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Progression of breast cancer is associated with remodeling of
the extracellular matrix, often involving a switch from estrogen
dependence to a dependence on EGF receptor (EGFR)/HER-2
and is accompanied by increased expression of the main binding
protein for insulin-like growth factors (IGFBP-3). We have
examined the effects of IGFBP-3 on EGF responses of breast
epithelial cells in the context of changes in the extracellular
matrix. On plastic and laminin with MCF-10A normal breast
epithelial cells, EGF and IGFBP-3 each increased cell growth
and together produced a synergistic response, whereas with
T47D breast cancer cells IGFBP-3 alone had no effect, but the
ability of EGF to increase cell proliferation was markedly inhib-
ited in the presence of IGFBP-3. In contrast on fibronectin with
MCEF-10A cells, IGFBP-3 alone inhibited cell growth and
blocked EGF-induced proliferation. With the cancer cells,
IGFBP-3 alone had no effect but enhanced the EGF-induced
increase in cell growth. The insulin-like growth factor-indepen-
dent effects of IGFBP-3 alone on cell proliferation were com-
pletely abrogated in the presence of an EGFR, tyrosine kinase
inhibitor, Iressa. Although IGFBP-3 did not affect EGFR phos-
phorylation [Tyr'%¢8], it was found to modulate receptor inter-
nalization and was associated with activation of Rho and subse-
quent changes in MAPK phosphorylation. The levels of
fibronectin and IGFBP-3 within breast tumors may determine
their dependence on EGFR and their response to therapies tar-
geting this receptor.

Growth factors and their receptors play an essential role in
the regulation of normal epithelial cell proliferation, and aber-
rations in growth factor systems are known to contribute to the
development and progression of malignant cell transformation.
The insulin-like growth factors (IGF-1 and -II)® and epidermal
growth factor (EGF) are potent cell survival factors and regula-
tors of migration and proliferation. They play an important role
in normal mammary gland development and have been heavily
implicated as contributing to neoplastic growth in breast and
several other cancers (1, 2).
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The IGFs are present throughout the body almost entirely in
association with six specific, high affinity binding proteins
(IGFBP-1-6), which are critical determinants of IGF availabil-
ity and actions. In addition to acting as the main circulating
carrier protein, IGFBP-3 is produced in many tissues where it
has multiple effects on cell functions both via its ability to mod-
ulate IGF-actions and also due to direct intrinsic actions (3).
The production of IGFBP-3 by epithelial cells has been reported
to be increased by a number of different agents including p53,
TGF-B, vitamin D, and tamoxifen (for review, see Ref. 4), all
agents that are associated with growth inhibition and increased
apoptosis. In addition we and others have reported that
IGFBP-3 can accentuate apoptosis of different cells including
prostate, breast, colorectal, and esophageal epithelial cells (for
review, see Ref. 4). We then defined a pathway by which
IGFBP-3 could elicit these effects on apoptosis of breast epithe-
lial cells: IGFBP-3 bound to B1 integrins and caveolin 1 and
increased their association, which culminated in the recruit-
ment of focal adhesion kinase and the subsequent activation of
MAPK (5).

Prospective epidemiology initially suggested that a low
plasma IGFBP-3/high IGF-I ratio correlates with an increased
risk of developing premenopausal breast cancer (6). In concur-
rence with this, other data have supported an association
between low circulating IGFBP-3 combined with elevated
IGF-I and both early stage breast cancer and pre-menopausal
ductal carcinoma in situ (7, 8). These cumulative reports pro-
moted a general impression that IGFBP-3 has actions that
would counterbalance those of IGFs with negative effects on
cell growth and survival (9) resulting in proposals for IGFBP-3
to be developed as an anticancer therapeutic (10).

