 µg/ml sodium insulin.
ND, not determined.

Fig. 8. [125I]-IGF-I binding to MDBK cells. Left panel: Binding
assays were performed with and without an overnight pre-
treatment with the indicated dose of forskolin. Insulin was not
added. Therefore ligand binding to both the type I IGF receptor
as well as IGFBPs was quantified. Binding to the cell surface
(top, left) and released IGFBPs (bottom, left) was assessed with
[125I]-IGF-I. Right panel: Binding was determined with and
without an overnight pre-treatment with 8 µM forskolin. The
wells did not contain insulin to allow binding to the type I IGF
receptor as well as IGFBPs. [125I]-IGF-I binding to the cell
surface (top, right) and released IGFBPs (bottom, right) was
assessed with and without the addition of La31 (200 µM). Data
represent the means 6 SD of duplicates.
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IGFBP content of cell monolayers.After screen-
ing several divalent and trivalent cations, we
discovered that La31 blocked the release of hIG-
FBP-3, bIGFBP-3 and hIGFBP-5 from GM10,
MDBK and T98G cells, respectively. In parallel
with the decrease in IGFBP release from cell sur-
faces, there was an increase in [125I]-IGF-I binding
to the cell surface. This was the only cation caus-
ing both of these effects. Zn21 also blocked IGFBP
release from cell surfaces, as directly demon-
strated by ligand blot analysis and decreased
IGFBP activity in the assay buffer, but Zn21 did
not increase binding to cell surfaces. This sug-
gests that zinc may interfere with IGF binding
affinity and is not useful for the sole purpose of
quantifying IGFBPs.
Since IGF binding to cell surfaces is affected

by IGFBP release, it was impossible to accu-
rately quantify binding to IGFBPs on the cell
surface unless La31 was used to prevent re-
lease. This effect was most easily demonstrated
with MDBK cells which were shown to bind
fourfold more IGF-I when La31 was added.
These studies also showed that the effect of
forskolin on [125I]-IGF-I binding to cell surfaces
could not be properly assessed unless La31 was
used to prevent the loss of IGFBPs. Without
La31, forskolin appeared to depress [125I]-IGF-I
binding to the cell surface binding sites. How-
ever, forskolin actually increases [125I]-IGF-I
binding to the cell surface when IGFBP release
is inhibited. Using typical binding assay condi-
tions, the stimulatory effect of forskolin on
MDBK cell proliferation [Cohick and Clem-
mons, 1991] would be difficult to explain. Using
La31 to quantify IGFBPs would lead to the
conclusion that the effect of forskolin might be
due to enhanced levels of cell-associated
IGFBP-3 which has been shown to enhance the
effect of IGF-I on proliferation of these cells
[Cohick and Clemmons, 1993].
Release of IGFBPs into binding assay buffer

also alters the shape of [125I]-IGF-I competitive
binding curves. A paradoxical increase in cell
surface binding occurs with the addition of low
levels of unlabelled ligand. This phenomenon
has been reported by several labs [Orlowski et
al., 1989; Van Obberghen-Schilling et al., 1981;
DeVroede et al., 1986; Clemmons et al., 1986;
Ballard et al., 1988; Menuelle and Plas, 1993;
McCusker et al., 1990]. A complete explanation
for such binding characteristics has been diffi-
cult to provide but is associated with the pres-
ence of high affinity IGFBPs in the assay buffer
and low affinity binding sites on the cell surface

[McCusker et al., 1990]. This binding phenom-
enon is corrected if IGFBP release from the cell
surface is blocked by the addition of La31. Our
previous work using human GM10 cells and
subsequent work of others showed that the
affinity of the released IGFBPs (principally
IGFBP-3) was higher than those on the cell
surface [Conover, 1991, 1992; McCusker et al.,
1990]. This study extends these findings to
T98G cells (principally human IGFBP-5) and
bovine MDBK cells (primarily IGFBP-3). This
study also shows that when IGFBP release is
prevented by La31 the affinities of the IGFBPs
that remain on the cell surface are unchanged.
Although IGF-I that is bound to either

