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Abstract We have demonstrated previously that insulin-like growth factor binding protein (IGFBP)-3 alone has
little growth inhibitory effect on Hs578T human breast cancer cells, but that it can dramatically accentuate the apoptotic
response to the physiological trigger, ceramide, in an IGF-independent manner. We have now studied the potential of
other IGFBPs (1–6) to interact with apoptotic signalling pathways. Hs578T cells were preincubated with a binding
protein (100 ng/ml) for 24 h, followed by co-incubation of the binding protein with an apoptotic dose of ceramide or
RGD-containing peptide for a further 24 h. Apoptosis was assessed using flow cytometry, MTT (3-[4,5-Dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue) assay and morphological assessment. Binding protein profiles
were determined using ligand and immunoblotting techniques. Each of the IGFBPs (1–6) alone had no significant (P .
0.05) growth inhibitory effects relative to control cells. In contrast to IGFBP-3, which significantly (P , 0.05) accentuated
C2-induced apoptosis, IGFBP-1, -2, and -6 had no effect, whereas IGFBP-4 and -5 each caused marked (P , 0.01)
inhibition of ceramide-induced programmed cell death. Apoptosis induced by RGD was also significantly (P , 0.05)
reduced by IGFBP-5, whereas IGFBP-3 had no effect. These data provide evidence to suggest that individual IGFBPs
have specific IGF-independent effects and act differentially on apoptotic signalling pathways. J. Cell. Biochem.
75:652–664, 1999. r 1999 Wiley-Liss, Inc.
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Tissue homeostasis in a multicellular organ-
ism is maintained by a balance between cell
proliferation and programmed cell death. Apop-
tosis is a highly regulated mode of cell death
characterised by a number of morphological
and biochemical features, including blebbing of
the plasma membrane, cell shrinkage, chroma-
tin condensation, and DNA fragmentation into
membrane-bound vesicles [Wyllie et al., 1980].

We have been using two physiological induc-
ers of apoptosis: a ceramide analogue, C2, and a
synthetic RGD-containing peptide, RGD. The
plasma membrane is the site of sphingomyelin
hydrolysis, which is now recognised as an impor-
tant pathway of signal transduction. Ceramide
is one product of sphingomyelin hydrolysis and

has been implicated as an important mediator
of cell death [Obeid et al., 1993]. Tumour growth
can therefore be restricted by cytokines, chemo-
therapy, and radiotherapy, which induce pro-
grammed cell death by ceramide-mediated cyto-
plasmic signalling.

The growth of normal adherent cell types in
vitro requires growth factors, but it also re-
quires attachment to the extracellular matrix
(ECM) [Ingber et al., 1990]. Cell adhesion to the
ECM is mediated by integrin receptors. These
bind to matrix proteins outside the cell and
associate with cytoskeletal proteins within the
cell. These matrix proteins contain the three-
amino acid sequence, arginine-glycine-aspartic
acid (RGD), which is specifically recognised by
their particular integrin receptor [Ruoslahti et
al., 1987]. Specifically, integrin-dependent sig-
nals have been shown to modulate the control
of growth [Giancotti et al., 1990] and cell sur-
vival [Frisch et al., 1994]. Maintenance of inte-
grin linkages is essential for cell adhesion. It
was previously demonstrated that disruption of
these attachments, through the addition of an-
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tibodies or peptides, can induce cells to detach
from the substratum [Hayman et al., 1985;
Knudson et al., 1981], with a resultant induc-
tion of programmed cell death. Cells that be-
come transformed or malignant have therefore
acquired the ability to undergo anchorage-
independent growth [Tucker et al., 1981; Freed-
man et al., 1974]. Furthermore, IGF-I can pro-
tect cells from detachment-induced apoptosis
[Valentinis et al., 1998] indicating cross-talk
between IGF-I and integrin signalling path-
ways.

Dysregulation of the rate of cell growth or
death can lead to the emergence of many dis-
eases, including neurodegenerative diseases and
cancer [Thompson et al., 1995]. The IGF system
is composed of ligands, IGF-I and -II, cell recep-
tors, IGFBPs, and IGFBP proteases. The IGFs
are the most prevalent growth factor in the
body, which, in addition to being general mito-
gens, are also potent survival factors for many
cells. The IGFs can therefore play a significant
role in maintaining tissue homeostasis by their
ability to both promote cell proliferation and
rescue cells from programmed cell death.

