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We have investigated the mechanism underlying potentiation
of epidermal growth factor receptor (EGFR) and type 1 insulin-
like growth factor receptor (IGFR1) signaling by IGF-binding
protein-3 (IGFBP-3) in MCF-10A breast epithelial cells, focus-
ing on a possible involvement of the sphingosine kinase (SphK)
system. IGFBP-3 potentiated EGF-stimulated EGF receptor
activation and DNA synthesis, and this was blocked by inhibi-
tors of SphK activity or small interference RNA-mediated
silencing of SphK1, but not SphK2, expression. Similarly, IGFR1
phosphorylation and DNA synthesis stimulated by LR3-IGF-I
(an IGF-I analog not bound by IGFBP-3), were enhanced by
IGFBP-3, and this was blocked by SphK1 silencing. SphK1
expression and activity were stimulated by IGFBP-3 ~2-fold
over 24 h. Silencing of sphingosine 1-phosphate receptor 1
(S1P,) or S1P;, but not S1P,, abolished the effect of IGFBP-3 on
EGEF-stimulated EGFR activation. The effects of IGFBP-3 could
be reproduced with exogenous S1P or medium conditioned by
cells treated with IGFBP-3, and this was also blocked by inhibi-
tion of S1P; and S1P;. These data indicate that potentiation of
growth factor signaling by IGFBP-3 in MCF-10A cells requires
SphK1 activity and S1P,/S1P;, suggesting that S1P, the product
of SphK activity and ligand for S1P, and S1Pj, is the “missing
link” mediating IGF and EGFR transactivation and cell growth
stimulation by IGFBP-3.

Insulin-like growth factor-binding protein-3 (IGFBP-3)? is
one of the family of six IGFBPs that bind the peptide growth
factors IGF-I and IGF-II with high affinity and regulate their
bioactivity (1). As the predominant carrier of IGFs in the endo-
crine system, IGFBP-3 regulates the movement of these growth
factors from the circulation to target tissues and inhibits their

* This work was supported, in whole or in part, by National Health and Med-
ical Research Council Grant 302153 (to J. L. M. and R. C. B.). This work was
also supported by a Cancer Institute New South Wales Career Develop-
ment and Support Fellowship (to J. L. M.) and a Cancer Institute New South
Wales Early Career Award (to E. M.).

" To whom correspondence should be addressed: Kolling Institute of Medical
Research, Royal North Shore Hospital, St. Leonards, New South Wales 2065,
Australia. Tel.: 61-2-9926-4716; Fax: 61-2-9926-5708; E-mail: janetim@
med.usyd.edu.au.

2 The abbreviations used are: IGFBP-3, insulin-like growth factor-binding pro-
tein 3; DMS, N,N-dimethylsphingosine; EGF, epidermal growth factor;
EGFR, EGF receptor/ErbB1; IGF, insulin-like growth factor; IGFR1, type 1 IGF
receptor; LR3-IGF-I, long Arg>-IGF-I; SKI, 2-(p-hydroxyanilino)-4-(p-chloro-
phenyl)thiazole; SphK, sphingosine kinase; S1P, sphingosine 1-phosphate;
S1P,_5, S1P receptors 1, 2,and 3; siRNA, small interference RNA; gRT, quan-
titative reverse transcription; ANOVA, analysis of variance.

25542 JOURNAL OF BIOLOGICAL CHEMISTRY

proliferative and antiapoptotic cellular effects by blocking their
activation of the type 1 IGF receptor (IGFR1) at the cell surface.
In vitro studies in a variety of cell types have revealed that
IGFBP-3 may also impact on cell growth and survival independ-
ently of modulating IGF bioactivity, inducing cell cycle arrest
and apoptosis by regulation of apoptotic effector proteins (2—4)
and interaction with nuclear receptors (5-7).

There is, however, also evidence of an association between
IGFBP-3 and enhanced cell proliferation. Some clinical studies
in breast, prostate, pancreatic, renal cell, and non-small cell
lung cancers have shown that a high level of tissue expression of
IGFBP-3 correlates with increased tumor growth or malig-
nancy (8 -13). Although the mechanism linking IGFBP-3 with
growth stimulation iz vivo remains unclear, we and others have
shown that, in vitro, IGFBP-3 can enhance the effects of stim-
ulatory growth factors. Human and bovine skin fibroblasts
exposed to low concentrations of exogenous IGFBP-3 exhibit
enhanced IGF-stimulated DNA synthesis (14, 15), and simi-
larly, exogenous and endogenous IGFBP-3 enhanced the
growth response to IGF-I in the MCE-7 breast cancer cell
line (16). We have also shown previously that IGFBP-3 is
inhibitory to DNA synthesis in MCF-10A breast epithelial
cells in the absence of exogenous growth factors or serum
(17), but is growth stimulatory in the presence of EGF in the
same cell line (18). There is no evidence that potentiation of
EGF or IGF bioactivity by IGFBP-3 requires direct interac-
tion between IGFBP-3 and the growth factor receptors (15,
18), but the mechanism underlying the effects of IGFBP-3 on
growth factor signaling has not been elucidated.

Recently it was suggested that, in human umbilical vein
endothelial cells, an antiapoptotic effect of IGFBP-3 is associ-
ated with increased expression and activity of sphingosine
kinase 1 (SphK1), and formation of the bioactive sphingolipid
sphingosine 1-phosphate (S1P) (19, 20). SphK1 has been shown
to have a role in oncogenesis (21), and S1P, acting both as an
intracellular second messenger and extracellularly through
activation of specific S1P receptors, stimulates cell proliferation
and survival (22). In addition to transducing S1P signaling,
the G-protein-coupled S1P receptors have been implicated in
signal amplification of a variety of growth factors receptors,
including the EGF and platelet-derived growth factor recep-
tors, via receptor transactivation (23, 24). In this study we inves-
tigated whether the sphingosine kinase system is involved in
modulation of growth factor receptor signaling pathways by
IGFBP-3 and demonstrate that SphK1 expression is stimulated
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by IGFBP-3 in MCF-10A cells, and its activity is required for
potentiation of EGF and IGF-I signaling by IGFBP-3 in these
cells.

EXPERIMENTAL PROCEDURES

Materials—The MCF-10A breast epithelial cell line was the
kind gift from Drs Robert Pauley and Herbert Soule of the Kar-
manos Cancer Institute, Detroit, MI (25). Tissue culture re-
agents and plasticware were from Trace Biosciences (North
Ryde, New South Wales, Australia) and Nunc (Roskilde, Den-
mark). Fatty acid-free bovine serum albumin, bovine insulin,
EGF, hydrocortisone, and a-tubulin antibody were purchased
from Sigma, and Cholera enterotoxin was from List Biologicals
(Campbell, CA). Long Arg®-IGF-I (LR3-IGF-I) was purchased
from GroPep (Adelaide, South Australia). Antibodies against
phospho-Y1135/1136 IGFR1, IGFR1 beta chain, phospho Y1068
EGEFR and total EGFR were purchased from Cell Signaling (Bever-
ley, MA). SphK1 and SphK2 antibodies were from Abnova (Wal-
nut, CA). Recombinant human IGFBP-3 was expressed in human
911 retinoblastoma cells using an adenoviral expression system
and purified by IGF-I-affinity chromatography and reversed-
phase high-performance liquid chromatography as previously
described (26). N,N-Dimethylsphingosine and JTE-013 were from
Cayman Chemicals (Ann Arbor, MI), VPC23019 was from Avanti
Polar Lipids (Alabaster, AL), and 2-(p-hydroxyanilino)-4-(p-chlo-
rophenyl)thiazole (SKI), AG1478, and AG1024 were from Calbio-
chem. Gefitinib was purchased from LC Laboratories (Woburn,
MA), and sphingosine 1-phosphate was from Biomol (Plymouth,
NJ). Electrophoresis and ECL reagents were purchased from Bio-
Rad (Hercules, CA), Amrad-Pharmacia (Ryde, New South Wales,
Australia) and Pierce.