In contrast to these data there have, however, been many
other reports that IGFBP-3 can positively stimulate the prolif-
eration (11) and survival (12) of various cells. Since the original
reports, subsequent prospective epidemiology has also impli-
cated a positive association between plasma IGFBP-3 and the
risk of premenopausal breast cancer (13). In addition there have
been several reports that in breast tumors the expression of
IGFBP-3 is positively associated with large, highly proliferative
tumors and poor prognostic markers (14, 15). Furthermore, we
have previously reported that in contrast to its inhibitory effects
on breast cancer cells, IGFBP-3 promoted the proliferation and
survival of the relatively normal, non-malignant, anchorage-
dependent MCF-10A cells (12), which we also showed was

VOLUME 285+-NUMBER 50-DECEMBER 10, 2010



dependent upon B1 integrins and subsequent activation of
MAPK (5).

We went on to show that although IGFBP-3 could reduce cell
attachment and enhance apoptosis of Hs578T breast cancer
cells when these were cultured on plastic, collagen, or laminin,
when the same cells were cultured on fibronectin, IGFBP-3 had
the opposite effects and increased cell attachment and acted as
a cell survival factor (16). Cholesterol-stabilized complexes are
required for normal integrin signaling, and we showed that dis-
rupting such complexes also reversed the intrinsic action of
IGEBP-3 (5). These reports challenge the widely held view that
IGFBP-3 normally has inhibitory actions and suggest that its
actions may depend not just on cell type but also on cell context.

In breast cancer, stromal cell ECM protein expression is
altered or increased with malignant progression. Studies have
demonstrated that fibronectin expression in breast cancer is
not only greater than in normal breast parenchyma (17) but that
expression is associated positively with lymph node metastasis
and predicts an increased mortality in these patients (17, 18).

In addition to the IGF-independent effects of IGFBP-3 being
intimately linked with integrin receptor signaling, the actions of
EGF are also known to be influenced by changes in the extracellu-
lar matrix. Fibronectin promotes clustering of a581 and al1f1
integrins, which results in activation of EGFR and enhances EGFR
coupling to the MAPK pathway via Shc (19, 20).

A number of reports have shown that EGF differentially reg-
ulates IGFBP-3 expression depending on cell type (21, 22).
Clinically, overexpression of the EGFR is associated with a poor
outcome in breast cancer, with an observed reduction in dis-
ease-free interval and overall survival, negative estrogen recep-
tor status, and higher metastatic potential (23, 24). In vitro stud-
ies demonstrated that T47D cells transfected to overexpress
IGFBP-3 resulted initially in growth inhibition but that they
became resistant to its inhibitory effects at increasing passages
(25), which has also been shown subsequently in an in vivo
model (26). Furthermore, in vitro this effect was shown to be
associated with both up-regulation of the EGFR as well as
increased responsiveness to EGF (26). IGFBP-3 has also been
shown to potentiate EGF-induced proliferation in non-malig-
nant mammary epithelial cells (27).

Before interventions utilizing IGFBP-3 as a potential thera-
peutic and to optimize current strategies targeting EGFR, it is
essential to better understand the interaction that exists
between IGFBP-3 and EGF. Therefore, we have examined the
effects of IGFBP-3 on EGF-mediated growth in both normal
and malignant breast epithelial cell lines in the context of dif-
ferences in ECM. We have also sought to identify the signaling
pathways responsible for these effects.

EXPERIMENTAL PROCEDURES
Materials

Recombinant EGF and the Rho kinase inhibitor ROCK,
Y-27632, were purchased from Calbiochem. Recombinant,
human non-glycosylated IGFBP-3 was a gift from Dr. C. A.
Macck (Celtrix Pharmaceuticals, Santa Clara, CA). A 15-amino
acid peptide sequence spanning two mid-region serines of
IGFBP-3 (amino acids 105-119), which we have termed the
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serine phosphorylation domain (SPD) peptide, was synthesized
at the microchemical facility of the Babraham Institute, Cam-
bridge, UK. We have demonstrated previously that of 17 short
peptides corresponding to different regions of IGFBP-3, SPD
was the only peptide to mimic the actions of full-length
IGFBP-3 on cell death and that SPD was unable to interact with
IGF-I (28). Fibronectin, laminin, and the anti-phospho (p) EGF
receptor (Tyr'°®®) antibody were purchased from Sigma. Anti-
MHC class 1 antibody was bought from Santa Cruz. Anti-
p44/42 MAPK and anti-p-p38 MAPK were obtained from Pro-
mega, and anti-p-Akt was purchased from Cell Signaling
Technologies. Anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and anti-p-HER2 were purchased from Chemicon
International, and the anti-EGF receptor, anti-Rho antibody,
and Rhotekin Rho binding domain bound to glutathione-aga-
rose were from Upstate Biotechnology. Iressa (EGFR-tyrosine
kinase inhibitor, which can also inhibit HER-2) was a kind gift
from AstraZeneca (Cheshire, UK). Tissue culture plastics were
purchased from Greiner Labortechnik LTD (Stonehouse, UK).
The enhanced chemiluminescence reagents were bought from
Amersham Biosciences, and the BCA protein assay reagent kit
was purchased from Pierce.