To date, the IGFBP family is composed of six
distinct IGFBPs that have been described in
detail; at least a further three related proteins
are thought to exist [Shimasaki et al., 1991; Oh
et al., 1996]. It was originally believed that
these IGFBPs were simply present to passively
modulate the IGF-induced mitogenic and sur-
vival signals [Rechler et al., 1993; Jones et al.,
1995], being both stimulatory [Blum et al., 1989]
and inhibitory [Ritvos et al., 1988] to IGF ac-
tion.

The major binding protein in adult serum is
IGFBP-3, which acts as a carrier of IGF as part
of a larger 150 K complex formed by the binding
protein bound to IGF, and associated with an
acid-labile subunit [Baxter et al., 1993]. Numer-
ous studies on this particular binding protein
have implied that it can have more complex
effects on cell function than simply passively
regulating the IGFs. In addition, IGFBP-3 has
been shown to localise to the nucleus [Jaques et
al., 1997; Noll et al., 1996].

Data have further demonstrated that
IGFBP-3 has an inhibitory role that is in fact
independent of IGF-I. Purified mouse IGFBP-3
has been shown to bind to the chick embryo
fibroblast cell surface and inhibit cell growth
[Lalou et al., 1996]. In addition, human breast
cancer cells, Hs578T cells have been shown to

possess specific IGFBP-3 binding sites, en-
abling exogenous IGFBP-3 to inhibit mono-
layer growth in these cells [Oh et al., 1993].
IGFBP-3 also mediates growth inhibition by
transforming growth factor-b TGF-b [Oh et al.,
1995], retinoic acid [Gucev et al., 1996], and
antiestrogens [Huynh et al., 1996] in breast
cancer cells and can specifically induce apopto-
sis in prostate cancer cells [Rajah et al., 1997].
We have recently demonstrated that IGFBP-3
also has the ability to accentuate ceramide, but
not RGD-induced apoptosis in Hs578T, human
breast cancer cells [Gill et al., 1997]. In addi-
tion, we have shown previously that IGFBP-3
can accentuate both ultraviolet (UV) [Hol-
lowood et al., 1998] and paclitaxel [Fowler et
al., 1998] induced apoptosis in an IGF-indepen-
dent manner.

There are a few examples to illustrate that
other binding proteins also have the capacity to
act independently of IGF-I. Specifically,
IGFBP-1 has been shown to stimulate cell mi-
gration in Chinese hamster ovary (CHO) cells
[Jones et al., 1993] and IGFBP-5 can stimulate
mitogenesis in osteoblasts [Andress et al., 1992].
Despite high structural homology, it is evident
that the binding proteins still have the poten-
tial to exert a number of differential effects on
cell activity, which can be both IGF-dependent
or -independent.

The Hs578T cells are an ideal model with
which to study the IGF-independent effects of
the IGFBPs, since IGFBP-3 has previously been
shown to bind to the cell surface and inhibit
monolayer growth in these cells in an IGF-
independent manner [Oh et al., 1993]. Having
previously established that IGFBP-3 was able
to accentuate ceramide-induced apoptosis inde-
pendent of the IGFs in the Hs578T cells [Gill et
al., 1997], the aim of this particular study was
to compare possible IGF-independent effects of
binding proteins -1,-2, -4, -5, or -6 in this model
and to establish whether the action of IGFBP-3
was specific to this one binding protein.

MATERIALS AND METHODS
Materials

Human IGFBP-1 peptide was a gift from Dr.
J. Cox, Synergen Inc. Human IGFBP-2 was
obtained from Sandoz. Recombinant human
nonglycosylated IGFBP-3 (ngIGFBP-3) was a
kind gift from Dr. C. Maack (Celtrix, CA). IGFBPs
-4, -5, and -6 were purchased from Austral
Biologicals (CA). The ceramide analogue,
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C2, and a synthetic RGD-containing peptide
(Gly-Arg-Gly-Asp-Thr-Pro), were obtained from
Sigma Chemical Co. (St. Louis, MO) and Calbio-
chem, respectively. The IGFBP-2 and -4 antibod-
ies were purchased from TCS, whereas IGFBP-3
is an in-house antibody (SCH-2/6). All other
chemicals were purchased from Sigma. Tissue
culture plastics were obtained from Nunc,
Gibco-Life Technologies (Paisley, Scotland).