Cell Culture—MCF-10A cells were maintained in Dulbecco’s
modified Eagle’s medium:Ham’s F-12 medium (1:1) containing
15 mm Hepes, 5% horse serum, 10 pg/ml bovine insulin, 20
ng/ml EGF, 100 ng/ml Cholera enterotoxin, and 0.5 ug/ml
hydrocortisone as described previously (18). Cultures were pas-
saged every 5-7 days by trypsin/EDTA detachment and used
between passages 158 and 165.

Preparation of Cell-conditioned Media—Confluent cultures
of MCF-10A cells in T75 flasks were incubated with Dulbecco’s
modified Eagle’s medium:Ham’s F-12 medium (1:1) containing
15 mm Hepes and 0.5 g/liter fatty acid-free bovine serum albu-
min for 24 h (“serum-free medium”). This was replaced with 15
ml of fresh serum-free medium with or without 100 ng/ml
recombinant human IGFBP-3, and incubations were continued
for 48 h. Media were collected and centrifuged to remove cell
debris. IGFBP-3 was stripped from the media by end-over-end
stirring overnight at 4 °C with anti-IGFBP-3 IgG (27) immobi-
lized on protein A-Sepharose beads. Complete removal of cell-
derived IGFBP-3 and recombinant human IGFBP-3 from
media was confirmed by IGFBP-3 radioimmunoassay (27).

siRNA-mediated Protein Silencing—siRNA-mediated knock-
down of protein expression was achieved in MCF-10A cells by
electroporation using the following siRNA duplexes from
Qiagen: SphK1, Hs_SPHK1_6 and Hs_SPHK1_7; SphK2,
Hs_SPHK2_5 and Hs_SPHK2_6; S1P;, Hs_EDG1_1_HP and
Hs_EDG1_5_HP;S1P,,Hs_EDG5_2_HP and Hs_EDG5_6_HP;
and S1P;, Hs_EDG3_5_HP and Hs_EDG3_6_HP. Silencing of
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IGFBP-3 was achieved using siRNA custom-made by Qiagen.
The sequence for the antisense IGFBP-3 siRNA was r(UCU
GAG ACU CGU AGU CAA C)dTdT.

For knockdown, cells were harvested by trypsinization and
resuspended at 1 X 10° cells in 100 ul of HMEC Transfection
Reagent (Lonza, Cologne, Germany), then mixed with 1.5 ug of
targeting siRNA or AllStars negative control siRNA (Qiagen).
Nucleoporation was carried out using an Amaxa electropora-
tion unit (Lonza), according to manufacturer’s instructions.
Immediately after electroporation, cells were transferred to
complete medium, then plated for analysis of IGFR1 or EGFR
activation, as described below. Knockdown of gene expression
was confirmed by qRT-PCR and protein expression by Western
analysis where antibodies were available.

Quantitative qRT-PCR—Silencing of gene expression was
monitored by qRT-PCR using TaqgMan Gene Expression
Assays (Applied Biosystems, Foster City, CA). Total RNA was
isolated from siRNA-transfected MCF-10A cells using TRIzol
reagent (Invitrogen) and reverse-transcribed using Superscript
III First Strand Synthesis SuperMix (Invitrogen) according to
the manufacturer’s protocols. The following TagMan assays
were used: SphK1, Hs00184211_m1; SphK2, Hs00219999_m1;
IGFBP-3, Hs00181211_ml; S1P,, Hs00173499 ml; S1P,,
Hs01003373_m1; and S1P;, Hs01019574_m1. Assays were per-
formed using a Rotor-Gene 3000 thermal cycler (Corbett
Research, Mortlake, New South Wales, Australia), with hy-
droxymethylbilane synthase (Hs00609297_m1) amplification
used as internal control. Results were analyzed using the Rotor-
Gene 6 software. Reduced expression of IGFBP-3 protein was
also confirmed by radioimmunoassay of cell-conditioned
media, as previously described (27).

DNA Synthesis Assays—DNA synthesis was assessed by incor-
poration of [methyl->H]thymidine (Amersham Biosciences) as
previously described (18). Cells were dispensed into 48-well plates
at1 X 10° cells/well in the appropriate growth medium. After 48 h,
media were changed to serum-free medium (Dulbecco’s modified
Eagle’s medium/F-12 containing 0.5 g/liter fatty acid-free bovine
serum albumin) for 24 h prior to treatment. Media were replaced
with 200 ul of fresh serum-free medium containing IGFBP-3,
inhibitors, and EGF or LR3-IGF-I at concentrations indicated for
individual experiments, and incubations were continued at 37 °C
for 20 h. Media were then replaced with 200 ul of serum-free
medium containing 1 uCi/well [methyl-*H]thymidine, and incu-
bations continued at 37 °C for 4 h. Monolayers were rinsed with
cold saline (9 g/liter NaCl), fixed in cold methanol:acetic acid (3:1)
for2hat4 °C,andlysed in 0.5 ml of 1 M NaOH. Lysates were mixed
with 3 ml of OptimaGold (Packard Instrument Co., Meriden, CT)
before counting for 1 min in a Hewlett-Packard B-counter.

Measurement of Sphingosine Kinase Activity—This was car-
ried out essentially as previously described (28). Briefly, 2 X 10°
cells were harvested on ice into homogenization buffer (25 mm
Tris, pH 7.5, containing 1 mm EDTA, 1 mm MgCl,, 2 mwm dithi-
othreitol, 10% glycerol, 0.25% Triton X-100, 0.5 mm 4-deoxy-
pyridoxine, 0.2 mm Na,VO,, 10 mm NaF, and Complete™ pro-
tease inhibitors (Roche Applied Science) and sheared using a
26-gauge needle. Lysates were centrifuged at 13,000 X g for 10
min at 4°C, and protein was measured in supernatants.
Cytosols containing 200500 ug of protein were mixed with 5
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M D-erythro-sphingosine dissolved in 0.25% Triton X-100 and
[y->2P]ATP (1 mm, 0.5 Ci/ml) in a final volume of 200 ul for 30
min at 37 °C. Reactions were terminated by addition of 300 ul of
chloroform/methanol/HCI (100:100:1, v/v), vigorous mixing
for 1 min, and centrifugation at 13,000 X g for 2 min. The
labeled S1P in the organic (bottom) phase was isolated by TLC
on Silica Gel 60 TLC plates (Sigma) resolved with 1-butanol/
methanol/acetic acid/water (8:2:1:2, v/v), and quantified using a
PhosphorImager (Amersham Biosciences).