Cell Culture

Human breast cancer cells, T47D, and Hs578T were pur-
chased from ECACC (Porton Down, Wiltshire, UK) and grown
in a humidified 5% carbon dioxide atmosphere at 37 °C. The
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, BioWhittaker, Verviers, Belgium) supplemented with
10% fetal bovine serum (Invitrogen), penicillin (50 IU/ml; Bri-
tannia Pharmaceuticals, Redhill, UK), streptomycin (50 pg/ml;
Celltech Pharmaceuticals, Slough, UK), and L-glutamine (2 mws;
Sigma) growth media (GM). The relatively normal MCF-10A
cell line was purchased from the American Type Culture Col-
lection (ATCC Manassas, VA). This is a spontaneously immor-
talized breast epithelial cell line that maintains a relatively nor-
mal phenotype as determined by 1) lack of tumorgenicity in
nude mice, 2) three-dimensional growth in collagen, 3) growth
control by hormones and growth factors, 4) lack anchorage-
independent growth, and 5) formation of domes in confluent
cultures (29). The MCF-10A cells were maintained in 1:1 mix-
ture of Ham’s F-12 medium and Dulbecco’s modified Eagle’s
medium with 2.5 mm L-glutamine (DMEM:F-12, Invitrogen).
This was supplemented with 5% horse serum (Invitrogen), pen-
icillin, and streptomycin (as above), 20 ng/ml EGF (Calbio-
chem), 100 ng/ml cholera toxin (Sigma), 10 ug/ml insulin
(Novo Nordisk, West Sussex, UK), and 0.5 pg/ml hydrocorti-
sone (Sigma). Experiments were performed in phenol red- and
serum-free DMEM and Hams Nutrient Mix F-12 supple-
mented with penicillin and streptomycin (as above), sodium
bicarbonate (0.12%; Sigma), bovine serum albumin (BSA) (0.2
mg/ml; Sigma), and transferrin (0.01 mg/ml; Sigma) (SEM).