CELL CULTURES

The human breast cancer cell line Hs578T
was purchased from ECACC (Porton Down,
Wiltshire) and were grown in a humidified 5%
CO2 atmosphere at 37°C. Cells were main-
tained in Dulbecco’s modified Eagle’s medium
(DMEM) with glutamax-1 supplemented with
10% foetal calf serum (FCS), penicillin (5,000
IU/ml), and streptomycin (5 mg/ml)-growth me-
dia (GM). Experiments were performed on cells
in phenol-red-free serum-free Hepes DMEM
and Ham’s nutrient mix F-12 (SFM) with so-
dium bicarbonate (0.12%), bovine serum albu-
min (BSA) (0.2 mg/ml), transferrin (0.01 mg/
ml) and supplemented as before.

Dosing Protocol

Cells were grown in GM for 24 h before switch-
ing to SFM for a further 24 h before to dosing.
Cells were preincubated with a binding protein
(100 ng/ml) for 24 h, followed by co-incubation
of the binding protein with an apoptotic dose of
ceramide or RGD-containing peptide for a fur-
ther 24 h.

Flow Cytometry

This technique was used to quantitate the
amount of apoptosis present in any given sam-
ple. The DNA of apoptotic cells has less capacity
to stain than normal cells and appear as a
pre-G1 peak on a DNA cell cycle histogram.
Cells were seeded at 0.1 3 106 cells/well in
six-well plates and dosed as described above.
For each experiment, the cells were dosed in
triplicate as described under Results. For analy-
sis, both floating cells in the conditioned media
and in the phosphate-buffered saline (PBS)
wash were collected from each well before tryp-
sinisation. Trypsinised cells were then added to
the previous collected solutions. Each sample of
cells was fixed in 70% ethanol for a minimum of
24 h before analysis by flow cytometry. The
fixed cells were pelleted (6,000 rpm; 5 min) and

washed three times with PBS (6,000 rpm; 5
min). The supernatant was removed, and the
cells were resuspended in reaction buffer (prop-
idium iodide, 0.05 mg/ml; sodium citrate, 0.1%;
RNaseA, 0.02 mg/ml; Nonidet-40 [NP-40], 0.3%;
pH 8.3) and incubated at 4°C for 30 min before
measurement on a FACSCalibur flow cytom-
eter (Becton Dickinson) with an argon laser at
488 nm for excitation. The data were analysed
using the Cell Quest software package (Becton
Dickinson).

MTT Assay

MTT reagent (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide; thiazolyl
blue) is converted into a coloured water-in-
soluble formazan salt by the metabolic activity
of viable cells. Cells were seeded at 2.5 3 104

/ml (150 µl growth medium) in 96-well plates
and were allowed to grow for 24 h. Growth
medium was replaced with SFM 24 h before
dosing. MTT reagent (7.5 mg/ml) in PBS was
added to the cells (10 µl/well) and the cultures
were incubated for 30 min at 37°C. The reaction
was stopped by the addition of acidified triton
buffer (0.1 M HCl, 10% [v/v] Triton X-100; 50
µl/well); the tetrazolium crystals were dis-
solved by mixing on a Titertek plate shaker for
20 min at room temperature. The samples were
measured on a Bio-Rad 450 plate reader at test
wavelength of 595 nm and a reference wave-
length of 650 nm.

Western Ligand Blotting Immunoblotting

Hs578T cells (0.1–0.2 3 106) were grown to
80% confluency in 6-well plates, then switched
to SFM 24 h before dosing. The conditioned
media were collected and the cells spun out.
The remaining solution was concentrated 10-
fold, using Millipore Ultrafree-MC filter units.
The pattern of IGF binding proteins secreted by
the cells in response to various treatments was
assessed by ligand blotting, and the mem-
branes were subsequently immunoblotted for
IGFBP-2, -3, and -4 using methods described
previously [Clemmons et al., 1990; Sheikh et
al., 1992].