Analysis of EGFR and IGFR1 Phosphorylation—Cells were
plated into 6-well plates at 5 X 10° cells/well and maintained in
growth medium for 48 h, then serum-free medium for 24 h.
Fresh medium containing IGFBP-3 with or without inhibitors
was added for 24 h, then EGF or LR3-IGF-I was added directly
to cells as 20-fold concentrates to give final concentrations of 10
and 25 ng/ml, respectively. Incubations were continued at 37 °C
for 5 min, then cells were washed with ice-cold phosphate-
buffered saline and lysed in Laemmli sample buffer (62.5 mm
Tris-HCI, pH 6.8, containing 20 g/liter SDS, 100 ml/liter glyc-
erol, 1 g/liter bromphenol blue, and 50 mwm dithiothreitol) at
4. °C for 10 min.

Cell lysates were prepared for SDS-PAGE analysis by sonica-
tion for 15 s on ice, and proteins were separated in 6% (for
EGFR) or 7.5% (for IGFR1) SDS-polyacrylamide gels and trans-
ferred to Hybond C nitrocellulose for Western analysis (18).
After transfer, filters were blocked in 50 g/liter skim milk pow-
der in TBS-T (Tris-buffered saline with Tween 20: 10 mm Tris,
150 mm NaCl, pH 7.4, containing 1 ml/liter Tween 20) and
probed with primary antibodies diluted in TBS-T containing 50
g/liter bovine serum albumin at 4 °C for 16 h. Filters were
washed in cold TBS-T and incubated with the appropriate
horseradish peroxidase-labeled secondary antibody for 1-2 h at
room temperature. Washed filters were developed by enhanced
chemiluminescence (ECL) using SuperSignal West Pico sub-
strate (Pierce). Total and phosphorylated proteins were ana-
lyzed on replicate blots, and filters were also probed with a-tu-
bulin antibody as a loading control. Bands were visualized using
a FyjiFilm Luminescent Image Analyzer LAS-300 (Stamford,
CT), and quantified using ImageGuage software (Science Lab
2004).

RESULTS

SphK Inhibitors Block Potentiation of EGF Action by IGFBP-3
in MCF-10A Cells—The SphK system has been implicated in
the amplification of signaling mediated by a variety of growth
factor receptors, including EGFR. We therefore investigated
the involvement of this system in the stimulatory effect of
IGFBP-3 on EGF-stimulated DNA synthesis and EGFR signal-
ing. MCEF-10A cells in serum- and growth factor-free media
were treated with IGFBP-3 without or with the SphK inhibitor
SKI (10 uMm) and EGF at final concentrations of 0, 0.1, or 1 ng/ml
for 24 h, then DNA synthesis was determined by incorpora-
tion of radiolabeled thymidine. As previously reported (18),
IGFBP-3 had a small inhibitory effect on DNA synthesis in the
absence of EGF, but potentiated the effect of EGF on DNA
synthesis (Fig. 1A4). In the presence of SKI, the effect of IGFBP-3
on EGF-stimulated DNA synthesis was lost (Fig. 14).
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FIGURE 1. Inhibition of sphingosine kinase activity blocks potentiation of
EGF action by IGFBP-3. A, MCF-10A cells were treated with serum-free
medium containing EGF at the indicated concentration (open bars), and
IGFBP-3 (10 ng/ml, shaded bars) or IGFBP-3 and SKI (10 um, diagonal stripe).
DNA synthesis was determined 24 h later by incorporation of radiolabeled
thymidine, as described under “Experimental Procedures.” a, p < 0.05; b, p <
0.01 (by ANOVA). B, MCF-10A cells were incubated with IGFBP-3 (10 ng/ml)
with or without 10 um SKI or 10 um DMS as indicated for 16 h, then stimulated
with EGF (10 ng/ml final) for 5 min at 37 °C. Harvested cell lysates were sub-
jected to SDS-PAGE and Western blotting, and probed for total and phospho
EGFR(Y1068) as described under “Experimental Procedures.” C, quantification
of Western blot data from four experiments expressed as a percentage of
EGF-stimulated EGFR phosphorylation. a, p < 0.05 compared with EGF-stim-
ulated; b, p < 0.05 compared with EGF +IGFBP-3 (by ANOVA).

We previously reported that IGFBP-3 potentiates EGF-stim-
ulated EGFR phosphorylation (18), and to show that this is sim-
ilarly affected by blockade of SphK activity, MCF-10A cells
were preincubated with IGFBP-3 with or without SKI then
stimulated with EGF and analyzed for EGFR phosphorylation
by Western blot using a phosphospecific antibody against Tyr-
1068. As shown in Fig. 1B, IGFBP-3 preincubation enhanced
EGEF-stimulated EGFR phosphorylation, but this effect was lost
in the presence of SKI or a second SphK inhibitor, DMS. Quan-
tification of data from four similar experiments (Fig. 1C) indi-
cated a >2-fold increase in EGFR phosphorylation in cells pre-
incubated with IGFBP-3 prior to exposure to EGF compared
with those stimulated with EGF alone, and complete reversal of
this potentiation in the presence of inhibitors of sphingosine
kinase activity. The slight inhibition of EGF-stimulated EGFR
phosphorylation by SphK inhibitors in the absence of IGFBP-3
was not statistically significant (Fig. 1C).

IGFBP-3 Potentiates LR3-1GF-I-stimulated IGFR1 Phospho-
rylation and DNA Synthesis—IGFBP-3 enhances IGF-stimu-
lated DNA synthesis in fibroblasts and breast cancer cells (14—
16), and involvement of the sphingosine kinase system in
IGFR1 signaling has also been documented (29). We therefore
investigated whether IGFBP-3 enhances IGF-I bioactivity and
receptor activation in MCF-10A breast epithelial cells, and if so,
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FIGURE 2. IGFBP-3 potentiation of LR3-IGF-I action is inhibited by SKI.
A, MCF-10A cells were treated for 24 h with the indicated concentration of LR3-
IGF-I without (white bars) or with (shaded bars) 10 ng/ml IGFBP-3. DNA syn-
thesis was determined as described under “Experimental Procedures.”
Results are expressed relative to control, where DNA synthesis in the absence
of LR3-IGF-Il or IGFBP-3 is expressed as 100%. Bars are mean =+ S.E. of pooled
data from three experiments performed in quadruplicate. a, p < 0.05; b, p <
0.01 (by ANOVA). B, MCF-10A cells were incubated with the indicated concen-
tration of IGFBP-3 without (open bars) or with (diagonal stripes) 10 um SKI for
16 h, then 10 ng/ml LR3-IGF-I was added for a further 24 h. DNA synthesis was
determined as described under “Experimental Procedures.” Results are
expressed relative to DNA synthesis stimulated by LR3-IGF-I, expressed as
100%. a, p < 0.05; b, p < 0.01 (by ANOVA). In C: Upper panel, cells were treated
with 10 or 100 ng/ml IGFBP-3 for 16 h, then lysates were harvested into Lae-
mmli buffer for analysis of total and phosphorylated IGFR1 by Western blot.
Lysate from cells stimulated with 25 ng/ml LR3-IGF-I for 5 min was included as
positive control for blotting. Lower panel, cells were treated with 10 ng/ml
IGFBP-3 in the absence or presence of 10 um SKI or 10 um DMS, as indicated,
for 16 h, then stimulated with LR3-IGF-I (25 ng/ml final) for 5 min. Cell lysates
were harvested and subjected to SDS-PAGE and Western blotting for total
and phospho-IGFR1. D, quantification of Western blot data from four experi-
ments expressed as a percentage of LR3-IGF-I-stimulated IGFR1 phosphoryl-
ation. a, p < 0.05 compared with LR3-IGF-I-stimulated; b, p < 0.05 compared
with LR3-IGF-I+IGFBP-3 (by ANOVA).