Western Inmunoblotting

MCF-10A, T47D, and Hs578T cells (0.3-0.5 X 10° cells)
were grown in GM on either plastic or fibronectin (0.25 pg/ml)
to 80% confluency in T25 flasks and then washed twice with
phosphate-buffered saline (PBS) followed by the addition of
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SFM for 24 h. For assessment of EGFR phosphorylation, MCF-
10A cells were co-incubated with Iressa (1 uM) and EGF (0-25
ng/ml) for 4 h. EGFR and HER2 phosphorylation was also mon-
itored in response to IGFBP-3 (100 ng/ml) for 10 min and 4 and
8 h and in response to a preincubation with IGFBP-3 (100
ng/ml) for 24 h followed by EGF (5 ng/ml MCF-10A; 2 ng/ml
T47D) spiked into the media for 15 min. For assessment of
activated p-38 MAPK, p-Akt, and p44/42 MAPK, all cell lines
were treated with EGF (5 or 25 ng/ml) and IGFBP-3 (100
ng/ml), spiked into the media either alone or in combination for
5, 15, 30, and 120 min. p44/42 MAPK was also monitored in
MCEF-10A cells treated with IGFBP-3 (100 ng/ml) and Iressa (1
uM), spiked into the media for 15 min. Cells were then lysed on
ice for 10 min (1 ml; 10 mMm Tris-HCI, 5 mMm EDTA, 50 mm NaCl,
30 mMm sodium pyrophosphate, 50 mm sodium fluoride, 100 um
sodium orthovanadate, 1% Triton, 1 mm phenylmethylsulfonyl
fluoride; pH 7.6). Lysates were then centrifuged at 14,000 X g
for 15 min at 4 °C. The protein content of each sample was
determined using a BCA Protein Assay Reagent kit, and equiv-
alent amounts of protein were loaded onto gels. Proteins were
separated by SDS-polyacrylamide gel electrophoresis and then
transferred onto a nitrocellulose membrane followed by immu-
noblotting. Nonspecific binding sites on the nitrocellulose
membranes were blocked overnight with 5% milk in Tris-buff-
ered saline, 2% Tween for probing with anti-GAPDH, anti-EGF
receptor, anti-p-Akt, and anti-Rho (all at 1:1000) or blocked
with 3% BSA for probing with anti-p-MAP kinase (1:5000) or
anti-p-p38 (1:1000) or blocked with 5% BSA for probing with
anti-p-EGF receptor (1:750) and anti-p-HER2 (1:2000). After
the removal of excess unbound antibody, an anti-mouse anti-
body (1:10,000 for GAPDH, 1:2,000 for Rho), anti-sheep anti-
body (1:2000 for EGF receptor), or anti-rabbit antibody
(1:10,000 for p-MAPK and p-p38, 1:5,000 for HER2, 1:2,500 for
p-Akt, and 1:1,500 for p-EGF receptor) conjugated to peroxi-
dase was added for 1 h. Binding of the peroxidase was visualized
by enhanced chemiluminescence according to the manufactur-
ers’ instructions. Optical density measurements were deter-
mined using a scanning densitometer (Bio-Rad) and analyzed
using Totalab (Nonlinear Dynamics Ltd, Newcastle upon Tyne,
UK).

Growth Assays

Cell Counting; Trypan Blue Dye Exclusion—All cells were
collected after trypsinization, and the resulting cell suspension
was loaded onto a hemocytometer (1:1) with the dye trypan
blue, which is excluded by viable cells. Cells were counted from
which total cell number and the percentage of dead cells rela-
tive to control were calculated. In all experiments basal cell
death was very low and was not altered with any treatment.

Tritiated Thymidine Incorporation—MCF-10A and T47D
cells were seeded on either plastic, laminin (0.25 pg/ml), or
fibronectin (0.25 ug/ml) at 5 X 10* and 2 X 10* cells/well,
respectively, in 24-well plates in GM. Before being switched to
SEM for a further 24 h the cells were washed twice with PBS.
Cells were dosed with EGF at 5 ng/ml (Hs578T) and 5-25 ng/ml
(MCE-10A and T47D), IGFBP-3 (100 ng/ml) with and without
Y-27632 (5 um), and SPD peptide (10 ng/ml) for 48 h. The cells
were incubated with 0.1 uCi of [*H]thymidine/well for the final
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4 h of the dosing time period. After the removal of the super-
natant, cells were then washed with 500 ul of 5% trichloroacetic
acid (Merck) at 4 °C for 10 min followed by incubation with
sodium hydroxide (400 wl of 1 m NaOH, Fisher) for 1 h at room
temperature. The resulting suspension was placed into individ-
ual scintillation vials, and 3 ml of scintillation fluid were added.
Samples were analyzed using a Beckman Scintillation Counter
LS6500. Data were recorded as disintegrations/min.