Fig. 1. Differential effects of IGFBPs (1–6) on C2-induced
apoptosis in Hs578T cells as measured by flow cytometry.
Graphic representation of the ratio of cells relative to control of
cells in the pre-G1 peak of C2 alone and C2 in combination
with IGFBPS (1–6; A–F). Graphs show the mean of data from at
least three experiments, each performed in triplicate.
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Briefly, the samples were separated by 12%
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE); the proteins were then
transferred onto a nylon membrane and probed
with a mixture of [125I ]IGF-I and [125I]IGF-II.
The same nylon membrane was then incubated
with a specific antibody for either IGFBP-2, -3,
or -4 (1:2,000, 1:10,000 and 1:1,000, respec-
tively) overnight at room temperature. After
removal of excess unbound antibody, an anti-
rabbit antibody (1:10,000) conjugated to peroxi-
dase was added for 1 h. Binding of the peroxidase
was visualised using enhanced chemilumines-
cence (ECL) according to the manufacturer’s
instructions (Amersham International). The
protein content of each sample was determined
using a BCAProteinAssay Reagent Kit (Pierce).
Optical density measurements were deter-
mined using a scanning densitometer (Bio-Rad)
and analysed using Molecular Analyst software
(Bio-Rad).

Statistical Analysis

The data were analysed using the Microsoft
Excel version 5.0a software package. Signifi-
cant effects were determined using Student’s
t-test. A statistically significant difference was
considered to be present at P , 0.05.

RESULTS
Flow Cytometry

We have previously established that IGFBP-3
has the capacity to accentuate C2-induced apop-
tosis in an IGF-independent manner [Gill et al.,
1997]. In this study, we initially used flow cytom-
etry to determine whether IGFBPs -1, -2, -4, -5,
or -6, like IGFBP-3, had the capacity to interact
with the C2-induced apoptotic signalling path-
way independently of IGF-I. Figure 1 shows the
ratio of change relative to control cells of cells in
pre-G1 of samples treated with C2 with or
without binding protein (100 ng/ml). Cells were
treated with C2 (4–9 µM) alone, IGFBP alone
or the combination of C2 and IGFBP. As shown
previously [Gill et al., 1997], these data corrobo-
rate that C2 alone induced significant (P ,
0.001) levels of apoptosis, as compared with
untreated cells. The dose of C2 was chosen to
achieve approximately the same levels of apop-
tosis in different experiments, as their sensitiv-
ity to C2 varied somewhat between experi-
ments. In addition, like IGFBP-3 (100 ng/ml),
each of the binding proteins alone (1–6) had no

effects on apoptosis relative to the controls. In
contrast, to IGFBP-3, which significantly (P ,
0.05) increased C2-induced apoptosis, we found
that IGFBPs -1, -2, and -6 (Fig. 1A,B,F) had no
effect on this apoptotic signalling pathway,
whereas IGFBP-4 and IGFBP-5 each had the
capacity to significantly (P , 0.01) inhibit C2-
induced programmed cell death in the Hs578T
cells.

We have also shown previously that IGFBP-3
could accentuate C2, but not RGD-induced apop-
tosis in this cell line [Gill et al., 1997] (Fig. 2A).
We further demonstrated in this study that, in
contrast to IGFBP-3, IGFBP-5 had identical
effects on both apoptotic pathways in its ability
to significantly inhibit RGD or C2-induced pro-
grammed cell death (Fig. 2B).