whether these effects are sensitive to inhibition of sphingosine
kinase activity. For this study we utilized LR3-IGF-I, an analog
of IGF-I that exhibits normal binding and activation of the
IGFR1, but markedly reduced affinity for IGFBPs (30), to allow
us to assess whether any effects of IGFBP-3 on IGFR1 activation
required direct interaction between IGFBP-3 and IGFR1
ligand. As we previously showed for wild-type IGF-I in MCF-
10A cells (17), DNA synthesis was stimulated by LR3-IGF-I
alone (Fig. 2A4), and this was significantly enhanced by 10 ng/ml
IGFBP-3 at both low and high concentrations of LR3-IGF-I
(Fig. 2A). The effect of IGFBP-3 was dose-dependent, with as
little as 1 ng/ml IGFBP-3 significantly enhancing the effect of 10
ng/ml LR3-IGF-I (Fig. 2B). However, when SphK was inhibited
using SKI, IGFBP-3 potentiation of LR3-IGF-I-stimulated
DNA synthesis was abolished (Fig. 2B).

We then examined the effect of IGFBP-3 on IGFR1 phospho-
rylation stimulated by LR3-IGF-I. MCE-10A cells were prein-
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cubated for 16 h with IGFBP-3, then stimulated with LR3-IGF-I
for 5 min before harvesting of cell lysates for analysis of IGFR1
phosphorylation by Western blotting. In the absence of LR3-
IGF-], preincubation with 10 or 100 ng/ml IGFBP-3 alone had
no effect on phosphorylation of IGFR1 at Tyr-1135/1136,
which remained undetectable (Fig. 2C, upper panel). LR3-1GF-1
stimulated phosphorylation of IGFR1 at these residues, and this
was enhanced in cells preincubated with IGFBP-3 (Fig. 2C,
lower panel). When SKI or DMS was included with IGFBP-3 in
the preincubation period, the effect of IGFBP-3 on LR3-IGF-I-
stimulated IGFR1 phosphorylation was abolished (Fig. 2C).
Quantification of data from four similar experiments indicated
that IGFBP-3 elicited a 30 —40% increase in LR3-IGF-I-stimu-
lated IGFR1 phosphorylation (Fig. 2D) and confirmed the loss
of this effect in the presence of SKI or DMS. Of note, and in
contrast to their effects on EGF-stimulated EGFR phosphoryl-
ation, SKI and DMS also attenuated basal LR3-IGF-I-stimu-
lated IGFR1 phosphorylation in the absence of exogenous
IGFBP-3 (Fig. 2D) suggesting that basal SphK activity plays a
role in IGFR1 activation in MCF-10A breast epithelial cells.

SphK1 Silencing Blocks IGFBP-3 Effects on Growth Factor
Receptor Signaling—Pharmacological inhibition of SphK activ-
ity, as shown in Figs. 1 and 2, cannot distinguish the isoform of
SphK required for IGFBP-3 effects. To determine this, MCF-
10A cells transfected with SphK1 or SphK2 siRNA were treated
with IGFBP-3 then stimulated with EGF or LR3-IGF-I and ana-
lyzed for growth factor receptor activation (Fig. 3). Quantifica-
tion of expression of each kinase by qRT-PCR after siRNA
transfection indicated ~85-90% knockdown of SphK1 mRNA
(Fig. 34), and 75— 80% knockdown of SphK2 mRNA (Fig. 3D),
24 h after transfection compared with control siRNA-trans-
fected cells. Western analysis of SphK1 expression confirmed
knockdown at the protein level at 24 h (Fig. 34, inset); confir-
mation of knockdown of SphK2 protein expression could not
be achieved due to lack of antibodies of sufficient specificity and
sensitivity. In control siRNA-transfected MCF-10A cells,
IGFBP-3 potentiated EGF-stimulated EGFR phosphorylation
(Fig. 3, B and E) and LR3-IGF-I-stimulated IGFR1 phosphoryl-
ation (Fig. 3, Cand F), similar to its effects in untransfected cells
(Figs. 1 and 2). When SphK1 expression was reduced by siRNA,
the potentiating effect of IGFBP-3 on ligand-activated phos-
phorylation was lost for both growth factor receptors (Fig. 3, B
and C). By contrast, siRNA-mediated knockdown of SphK2
failed to block IGFBP-3 potentiation of EGF or LR3-IGF-I (Fig.
3, E and F), demonstrating the requirement for SphK1, but not
SphK2, in potentiation of EGFR and IGFR1 signaling by
IGFBP-3 in MCEF-10A breast epithelial cells.

IGFBP-3 Stimulates Expression of SphK1 in MCF-10A Breast
Epithelial Cells—In view of a study that suggested that IGFBP-3
stimulates expression of SphK1 in human umbilical vein endo-
thelial cells (19), we investigated the possibility that SphK
expression in MCF-10A cells is also modulated by IGEBP-3. As
shown in Fig. 44, the steady-state SphK1 mRNA level measured
by qRT-PCR was significantly increased by exogenous
IGFBP-3. The effect was transient, peaking 3 h after addition of
100 ng/ml IGFBP-3 at 170 = 10%. There was no effect of
IGFBP-3 at time points earlier than 1 h (data not shown). By
contrast, SphK2 expression did not increase over the same time
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FIGURE 3. siRNA-mediated knockdown of SphK1 blocks potentiation of EGFR and IGFR1 activation by
IGFBP-3. MCF-10A cells were transfected with two siRNA duplexes for SphK1 siRNA (A-C), SphK2 siRNA (D-F)
or control siRNA (ct/ siRNA) as described under “Experimental Procedures.” SphK1 (A) and SphK2 (D) gene
expression was determined by qRT-PCR 24 h after transfection. Expression of SphK1 protein was determined
by Western blot of control siRNA (ct/ siRNA) and SphK1 siRNA-transfected cell lysates 24 h after transfection (A
inset). B, C, E, and F: control siRNA and SphK siRNA-transfected cells were changed to serum-free medium 24 h
after transfection and treated without (—) or with (+) 10 ng/ml IGFBP-3 as indicated for 16 h. Cells were
stimulated with EGF (10 ng/ml, B and E) or LR3-IGF-I (25 ng/ml, C and F) as indicated for 5 min, and harvested
lysates were analyzed for EGFR phosphorylation (B and E) or IGFR1 phosphorylation (C and F) by Western blot.

isoforms in MCEF-10A breast epi-
thelial cells, which is of particular
interest given the reported oppos-
ing roles of these kinases in cell
growth (31).