Cell Surface Protein Biotinylation and Purification Assay

T75 cm? (X8) flasks were seeded (2—-3.5 X 10°%/flask) in GM
for 24 h and then replaced with SEM for a further 48 h. Cells
were treated (1 h) with or without EGF (5 ng/ml MCE-10A; 2
ng/ml T47D), IGFBP-3 (100 ng/ml), or EGF and IGFBP-3 in
combination. The medium was removed, and the cells were
washed (X2) with 8 ml of ice-cold PBS (8 ml). After removal of
PBS, the biotin solution (10 ml) was added (for 5 min; 4 °C on an
orbital shaker) and then replaced with ice-cold PBS (10 ml) and
500 wl of Quenching Solution (500 ul). The cells were then
lysed and processed to assess the internalization of the EGF
receptor according to the manufacturers’ instructions using the
Pinpoint Cell Surface Protein Isolation kit (Pierce). The result-
ing samples were then analyzed for EGFR and for GAPDH as an
internal loading control and MHC class 1 (Santa Cruz, 1:500
primary and 1:5000 anti-rabbit secondary) as an external load-
ing control by Western immunoblotting.

Rho Activation Assays

Activation assays were performed as described by Pellegrin
et al. (30). In brief, MCF-10A cells were seeded at 0.3 X 10° per
T25 culture flask for 24 h after which the GM was replaced with
SEM for 24 h. Cells were treated with IGFBP-3 (100 ng/ml) or
with sphingosine 1-phosphate (1 um), used as a positive con-
trol, for 1-5 min. After treatment, the supernatant was
removed, and the cells were then washed twice with Tris-buff-
ered saline (50 mM Tris base, 140 mm NaCl; pH 7.6). Before cell
lysis (50 mm Tris HCI, pH 7.2, 1% Triton X-100, 0.1% SDS, 500
mM NaCl, 10 mm MgCl,, and protease and phosphatase inhib-
itor cocktails, 1:100). Samples were then centrifuged at
14,000 X gat 4 °C for 10 min. Of the cell lysates, equal volumes
were incubated with 20-30 g of Rhotekin RBD protein aga-
rose beads (GST-TRB) and rotated at 4 °C for 45 min, and equal
volumes were also removed for assessment of total Rho as a
loading control. The samples were washed 4 times with 600 ul
of Tris buffer (50 mm Tris HCl, pH 7.2, 1% Triton X-100, 150
mM NaCl, 10 mm MgCl,, and protease and phosphatase inhib-
itor cocktails, 1:100) and centrifuged at 5000 rpm for 20 s at
4°C, and the was supernatant removed. The samples were
eluted with 50 ul of Laemmli sample buffer containing 40 mm
DTT and boiled for 10 min. Samples were spun at 5000 rpm for
20 s, and the supernatant was then loaded onto the gel and
SDS-PAGE and Western blotting was performed for Rho (as
detailed above).

Radioimmunoassay
The basal levels of IGF-I and IGF-II produced by the MCE-

10A, Hs578T, and T47D cells, as measured by radioimmunoas-
says described previously (31), were less than the level of detec-
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FIGURE 1.1GFBP-3 modulation of EGF-induced growth of breast epithelial cells. MCF-10A (A, plastic; B, laminin) and T47D (C, plastic; D, laminin) were dosed
with EGF (0-25 ng/ml), IGFBP-3 (100 ng/ml), or a combination of each for a further 48 h. Cell proliferation was assessed using tritiated thymidine incorporation.
Graphs represent the mean of three experiments that were each performed in triplicate.

tion limit (1 ng/ml) on both plastic and fibronectin for the
duration of the described experiments.

Statistical Analysis

The data were analyzed with the Microsoft Excel version 5.0a
software package using analysis of variance followed by least
significant difference post hoc test. A statistically significant
difference was considered to be present at p < 0.05.

RESULTS

In all experiments we found the same trends using either cell
counting or tritiated thymidine incorporation. Therefore, we
have only included data from one technique to illustrate each
point. In addition, in all experiments basal cell death and the
proportion of floating cells were very low, and these did not
change with treatment.
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IGFBP-3 Has Differential Effects on EGF-induced Cell
Growth—With the MCF-10A cells on plastic, EGF increased
DNA synthesis (p < 0.001), and this was increased further with
the combination of EGF and IGFBP-3 (p < 0.001) (Fig. 14). We
have shown previously that the intrinsic effects of IGFBP-3 on
Hs578T breast cancer cells were identical when these cells were
plated onto plastic or laminin (16), one of the major compo-
nents of the basement membrane. We, therefore, assessed if the
enhancement of EGF-induced growth of MCF10A cells by
IGFBP-3 was also observed in the presence of laminin and
found the profile to be essentially the same as on plastic with a
synergistic increase in cell growth (p < 0.05) (Fig. 1B).