MTT Assay

This technique was used as a crude measure-
ment of cell viability to corroborate the inhibi-
tion of C2-induced apoptosis by both IGFBP-4
and -5 seen using flow cytometry. We demon-
strated in this assay (Fig. 3A,B) that an apop-
totic dose of C2 alone reduced the metabolic
activity of the Hs578T cells by approximately
30%. Exogenously added IGFBP-4 or -5 (0–200
ng/ml) alone had no significant (P . 0.05) effect
on the metabolic activity of the cells. However,
it was evident that with increasing doses of
IGFBP-4 or -5 the C2-induced reduction in
metabolic activity was dramatically attenu-
ated. Specifically, IGFBP-4 significantly (P ,
0.05) attenuated the C2-induced reduction in
metabolic activity by 56% at a dose of 100 ng/ml
and by 74% at 200 ng/ml (Fig. 3A). IGFBP-5
significantly (P , 0.05) began to attenuate the
C2-induced reduction in metabolic activity by
21.6% at a lower dose of 50 ng/ml, 42% at 100
ng/ml, and by 60% at 200 ng/ml.

Morphological Evidence to Support IGFBP-4 and
-5 Attenuation of C2-Induced Apoptosis

Figure 4A shows normal, untreated control
Hs578T cells. Figure 4B,C shows the addition
of 100 ng/ml IGFBP-4 and -5 alone, respec-
tively, indicating no effect on the cells relative
to controls. Figure 4D represents cells 24 h
after treatment with an apoptotic dose of C2 (5
µM). This illustrates distinct rounding of the
cells and a reduction in overall number due to
cell detachment. Figure 4E,F shows co-incuba-
tion of C2 with IGFBP-4 and -5, respectively.
The number of apoptotic cells, as compared
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with C2 alone (Fig. 4D) is dramatically reduced
with a much higher proportion of live attached
cells still remaining.

Ligand and Western Immunoblotting

Figure 5A demonstrates that the apoptotic
dose of C2 (Fig. 5A, lane c) caused an approxi-
mately 3.4-fold increase in endogenously pro-
duced IGFBP-5 (29-kDa) protein but a 2.2-fold
decrease of IGFBP-4 (24-kD) protein relative to
control cells (Fig. 5A, lane b). Using flow cytom-
etry, we have shown that exogenously added
IGFBP-2 (like exogenously added IGFBP-1 and -6)
had no effect on C2-induced apoptosis and on
the ligand blot IGFBP-2 (Fig. 5A, lane d) and
IGFBP-2 and C2 (Fig. 5A, lane e) gave identical
binding protein profiles as the control and C2,
respectively. The exogenously added IGFBP-2
is also detected on the ligand blot at 35 kDa. As
we saw previously [Gill et al., 1997], the added
IGFBP-3 is masked on the ligand blot at 30
kDa. The profile for exogenously added IGFBP-3
(Fig. 5A, lane f) and C2 and IGFBP-3 (Fig. 5A,
lane g) is again the same as control and C2
profiles, respectively. Exogenously added
IGFBP-4 (Fig. 5A, lane h) has the same profile
as control cells (Fig. 5A, lane a), except for the
obvious increase in IGFBP-4 (endogenous and
exogenous). The addition of C2 and IGFBP-4
produces IGFBP-5 levels equivalent to C2 alone
(Fig. 5A, lane c), but the C2 has not been able to
reduce IGFBP-4 concentrations, as it can on its
own. Finally, exogenously added IGFBP-5 alone
increases concentrations of IGFBP-5 on the gel
(exogenous and endogenous), but there is also
an approximately 1.8-fold increase in IGFBP-4
concentrations relative to the control profile.
On co-incubation of C2 with IGFBP-5 (Fig. 5A,
lane k), the C2 can still reduce levels of
IGFBP-4, but only to control levels (Fig. 5A,
lane b), and not down to the concentrations it
can achieve on its own (Fig. 5A, lane c), and
there is still a rise in IGFBP-5.

The ligand blots of conditioned media were
subsequently immunoblotted for IGFBP-2, -3,
and -4 to investigate any proteolytic modifica-
tion of these binding proteins. We confirmed
that IGFBP-3 was proteolysed (Fig. 5C), as
seen previously [Gill et al., 1997]. In addition,
we demonstrated that IGFBP-4 and -2 re-
mained intact, regardless of treatment (Fig.
5B,D).