SI1P, and S1P; Are Required for
IGFBP-3 Potentiation of EGFR
Signaling—The product of sphingo-
sine kinase enzyme activity is S1P,
an extracellular ligand of five S1P
receptors (S1P; ), which mediate
many of the biological effects of S1P
and can transactivate growth factor
receptors, including EGFR and
IGFR1 (22). To investigate the in-
volvement of S1P receptors in the
effects of IGFBP-3 on EGER signal-
ing, siRNA was used to silence the
three most widely expressed S1P
receptors, S1P,, S1P,, and S1P,, and
the effect of this knockdown on
potentiation of EGF-stimulated
EGER phosphorylation by IGFBP-3
was determined. As shown in Fig.
5A, gene expression of each recep-
tor was decreased ~80% by siRNA
24 h after transfection. When
expression of either S1P; or S1P,
was abrogated, IGFBP-3 no longer
potentiated EGF-stimulated EGFR
phosphorylation (p < 0.05 com-
pared with control siRNA-trans-
fected cells), suggesting the involve-
ment of one or both of these

Data shown are representative of three experiments for each.

course and, in fact, was significantly decreased at the 3-h time
point (Fig. 44). Western analysis of lysates of IGFBP-3-treated
cells revealed an increase in SphK1 protein 6 h after addition of
IGFBP-3, which was maintained up to 10 h (Fig. 4B) and
declined to unstimulated levels by 24 h. Analysis of SphK1
activity indicated a time-dependent increase over 6-24 h of
treatment with 100 ng/ml IGFBP-3 (Fig. 4C), with an ~2-fold
increase in total SphK1 activity after 24-h treatment with
IGFBP-3 (p < 0.01).

To further explore the apparent reciprocal regulation of
SphK1 and SphK2 revealed by qRT-PCR (Fig. 4A4), which has
not been reported previously in any cell type, gene expression of
each enzyme was determined 48 h after transfection with
siRNA targeting either SphK1 or Sphk2. As shown in Fig. 4D,
SphK1 expression was reduced by 65-75% by siRNA targeting
this isoform (p < 0.01 for each compared with control siRNA),
with a concomitant increase in SphK2 expression relative to
controls (Fig. 4D). Similarly, knockdown of SphK2 expression
was accompanied by significantly increased expression of
SphK1 (Fig. 4D). Identical results were obtained with second
siRNAs targeting each gene (data not shown). These findings
suggest interactive regulation of the two sphingosine kinase
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receptors in the effect of IGFBP-3

(Fig. 5B). By contrast, silencing of
S1P, did not significantly affect the ability of IGFBP-3 to
enhance EGFR phosphorylation stimulated by EGF. Quantifi-
cation of data from four similar experiments confirmed that
knockdown of S1P; or S1P;, but not S1P,, significantly affected
potentiation of EGF-stimulated EGFR by IGFBP-3 (p < 0.05).
To confirm the involvement of S1P; and S1P; but not S1P, in
IGFBP-3 effects, similar experiments were performed under
conditions of pharmacological inhibition of S1P;/S1P; using
VPC23019, or S1P, using JTE-013 (32). Cells were preincu-
bated overnight with IGFBP-3, then exposed to 10 uMm of either
inhibitor for 1 h before stimulation with EGF or LR3-IGF-I. As
shown in Fig. 5, VPC23019 reversed potentiation of EGFR (Fig.
5D) or IGFR1 (Fig. 5E) phosphorylation by IGFBP-3, whereas
JTE-013 failed to do so, consistent with the involvement of
S1P,/S1P, but not S1P,,.

Media Conditioned by IGFBP-3-treated Cells Enhances EGF-
stimulated EGFR Phosphorylation—Three lines of evidence led
us to hypothesize that increased extracellular S1P released in
response to IGFBP-3 stimulation mediates the effects of
IGFBP-3 on growth factor receptor phosphorylation: 1) the
effects of IGFBP-3 on ligand-stimulated growth factor receptor
activation require an enzyme responsible for synthesis of S1P,
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FIGURE 4. IGFBP-3 modulates expression and activity of SphK1 in MCF-
10A cells. A, cells were plated at 2.5 X 10° cells/well and incubated in serum-
free medium for 24 h before addition of 100 ng/mlIGFBP-3 in fresh serum-free
medium for the indicated times. Total RNA was extracted and used for qRT-
PCR analysis of SphK1 (shaded bars) and SphK2 (white bars) as described
under “Experimental Procedures.” Data are expressed relative to levels at the
zero time point and are shown as mean = S.D. a, p < 0.05 compared with all
other time points (by ANOVA). B, SphK1 protein was analyzed by Western blot
of lysates from cells treated for the indicated time with 100 ng/ml IGFBP-3.
Quantification of data from three experiments is expressed as a percentage of
control (untreated) and is shown as mean = S.E. The inset shows a represent-
ative Western blot of SphK1 in control and IGFBP-3-treated lysates harvested
10 h after addition of 0, 10, or 100 ng/ml IGFBP-3, as indicated. C, SphK1
activity was determined in lysates from cells treated for the indicated time
without or with 100 ng/ml IGFBP-3, as described under “Experimental Proce-
dures.” Data from IGFBP-3-treated cells is expressed as a percentage of con-
trol at the 3-h time point and show mean * S.E. of pooled data from four
experiments. The inset shows one representative experiment of a total of four.
D, MCF-10A cells were transfected with siRNA targeting SphK1 or SphK2, and
RNA was isolated 48 h later and assayed for expression of SphK1 (shaded bars)
or SphK2 (white bars) by qRT-PCR. Data are expressed relative to expression
levels in control siRNA-transfected cells (ct/ siRNA) and are shown as mean =
S.E. (pooled data from three experiments in duplicate). b, p < 0.01 compared
with control siRNA.

SphK1 (Figs. 1-3), 2) IGFBP-3 stimulates expression and activ-
ity of SphK1 (Fig. 4), and 3) knockdown of S1P receptors S1P,
and S1P, abolished potentiation of EGFR phosphorylation by
IGFBP-3 (Fig. 5). Attempts to measure S1P in conditioned
medium were unsuccessful, because levels were below the sen-
sitivity of the assay (not shown); however, we reasoned that if
extracellular S1P is involved, then medium conditioned by
IGFBP-3-treated cells but stripped of endogenous IGFBP-3
should still contain S1P, and would therefore potentiate EGF-
stimulated EGFR activation in a manner inhibitable by block-
ade of S1P,/S1P;. This was investigated by comparing the
effects of IGFBP-3-stripped medium (prepared as described
under “Experimental Procedures”) from untreated MCF-10A
cells (“control CM”) or IGFBP-3-treated MCF-10A cells
(“IGFBP-3 CM”) on EGF-stimulated EGFR activation in the
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absence and presence of VPC23019. As shown in Fig. 6, in the
absence of EGF neither control CM (lane 3) nor IGFBP-3 CM
(lane 8) stimulated EGER phosphorylation. EGFR phosphoryl-
ation stimulated by EGF (lanes 4 and 10) was not increased by
control CM (lane 5), but was markedly enhanced by IGFBP-3
CM (lane 11). In the presence of VPC23019 (used to inhibit
S1P,/S1P,), the potentiating effect of IGFBP-3 CM on EGFR
phosphorylation was abolished (lane 12); VPC23019 had no
effect on EGFR phosphorylation stimulated by EGF in the pres-
ence of control CM (lane 7). This demonstrates that stimula-
tion of MCEF-10A cells by IGFBP-3 generates a secreted factor
that acts through S1P receptors to potentiate ligand-stimulated
EGER signaling, further supporting the central role of S1P in
these effects.