With T47D breast cancer cells on plastic, EGF caused a
marked increase in DNA synthesis compared with controls,
which was significantly abrogated in the presence of IGFBP-3
(p < 0.001) (Fig. 1C). We similarly assessed if the inhibition of
EGF-induced by IGFBP-3 was also observed in the presence of
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FIGURE 2. IGFBP-3 modulation of EGF-induced growth of breast epithe-
lial cells on fibronectin. MCF-10A (A) and T47D (B) cells were dosed with EGF
(0-25 ng/ml), IGFBP-3 (100 ng/ml), or a combination of each for a further 48 h.
Cell proliferation was assessed using tritiated thymidine incorporation.
Graphs represent the mean of three experiments that were each performed
in triplicate.

laminin and observed the same trends as on plastic with the
EGF-induced increase in DNA synthesis being abrogated in the
presence of IGFBP-3 (p < 0.001) (Fig. 1D).

We saw the same trends for both cell lines using cell counting
(data not shown). We also observed the same results with
Hs578T breast cancer cells; IGFBP-3 alone had no effect, but
the increase in total cell number induced by EGF was similarly
blocked in the presence of IGFBP-3 (data not shown). These
findings indicate that IGFBP-3 on both plastic and laminin
markedly potentiated the mitogenic response to EGF in the
non-malignant breast epithelial cells but, in contrast, inhibited
the response in breast cancer cells.

Fibronectin Reverses the Actions of IGFBP-3 on EGF-induced
Cell Growth—We have shown previously that the ability of
IGFBP-3 to modulate cell attachment and apoptosis was
reversed in the presence of fibronectin (16). Therefore, we next
assessed if the effects of IGFBP-3 on EGF-induced cell growth
were similarly affected. With the MCF-10A cells, EGF
increased DNA synthesis (p < 0.001), which was inhibited in
the presence of IGFBP-3 (p < 0.05) (Fig. 2A). Essentially
IGFBP-3 negated the potentiating effect of fibronectin on the
EGF response.

With the T47D cells on fibronectin, the ability of EGF to
increase (p < 0.001) DNA synthesis was increased further in the
presence of IGFBP-3 (p < 0.05) (Fig. 2B). We observed the same
trends for both cell lines using cell counting (data not shown).
We also observed similar trends to those we saw with T47D
cells with Hs578T breast cancer cells (data not shown). These
results indicate that the effects of IGFBP-3 on EGF-induced
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growth of non-malignant breast epithelial cells and breast can-
cer cells are both reversed when the cells are cultured on
fibronectin.

The Differential Effects of IGFBP-3 on EGF-induced Cell
Growth Are IGF-independent—Unlike Hs578T cells, both the
MCEF-10A and T47D cells are IGF-responsive. Therefore, we
confirmed that the effects of IGFBP-3 on EGF-induced growth
in these cell lines were IGF-independent by using SPD (defined
under “Experimental Procedures”). To observe a growth effect
of SPD alone in the MCF-10A cells, as we have described pre-
viously (16), these cells require a period of 48 h in SEM before
dosing. In the experimental paradigm we use to assess modula-
tion of EGF-induced growth, the cells are exposed to SFM for
just 24 h before dosing. Therefore, under these conditions in
the MCF-10A cells we would not expect to observe an effect of
SPD alone. With the MCF-10A cells cultured on plastic, SPD
alone had no effect. EGF caused a significant increase in cell
growth (p < 0.01), and in combination with SPD there was an
enhanced increase in total cell number (p < 0.05) (Fig. 3A).