IGFBP-3 or IGFBP-5 in extracellular fluids is
very tightly bound, when these IGFBPs attach
cell surfaces, the affinity for IGF-I decreases.
This effect will result in the release of some of
the IGF-I which could then bind to either
IGFBPs in solution or type I IGF receptors. One
of the key parts of this mechanism, cell-associa-
tion, is modified by multivalent cations. There-
fore it is possible that cations could target IGF-
IGFBP complexes to the cell surface. This would
result in IGF-I release thus increasing the po-
tential for receptor activation.
The mechanism by which the IGFBPs are

released from cell surfaces is currently under
investigation. La31 can antagonize Ca21 acti-
vated proteases and other enzymes. Thus, one
possiblemechanism of release could be proteoly-
sis, since IGFBP-3 and IGFBP-5 are cleaved by
proteases that are secreted by cell in culture
[Tonner et al., 1995; Fowlkes et al., 1994; Kan-
zaki et al., 1994; Camacho-Hubner et al., 1992;
Conover and Kiefer, 1993]. However, there was
no apparent change in the size of either
IGFBP-3 or IGFBP-5 after release from cell
surfaces compared to their size in solubilized
cell extracts. Further evidence against this pos-
sibility was the increase in ligand affinity of
released IGFBPs compared to those remaining
on the cell surface. Proteolysis of IGFBP-3 de-
creases ligand affinity [Blat et al., 1994; Lam-
son et al., 1993]. It is possible, if IGFBP-binding
sites exist, that they could be enzymatically
cleaved and thus release IGFBPs; however this
possibility awaits further characterization of
the cell surface components that bind to
IGFBP-3 and IGFBP-5.
IGFBPs have been reported to enhance and

to inhibit IGF actions. Generally the soluble
high affinity IGFBPs are inhibitory and the
cell-associated lower affinity forms enhance ac-
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tivity. Several studies support the idea that
there is a delicate balance between the IGF
inhibiting activity and IGF potentiating activ-
ity. Slight changes in culture conditions can
result in a change in this equilibrium [Coleman
andEtherton, 1994; Bourner et al., 1992]. These
changes in some cases probably reflect differ-
ences in levels of IGFBP at the cell surface.
Therefore it is important, when measuring IGF
activity, to quantify the amount of IGFBPs pres-
ent in extracellular fluids and on the cell sur-
face. This is not possible if a considerable
amount of cell-associated IGF binding activity
is released during the binding assay. With the
use of La31, IGFBP release from cell surfaces
was limited and the number and affinity of
binding sites on the cell surface can be accu-
rately quantified.
Type I IGF receptor binding can be assessed

with insulin displacement and IGFBP binding
with IGF-I displacement beyond that of insulin.
Insulin at the dose used does compete for most
if not all binding to the type I IGF receptor
[Kull et al., 1983; Baxter and Williams, 1983;
Tollefsen et al., 1987; McCusker et al., 1990].
There are numerous other reports of insulin
competing for all of the [125I]-IGF-I binding
sites as well as numerous papers citing incom-
plete and poor displacement by insulin. We
believe that the latter findings are due to the
frequently unrecognized presence of IGFBPs
on the cell surface. It should also be empha-
sized that the affinity of the cell-associated
IGFBPs is similar to that of the type I IGF
receptor [McCusker et al., 1990]. Thus, binding
affinity cannot be used to distinguish binding
between the receptor and IGFBPs. In the cur-
rent work, La31 increased [125I]-IGF-I binding
to the type I IGF receptor. This is not a direct
effect on either receptor affinity or number (un-
published data). Instead, by preventing the re-
lease of IGFBPs and their strong IGF binding
activity, more [125I]-IGF-I is available for recep-
tor binding. Thus similar to cell-associated
IGFBPs, receptor number and affinity cannot
be accurately quantified if IGFBPs are released
during the binding assay.
In summary, our data clearly show that mul-

tivalent cations effect cell-association of IGFBPs
and the affinity of the [IGF]-[IGFBP] complex is
lowered. Hence evolution has developed a sys-
tem by which the type I IGF receptor is acti-
vated due to changes in the affinity of the IG-
FBPs for their ligand. It is becoming apparent

that the [IGFBP]-[IGF] complex is not only a
transport mechanism for the IGFs but the com-
plex is necessary for maximal IGF activity.
Hence, IGF activity appears to be balanced by
soluble-extracellular IGFBP inhibitory activity
and cell-associated [IGFBP]-[IGF] stimulatory
complexes. Whether the stimulatory effects of
the IGFBPs can be explained solely by an in-
crease in the pericellular concentration of IGFs
with IGFBP cell-association requires further
investigation.
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