To confirm this, we then examined whether exogenous S1P
could mimic the effect of IGFBP-3 on EGFR and IGFR1 phos-
phorylation, by treating MCF-10A cells with EGF or LR3-IGF-I
without and with S1P, and analyzing growth factor receptor
phosphorylation in cell lysates. In the absence of exogenous
EGF or LR3-IGF-I, S1P did not induce EGFR or IGFR1 phos-
phorylation to a level detectable by Western blotting (Fig. 7, A
and B). However, receptor phosphorylation stimulated by
either EGF (Fig. 7A) or LR3-IGF-I (Fig. 7B) was enhanced in the
presence of 10 and 1000 nm S1P, and DNA synthesis stimulated
by these growth factors was also significantly enhanced by 1 um
S1P (Fig. 7, C and D). In addition, S1P had a small (~50%) but
statistically significant stimulatory effect on DNA synthesis in
the absence of exogenous growth factors (Fig. 7, C and D).

S1P, IGFBP-3, and Receptor Transactivation—Exogenous
S1P can induce transactivation of EGFR (28, 33, 34). To inves-
tigate whether the intrinsic activity of S1P (Fig. 7) might reflect
transactivation of growth factor receptors, S1P stimulation was
carried out in the presence of the EGER tyrosine kinase inhibi-
tor AG1478, or the IGFR1 inhibitor AG1024, but in the absence
of exogenous growth factors. As shown in Fig. 7E, S1P alone
elicited a dose-dependent stimulatory effect on DNA synthesis
at concentrations up to 1000 nm. In the presence of either
AG1024 or AG1478, S1P-stimulated DNA synthesis was inhib-
ited, with a greater effect apparent with AG1024 than AG1478.
In addition, AG1024 but not AG1478, inhibited basal DNA syn-
thesis in the absence of exogenous S1P, consistent with our data
shown in Fig. 2 (C and D) that suggest a role for basal SphK
activity and endogenous S1P in IGFR1 activation. Similar
results were obtained with a second inhibitor of EGFR kinase
activity, gefitinib (data not shown). Attempts to perform these
experiments in cells where IGFR1 expression was silenced
using siRNA were unsuccessful due to poor cell attachment and
significant cell death when the expression of the receptor was
reduced (data not shown).

The data shown in Fig. 7E indicated that inhibition of either
EGEFR or IGFR1 kinase activity abrogated the stimulatory effect
of S1P, implying significant cross-talk of these receptor signal-
ing systems in MCF-10A cells. To investigate this in the context
of IGFBP-3 modulation of growth factor receptor signaling, the
effect of inhibiting EGER kinase activity on IGFBP-3-potentia-
tion of LR3-IGF-I-stimulated IGFR1 phosphorylation was
examined. DNA synthesis was determined in cells treated with
LR3-IGF-I and IGFBP-3 alone or in the presence of AG1478,
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FIGURE 5. S1P, and S1P; are required for IGFBP-3 effects on EGFR phosphorylation. A, MCF-10A cells were
transfected with control siRNA, or siRNA targeting S1P,, S1P,, or S1P; and incubated for 24 h. RNA was extracted, and
S1P receptor expression measured by qRT-PCR. a, p < 0.05 compared with control siRNA. B, S1P receptor-silenced
cells were treated with IGFBP-3 (100 ng/ml) in serum-free medium for 16 h, then stimulated with 10 ng/ml EGF for 5
min. Lysates were analyzed for EGFR phosphorylation as described under “Experimental Procedures.” C, quantifica-
tion of phEGFR data from five experiments conducted as described for B. Phosphorylation stimulated by EGF in the
absence of IGFBP-3 is shown as 100% (white bar), with phosphorylation in the presence of IGFBP-3 shown relative to
this. Pooled data from five experiments is shown as mean = S.E.a, p < 0.05 compared with ctl siRNA treated with EGF
plus IGFBP-3. D and E, MCF-10A cells were treated with IGFBP-3 (100 ng/ml) for 16 h, then VPC23019 (S1P,/S1P,
inhibitor) or JTE-013 (S1P, inhibitor) was added to a final concentration of 10 um. Cells were incubated for 1 h, then
stimulated with EGF (10 ng/ml) or LR3-IGF-I (25 ng/ml) for 5 min. Lysates were analyzed by Western blot for phos-
phorylated EGFR (D) or IGFR1 (E), as described under “Experimental Procedures.”
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FIGURE 6. IGFBP-3-conditioned medium enhances EGF-stimulated EGFR
phosphorylation. MCF-10A were stimulated with 10 ng/ml EGF in serum-free
unconditioned medium, or EGF in 1 ml of conditioned medium from control cells
(control CM) or IGFBP-3-treated cells (/IGFBP-3 CM) prepared as described under
“Experimental Procedures.” Where VPC23019 was used, cells were preincubated
for 1 h with 10 um VPC23019 in serum-free unconditioned medium prior to stim-
ulation with EGF. Harvested lysates were analyzed for phosphorylated EGFR by
Western blot as described under “Experimental Procedures.”

the EGER kinase inhibitor. We confirmed that EGF-stimulated
DNA synthesis and potentiation of this by IGFBP-3 were com-
pletely inhibited by AG1478 (Fig. 84). As shown in Fig. 8B,
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IGFRI Activation—A high level of
expression of IGFBP-3 is associated
with increased growth in a number
of malignancies (8 —13). We investi-
gated potentiation of EGFR and
IGFR1 signaling by endogenous
IGFBP-3 as a possible underlying
mechanism for this by silencing its
expression in MCF-10A cells and
determining the effect on EGF- or
LR3-IGF-I-stimulated receptor ac-
tivation. As shown in Fig. 94,
IGFBP-3 gene expression was reduced 60-70%, and IGFBP-3
protein levels were reduced by 80 -90%, following transfection
with siRNA targeting IGFBP-3. Analysis of EGF-stimulated
EGFR phosphorylation (Fig. 9B) and LR3-IGF-I-stimulated
IGFR1 phosphorylation (Fig. 9C) in IGFBP-3-silenced cells
revealed that the activation of both receptors by their respective
ligands was significantly decreased when endogenous IGFBP-3
expression was attenuated, compared with non-silencing
siRNA. These data indicate that endogenous IGFBP-3 en-
hances activation of EGFR and IGFR1 stimulated by their
ligands, and suggest tonic sensitization of these receptors to
their respective ligands by endogenous IGFBP-3.

DISCUSSION

Despite well documented growth-inhibitory and apoptotic
activity in many cell types (3, 4, 35), IGFBP-3 is associated with
growth stimulation in a variety of in vitro and in vivo models
(14-16, 36, 37). In a number of cancers, IGFBP-3 protein or
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FIGURE 7. Effects of exogenous S1P on EGF and IGF bioactivity. EGFR (A)
and IGFR1 (B) phosphorylation was determined by Western blot of lysates
from cells treated for 5 min with the indicated concentration of S1P alone, or
in the presence of 10 ng/ml EGF (A) or 25 ng/ml LR3-IGF-I (B). C and D, DNA
synthesis stimulated by EGF (C) or LR3-IGF-I (D) in the absence (open symbols)
or presence (closed symbols) of 1000 nm S1P was determined as described
under “Experimental Procedures.” Data are mean = S.E. of one experiment of
representative of three performed in quadruplicate, where thymidine incor-
poration in the absence of EGF or LR3-IGF-I is expressed as 100% (% control).
a, p < 0.05 compared with the same concentration of EGF or LR3-IGF-l in the
absence of S1P. E, DNA synthesis stimulated by the indicated concentration of
S1P of in the absence (white bars) or presence of 1 um AG1478 (EGFR tyrosine
kinase inhibitor, black bars) or AG1024 (IGFR1 tyrosine kinase inhibitor,
shaded bars) was determined as described under “Experimental Procedures.”
Data are mean = S.E. of one experiment representative of three performed in
quadruplicate, where thymidine incorporation in the absence of S1P or inhib-
itors is expressed as 100% (% control). a, p < 0.05 compared with control (no
S1P); b, p < 0.01 compared with the same concentration of S1P in the absence
of inhibitor.