On plastic with the T47D cells, SPD alone had no effect on
cell growth, whereas EGF significantly increased cell prolifera-
tion (p < 0.001). The ability of EGF to enhance cell growth was
significantly reduced in the presence of SPD (p < 0.05) (Fig. 3B).
With MCE-10A cells grown on fibronectin, SPD alone had no
effect. EGF increased cell growth (p < 0.01), which was signif-
icantly reduced in the presence of SPD (p < 0.05) (Fig. 3C). On
fibronectin with T47D cells, SPD alone had no effect. However,
the ability of EGF to significantly increase cell proliferation (p <
0.001) was further enhanced in the presence of SPD (p < 0.05)
(Fig. 3D).

The Effects of IGFBP-3 on Cell Growth Involve the EGF
Receptor—Having established that IGFBP-3 was able to differ-
entially modulate EGF-induced growth in non-malignant
breast versus breast cancer cells, we next examined a potential
mechanism by which IGFBP3 could be eliciting these effects.
To confirm that IGFBP-3 required the EGER to exert its effects
on EGF-induced growth, we used Iressa, which is a tyrosine
kinase inhibitor and can block the phosphorylation and/or the
internalization of the EGFR. We confirmed an effective dose of
Iressa on MCF-10A cells by examining the phosphorylation
status of EGFR. The doses of Iressa used were not cytotoxic and
did not affect cell adhesion as there was no effect on either the
levels of cell death or on the levels of floating cells (data not
shown). As treatments only, therefore, affected cell growth and
as we had established that the same trends were observed for
cell counts and thymidine incorporation, we only report data
for the latter. After a co-incubation, we found Iressa alone
blocked basal activation of the EGFR, and the EGF-induced
EGER phosphorylation was markedly abrogated (Fig. 44). We
have shown previously in the relatively normal MCF-10A
breast epithelial cells that both IGFBP-3 and SPD act as mito-
gens in an IGF-independent manner (12). Fig. 4B shows that
IGFBP-3 and SPD after 48 h in SFM each promoted cell growth
(p < 0.05), which was completely blocked in the presence of
Iressa. Another EGFR inhibitor, AG1478, also completely
blocked the ability of IGEFBP-3 or SPD to induce cell growth in
the MCF-10A cells (data not shown). In addition, co-incuba-
tion of Iressa or AG1478 with IGFBP-3 or SPD had no additive
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FIGURE 3. SPD modulation of EGF-induced growth of breast epithelial cells. MCF-10A (A and C) and T47D (B and D) cells were dosed with EGF (0-25 ng/ml),
SPD (10 ng/ml), or a combination of each for a further 48 h on either plastic (A and B) or fibronectin (0.25 ng/ml) (Cand D). Cell proliferation was assessed by cell
counting. Graphs represent the mean of three experiments that were each performed in triplicate.

negative effect on MCF-10A cells grown on fibronectin (data
not shown). These results suggest that IGFBP-3 works via the
EGFR. We have also previously shown that IGFBP-3/SPD-in-
duced cell proliferation in the non-malignant MCF-10A cells is
MAPK-dependent (5), and in Fig. 4C we show that that
IGFBP-3 can no longer activate MAPK (p < 0.05) in the pres-
ence of Iressa. First, assessing EGFR/HER2 phosphorylation,
we found that IGFBP-3 alone had no effect in either MCF-10A
or T47D cells (Fig. 4D). In addition we showed that in both cell
lines EGF-induced activation of the EGFR was also unaffected
in the presence of IGFBP-3 (Fig. 4E). We also performed these
experiments at 5 and 15 min on fibronectin and obtained the
same results (data not shown). It has, however, become appar-
ent that in addition to the initial activation of the receptor, its
cellular localization also has important effects on consequent
cell signaling. Upon activation, the receptor is internalized to
endosomes where adaptor proteins recruit scaffolding proteins
that facilitate the assembly of signaling complexes. The inter-
nalization of EGFR to endosomes is often required for full acti-
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vation of MAPK and a proliferative response (32—-34). We,
therefore, also examined whether IGFBP-3/SPD affects EGFR
internalization. Indeed Fig. 4, F-1, show that the combination of
IGFBP-3 and EGF in the MCF-10A cells and T47D cells, respec-
tively, did result in alterations in EGFR internalization. With
the non-malignant MCF-10A cells, EGF-induced receptor
internalization was increased by 87.6% (p < 0.06) but decreased
by 68.2% (p < 0.01) in the malignant T47D cells. Furthermore,
we demonstrated that these effects in the non-malignant and
malignant cell lines were reversed when the cells were grown on
fibronectin such that EGF-induced receptor internalization
was reduced with MCF-10A cells but enhanced in the T47D
cells. Rho is known to play a key role in endocytic trafficking
(35), and it has been shown previously that internalization of
EGEFR can be Rho-dependent (36, 37). With MCF-10A cells, we
found that IGFBP-3 activated Rho after 2 min, which was max-
imal at 5 min. In contrast, the activation of Rho by a positive
control, sphingosine 1-phosphate at 1 min had disappeared by 2
min (data not shown). Fig. 4, J and K, confirm that IGFBP-3
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significantly (p < 0.05) activated Rho after treatment for 5 min,
and Fig. 4L confirms that Rho was involved in the proliferative
effects of IGFBP-3, as blocking Rho-associated kinase (ROCK)
actually reversed the effects of IGFBP-3 such that IGFBP-3 then
significantly (p < 0.001) inhibited cell growth.