DISCUSSION

It is now becoming increasingly clear that the
IGFBPs are more than simply modulators of
IGF activity, tightly controlling their supply.
We have shown previously that IGFBP-3 has
the ability to markedly accentuate ceramide-
induced apoptosis in Hs578T cells. These cells
lack a functional type 1 IGF receptor, therefore
IGFBP-3 is interacting with C2-induced pro-
grammed cell death in an IGF-independent
manner [Gill et al., 1997]. IGFBP-3 therefore
has the capacity to influence both the availabil-
ity of the IGFs to act on the cells but also has
the ability to directly affect apoptotic signal-
ling.

We have now further demonstrated that this
effect of IGFBP-3 is specific for this binding
protein and that other binding proteins also
have differential effects on ceramide induced
apoptosis in Hs578T human breast cancer cells.
In addition to ceramide, we have also used a
synthetic RGD-containing peptide as an alter-
native physiological initiator of apoptosis. It
acts by disrupting integrin attachment, caus-
ing cells to detach from the extracellular matrix
with the subsequent induction of programmed
cell death.

In contrast to IGFBP-3 [Gill et al., 1997], we
found that IGFBPs -1, -2, and -6 did not have
the ability to interact with C2-induced apopto-
sis, but that IGFBP-4 and -5 each were able to
significantly inhibit this apoptotic signalling
pathway. In additon, although IGFBP-3 had no
effect on RGD-induced apoptosis, IGFBP-5 was
also able to significantly inhibit this apoptotic
pathway.

All the binding proteins share some struc-
tural and functional similarities, but other par-
ticular characteristics are shared by only a few
[Clemmons, 1992]. They undergo differential
phosphorylation or glycosylation, which may
affect their actions on cell function. Specifically,
both IGFBP-1 and -2 possess an RGD sequence
(arginine-glycine-aspartic acid). This sequence

Fig. 2. Effects of IGFBP-3 and -5 on apoptosis induced by a
synthetic RGD-containing peptide. Graphs represent the percent-
age of cells in the pre-G1 peak of each treated sample. A:
Untreated cells, 100 ng/ml IGFBP-3 alone, C2 (10 µM) alone,
C2 1 IGFBP-3, synthetic RGD-containing peptide (100 µg/ml)
alone, and IGFBP-3 1 RGD, where C2 . CT; P , 0.05, and
C2 1 IGFBP-3 . C2; P , 0.05.B: Untreated cells, 100 ng/ml
IGFBP-5 alone, RGD (100 µg/ml) alone and IGFBP-51 RGD,
where a : b, P . 0.05, c 1 d . a; P , 0.001; and d , c; P ,

0.05. Graphs show the mean of data from at least three experi-
ments which were each performed in triplicate.
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enables IGFBP-1 to associate with the cell sur-
face via binding to the fibronectin receptor
[Jones et al., 1993]. The effects of IGFBP-1 seen
on cell migration [Jones et al., 1993] and FAK
dephosphorylation and subsequent apoptosis
[Perks et al., 1999] were all achieved at concen-
trations which were 8- to 10-fold in excess of
those used in this study. These higher doses
were required specifically to study the effects of
IGFBP-1, which were mediated via its RGD
sequence. IGFBP-3 possesses a nuclear localiza-
tion sequence [Jaques et al., 1997]. In addition,

all binding proteins contain heparin binding
sites. These are of highest affinity in IGFBF-3
and -5, which permit attachment to the cell
surface [Fowlkes et al., 1997].

Previously we determined that IGFBP-3 could
accentuate ceramide-induced apoptosis in
Hs578T cells [Gill et al., 1997]. Whereas
IGFBP-3 and -5 are the most structurally simi-
lar proteins, they had opposite effects on ceramide-
induced apoptosis in this model. However, specific
putative receptors for both IGFBP-3 and IGFBP-5
have been described [Oh et al., 1993; Andress et
al., 1998], which may explain differential ef-
fects despite their structural similarity.

We also showed previously that added
IGFBP-3 was proteolytically modified by the
cells, indicating that the enhanced ceramide-
induced apoptosis could have been effected by
the intact IGFBP-3 or a fragment thereof, par-
ticularly since a fragment of IGFBP-3 has been
reported to inhibit the growth of chick embryo
fibroblasts [Lalou et al., 1996]. We further dem-
onstrated in this article that IGFBP-2 and -4
remain intact.