gene expression levels correlate with tumor size or a malignant
phenotype (8 -11, 13, 20, 38), implying not only that cells may
be resistant to antiproliferative and apoptotic effects of
IGFBP-3, but may also be growth-stimulated by IGFBP-3.
Indeed, we and others have described cell models where
IGFBP-3 bioactivity undergoes a switch from antiproliferative
to proliferative (36, 39) or pro-apoptotic to antiapoptotic (19,
40). Understanding the mechanisms underlying this switch,
and IGFBP-3’s growth stimulatory and survival activity, are
particularly important in light of suggestions that IGFBP-3 may
constitute a novel therapy for the treatment of some malignan-
cies (41, 42).

Enhancement of growth factor activity by IGFBP-3 was first
described by the authors’ laboratory two decades ago, when it
was shown that preincubation with IGFBP-3 enhanced subse-
quent IGF-I-stimulated DNA synthesis in human skin fibro-
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FIGURE 8. EGFR kinase inhibition abrogates IGFBP-3 potentiation of LR3-
IGF-I-stimulated DNA synthesis and IGFR1 activation. DNA synthesis was
determined in MCF-10A cells treated without or with 10 ng/ml IGFBP-3 as
indicated, and A, 1 ng/ml EGF (shaded bars) or EGF and the EGFR kinase inhib-
itor, AG1478 (1 um, black bars) or B, 10 ng/ml LR3-IGF-I (shaded bars) or LR3-
IGF-land AG1478 (black bars). For A and B, data are expressed as % of control
(no addition) and are mean =+ S.E. of quadruplicate determinations in one
experiment representative of three for each. a, p < 0.001; b, p < 0.01 com-
pared with control (i.e. open bars). C, MCF-10A cells were preincubated with
IGFBP-3 for 16 h, then AG1478 (1 um final) was added for 1 h. LR3-IGF-I was
added to give afinal concentration of 25 ng/ml, cells were lysed 5 min later by
addition of Laemmli buffer, and lysates were subjected to Western analysis of
total and phosphorylated IGFR1. The blot shown is one of three giving iden-
tical results. D, quantification of Western blot data from three experiments
expressed as a percentage of LR3-IGF-I-stimulated IGFR1 phosphorylation.
a,p < 0.05 compared with LR3-IGF-I-stimulated; NS, not significantly different
from LR3-IGF-I alone (by ANOVA). E, MCF-10A cells were preincubated with
IGFBP-3 for 16 h, then gefitinib (EGFR kinase inhibitor, 10 um final) was added
for 1 h prior to stimulation with LR3-IGF-l as described for C. The blot shown is
representative of two experiments.

blasts (14). This observation was later confirmed in bovine
fibroblasts (15), and the demonstration of enhancement of IGF
bioactivity in IGFBP-3-overexpressing MCF-7 breast cancer
cells (16) and bovine mammary cells (43) indicated that the
phenomenon was neither cell type-specific or peculiar to non-
transformed cell lines. More recently, we showed that IGFBP-3
also potentiates signaling and growth effects stimulated by
EGF, with no evidence of direct interaction between IGFBP-3,
and EGFR or EGF (18). However, the explanation of these stim-
ulatory effects of IGFBP-3 has remained elusive.

A clue that IGFBP-3 modulation of growth factor receptor
signaling might explain, at least in part, its growth promoting
effects in vivo came with our observation that xenograft tumors
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FIGURE 9. siRNA-mediated silencing of endogenous IGFBP-3 attenuates
ligand-stimulated EGFR and IGFR1 activation. A, MCF-10A cells were trans-
fected with control siRNA duplexes (open bars), or siRNA targeting IGFBP-3
(shaded bars), as described under “Experimental Procedures.” IGFBP-3 gene
expression (A, left) was determined 24 and 48 h later by qRT-PCR of total RNA,
and IGFBP-3 protein expression (A, right) by radioimmunoassay of cell-condi-
tioned medium as described under “Experimental Procedures.” B and C, ctl
siRNA and IGFBP-3 siRNA-transfected cells were changed to serum-free
medium 24 h after transfection, and 24 h later cells were stimulated with EGF
(10 ng/ml, B) or LR3-IGF-I (25 ng/ml, C) for 5 min. Harvested lysates were
analyzed for EGFR phosphorylation (B) or IGFR1 phosphorylation (C) by West-
ern blot, with a-tubulin analyzed as loading control. Quantification of pooled
data from three experiments, corrected for a-tubulin, is indicated at the right
of Band C, with the IGFBP-3 siRNA data expressed relative to control siRNA. a,
p < 0.05, b, p <0.01 compared with control, by ANOVA.

of T47D breast cancer cells expressing IGFBP-3, which grow
faster than T47D cells that do not express IGFBP-3, have ele-
vated tissue levels of EGFR, and exhibit increased sensitivity to
EGF invitro (36). This, taken together with the observation that
the effects of IGFBP-3 on IGF-I bioactivity are also independent
of direct interaction between growth factor and binding protein
(15, 43, 44), prompted us to explore the possibility of a single
mechanism by which IGFBP-3 enhances growth factor signal-
ing. The data presented here support this postulate by showing
that the effects of IGFBP-3 on both EGFR and IGFR1 signaling
pathways are blocked when SphK1 activity is down-regulated,
either pharmacologically or by RNA interference silencing of
expression. Although we have previously shown that IGFBP-3
potentiates the stimulatory effect of EGF on cell growth over 7
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days, as well as DNA synthesis (18), it was not possible in the
present study to examine the effect of reducing SphK1 activity
on 7-day cell growth, because SphK1 down-regulation or inhi-
bition caused substantial cell death over this period (data not
shown).

The involvement of the SphK system in the effects of
IGFBP-3 on growth factor receptor signaling is further sup-
ported by our finding that pharmacological inhibition or
reduced expression of the S1P receptors S1P; and S1P; abol-
ished potentiation of EGFR activation by IGFBP-3. This sug-
gests that S1P, and SI1P; act in a coordinated manner to
enhance EGFR signaling. By contrast, silencing of S1P, had no
effect on EGFR phosphorylation. These findings are similar to
those made in various cell models investigating other functions
of S1P receptors, with silencing of S1P; or S1P; shown to abol-
ish endothelial cell morphogenesis (45), SIP-mediated rescue
from stress-induced apoptosis in human umbilical vein endo-
thelial cells (46), and migration of ovarian cancer cells (47). By
contrast, down-regulation of S1P, is associated with increased
proliferation and/or cell survival (47), suggesting that this
receptor mediates inhibitory signaling.

Direct measurement of S1P levels in conditioned media by
commercial enzyme-linked immunosorbent assay was unsuc-
cessful due to insufficient assay sensitivity. However, support-
ing a role for extracellular S1P in IGFBP-3 effects, we showed
that medium conditioned by cells treated with IGFBP-3, but
stripped to remove added or cell-derived IGFBP-3, was able to
enhance EGFR phosphorylation in a manner inhibitable by
S1P, and S1P, blockade. Furthermore, exogenous S1P mim-
icked the effects of IGFBP-3 on growth factor receptor signaling
and bioactivity. Taken together, our data point conclusively to
S1P, the product of sphingosine kinase activity, being the “miss-
ing link” that mediates potentiation of IGF and EGF receptor
activity and growth stimulation by IGFBP-3.

The SphK system has been implicated in signaling involving
numerous growth factor receptors with diverse function,
including EGFR (23), IGFR1 (29), platelet-derived growth fac-
tor receptor (24), vascular epidermal growth factor receptor
(48), and transforming growth factor-@ receptor (49). Some of
these effects appear to involve transactivation of growth factor
receptors by S1P receptors, with consequent potentiation of
downstream signaling pathways to promote cell proliferation,
survival, and differentiated function (22). A number of different
mechanisms appear to be involved in enhancement of growth
factor receptor signaling by the S1P receptors. In MCF-7 breast
cancer cells, increased EGFR activation in response to estrogen
was secondary to increased SphK activity and S1P production,
and required matrix metalloproteinase-activated release of
heparin-binding epidermal growth factor-like growth factor, a
ligand for EGFR (28). It was postulated that, in this model, hep-
arin-binding epidermal growth factor-like growth factor
release required activation of S1P, by extracellular S1P (28). In
the present study there was no evidence of activation of either
EGEFR or IGFR1 by IGFBP-3 in the absence of exogenous growth
factor receptor ligands, arguing against IGFBP-3 inducing the
release of endogenous ligands for EGFR or IGFR1 whether via
SphK and S1P or independently of this system. Ligand-indepen-
dent transactivation of EGFR by G-protein-coupled receptor has
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also been described (23) and was suggested to involve intracel-
lular signal cross-talk, although the underlying mechanism was
not described. We propose that, in our cell model, the effects of
IGFBP-3 on growth factor receptor activation also involve
intracellular cross-talk between growth factor receptors and
S1P-stimulated S1P receptors and are mediated directly by
extracellular S1P.

S1P stimulation of DNA synthesis in MCF-10A cells was
reversed by inhibitors of EGER or IGFR1 tyrosine kinase activ-
ity, and importantly, IGFBP-3 potentiation of LR3-IGF-I-stim-
ulated IGFR1 activation was also prevented by EGFR kinase
inhibitors. This suggests that there is significant cross-talk
between these signaling receptors and pathways in these cells,
and specifically, that EGF receptor transactivation by IGFBP-3
is required for the potentiating effect of IGFBP-3 on IGFR1
signaling. Consistent with the findings of the present study,
IGF-stimulated phosphorylation of p44/42 mitogen-activated
protein kinase was blocked by an EGER tyrosine kinase inhibi-
tor (ZD1839 or gefitinib) in normal breast epithelial cells (50).
Of note, however, the effects of IGF-I were not blocked by
ZD1839 in mammary fibroblasts or MCF-7 breast cancer cells
(50), implying the existence of complex cell type-specific mech-
anisms regulating receptor transactivation. Interestingly, that
study also showed that IGFR1 and EGFR co-precipitated from
breast epithelial cell lysates, suggesting physical interaction
between the two receptors.

It remains unclear how IGFBP-3 regulates expression of
SphK1 in MCF-10A cells. Granata et al. (20) suggested that
IGFBP-3 stimulation of SphK1 expression in human umbilical
vein endothelial cells was secondary to increased expression
and release of IGF-I, but the mechanism underlying IGFBP-3’s
induction of IGF-I expression was not addressed. In our cell
model IGFBP-3 alone did not stimulate IGFR1 phosphorylation
in MCEF-10A cells, excluding the release of endogenous IGFR1
ligands in response to IGFBP-3. Furthermore, by contrast with
the very rapid (within 5 min) increase in SphK expression in
response to IGFBP-3 in human umbilical vein endothelial cells
(19), we found no significant effect of IGFBP-3 gene expression
attime points earlier than 3 hin MCF-10A cells, protein expres-
sion was not elevated until 6 h after stimulation with IGFBP-3,
and SphK1 activity was not significantly increased until after
10 h of treatment with IGFBP-3. Our observations are similar to
a prolonged time-course reported for increased SphK expres-
sion and activity in response to estradiol in MCF-7 breast can-
cer cells (51), attributed to genotropic rather than non-geno-
tropic actions of estradiol. Interestingly, we found that, whereas
expression of SphK1 was reduced to unstimulated levels 24 h
after addition of IGFBP-3, SphK1 enzyme activity remained
high at this time point. This is likely to reflect a prerequisite for
post-translational events, namely SphK1 phosphorylation and
membrane translocation, for SphK1 enzyme activity (52) rather
than simply the expression of the protein.

Our observation of down-regulation of SphK2 gene expres-
sion over the same time course is also novel, because IGFBP-3
was reported to have no effect on SphK2 expression in the stud-
ies of Granata and co-workers (19, 20), and SphK1 knock-out
mice do not exhibit increased expression of SphK2 in the brain
or kidney (53). Whether the differences between these studies
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FIGURE 10. Proposed model of IGFBP-3 modulation of growth factor
receptor activation mediated by S1P. IGFBP-3 up-regulates SphK1, leading
toincreased STP production. STP binds and activates S1P, and/or S1P, result-
ing in transactivation EGFR, which in turn activates IGFR1. The process can be
initiated by either endogenous or exogenous IGFBP-3. Experimental inter-
ventions (inhibitors or siRNAs) that support this proposed pathway are
indicated.

and ours reflect cell- or tissue-specific regulation of these
enzymes is not known. Nevertheless, it is interesting to note
that down-regulation of SphK2 may contribute further to a
growth-promoting effect of IGFBP-3, as this isoform of sphin-
gosine kinase appears to act predominantly as a growth inhibi-
tor and inducer of apoptosis (31). Elucidating the pathways and
mediators of IGFBP-3 modulation of SphK expression is now
an important goal of future research.

A significant role for endogenous IGFBP-3 in potentiating
EGEFR and IGFR1 signaling is supported by our data showing
that silencing of IGFBP-3 expression attenuates ligand-stimu-
lated phosphorylation of EGFR and IGFR1. This tonic stimula-
tory effect of endogenous IGFBP-3 may explain, at least in part,
clinical and laboratory findings of a high level of expression of
IGFBP-3 associated with increased tumor size or malignancy
(8-11, 13, 20, 38), with the expressed IGFBP-3 promoting
growth via its effects on various growth-stimulatory signaling
pathways, mediated by S1P.

In conclusion, we have shown that IGFBP-3 stimulates
expression of SphK1 in breast epithelial cells and that potenti-
ation of EGFR and IGFR1 signaling by IGFBP-3 requires SphK1
activity and S1P, ;. EGFR kinase inhibition blocks the effects of
IGFBP-3 on signaling by both growth factor receptors (Fig. 10),
implicating a central role for this receptor in the effects of
IGFBP-3 on growth factor receptor signaling. These findings
have the potential to explain mechanistically a positive associ-
ation between IGFBP-3 expression and the growth of a number
of malignancies, and represent a major advance in our under-
standing of how IGFBP-3 can modulate signaling through a
diverse range of growth-promoting and -inhibiting pathways.
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