The C2-induced apoptosis appeared to be ac-
companied by relative changes in endogenously
produced levels of IGFBP-4 and -5, IGBP-5 was
increased concomitant with a decrease in
IGFBP-4. In vivo there are numerous examples
of tissue remodelling in which dramatic upreg-
ulation occurs in the levels of these binding
proteins, such as in atretic human ovarian fol-
licles [El Roiey et al., 1994], and in the involut-
ing mammary gland [Tonner et al., 1997]. These
previous studies indicated that increases in
either IGFBP-4 or -5 were associated with apop-
tosis, whereas we have provided the first evi-
dence of direct anti-apoptotic actions of each of
these binding proteins on ceramide-induced
apoptosis. Furthermore, we also showed C2-
induced apoptosis was associated with an in-
crease in IGFBP-5 but a decrease in IGFBP-4,
indicating that a balance in levels of these
proteins may also be an important aspect in the
initiation of apoptosis.

Although IGFBP-4 and -5 are relatively dis-
similar in strucure, they had identical effects
on programmed cell death. We first speculated
that perhaps these added binding proteins
were affecting the proteolysis of endogenous
IGFBP-3. However, we then established
that IGFBP-5 could rescue the cells from both
RGD and C2-induced apoptosis, whereas
IGFBP-3 can only accentuate C2-induced pro-

Fig. 3. Addition of IGFBP-4 or -5 (100 ng/ml) to the Hs578T
cells inhibits C2-induced apoptosis. Cells were seeded in 96-
well plates, and all were switched to SFM before a preincuba-
tion with IGFBP-4 or -5 alone (0–200 ng/ml) for 24 h. After this
preincubation, all plates were incubated with either IGFBP-4 or
-5 alone or co-incubated with IGFBP-4 or -5 and the ceramide-
analogue -C2 for a further 24 h. MTT activity was assayed as
described under Experimental Procedures. The results represent
the mean of three different experiments. Each experiment is
composed of five replicates.
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Fig. 4. Morphological evidence to demonstrate that C2-induced apoptosis in Hs578T cells is inhibited by the
addition of IGFBP-4 or -5 (100 ng/ml). A: Untreated cells. B: IGFBP-4 (100 ng/ml) alone. C: IGFBP-5 (100 ng/ml)
alone. D: Ceramide analogue (C2; 5 µm) alone. E: IGFBP-4 1 C2. F: IGFBP-5 1 C2.



grammed cell death but not that initiated by
RGD. The mechanism of action therefore
does not appear to be dependent on the proteoly-
sis of endogenous IGFBP-3, but it suggests
that there are alternative mechanisms of action
for these binding proteins. We speculate that
IGFBP-3 could be acting specifically upstream
of IGFBP-5 in the apoptotic signalling path-
way.

In summary, we have established that the
binding proteins have differential effects on
apoptotic signalling, which are independent of

IGF-I. Specifically, IGFBP-3 can accentuate
whereas IGFBP-4 and -5 can protect against
apoptosis. These data illustrate that the bind-
ing proteins play an active and direct role in
influencing cell survival independently of the
IGFs. These findings demonstrate that the
IGFBPs can play a crucial role in main-
taining tissue homeostasis, both indirectly, by
sequestering IGFs and protecting against inap-
propriate cell proliferation, and directly, by hav-
ing the ability to modulate the degree of cell
death.

Fig. 5. Representative ligand blot and Western immunoblots
of concentrated conditioned media from Hs578T cells treated
with IGFBP alone (100 ng/ml) or with or without an apoptotic
dose of C2. A:lane a, normal human serum; lane b, CT; lane c,
C2; lane d, IGFBP-2 alone; lane e, IGFBP-2 1 C2; lane f,
IGFBP-3 alone; lane g, IGFBP-3 1 C2; lane h, IGFBP-4 alone;

lane i, IGFBP-4 1 C2; lane j, IGFBP-5 alone; lane k, IGFBP-5 1

C2. Molecular weights are indicated on the right-hand side of
the blot (66–14.3 Kda). B–D: Representative immunoblots for
IGFBP-2, -3, and -4, respectively, after treatment with binding
protein alone, with or without an apoptotic dose of ceramide.
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