IGFBP-3 Affects EGF-induced MAPK Phosphorylation—W'e
have shown previously in MCF10A cells that the promotion of
cell growth by IGFBP-3 is MAPK-dependent (5). In the MCE-
10A cells, EGF alone significantly activated p44/42 MAPK at all
time points (p < 0.05). IGFBP-3 alone also activated p44/42
MAPK but only significantly at 15 min (p < 0.001). In combi-
nation with EGF, IGFBP-3 significantly enhanced p44/42
MAPK phosphorylation at all but the longest time point (p <
0.01) (Fig. 5A).

EGF also activated Akt but at 5 and 15 min only (p < 0.05)
and p38 MAPK at all but the longest time point (p < 0.05).
IGFBP-3 alone, however, had no effect on p-38 MAPK or Akt
activation. The EGF-induced activation of p-38 MAPK or Akt
were also unaffected in the presence of IGFBP-3 (data not
shown).

In the T47D cells EGF alone also significantly increased
p44/42 MAPK phosphorylation (p < 0.001). The activation sta-
tus of p44/42 MAPK was unaffected in the presence of IGFBP-3
alone. In contrast to the MCF-10A cells, the ability of EGF to
activate p44/42 MAPK was markedly inhibited in combination
with IGFBP-3 (p < 0.05) and had returned to base line by 30
min (Fig. 5B). EGF also activated Akt at all time points but had
no effect on p-38 MAPK phosphorylation. p38-MAPK or Akt
were unaffected by IGFBP-3 alone, and the EGF-induced acti-
vation of Akt was unaffected by IGFBP-3 (data not shown).

In the Hs578T cells, EGF alone significantly increased p44/42
MAPK phosphorylation at all time points (p < 0.05), whereas
IGFBP-3 alone was without effect. As in the T47D cells, the
ability of EGF to activate p44/42 MAPK was inhibited by
IGFBP-3 but only significantly at 5 min (p < 0.001) (Fig. 5C).
EGF did not affect Akt activation but significantly increased
p-38 MAPK phosphorylation at 5 and 15 min (p < 0.01); the
activation status of these were unaffected by IGFBP-3 or the
combination (data not shown).

IGFBP-3 Affects EGF-induced MAPK Phosphorylation on
Fibronectin—In the MCF-10A cells on fibronectin, EGF alone
significantly activated p44/42 MAPK at all time points (p <
0.001 respectively), whereas IGFBP-3 alone activated p44/42
MAPK but only significantly at 15 min (p < 0.001). These find-

Effects of IGFBP-3 on EGF-induced Proliferation

ings were very similar to the responses observed when the cells
were cultured on plastic. In combination with EGF, however,
IGFBP-3 significantly inhibited p44/42 MAPK phosphoryla-
tion at all but the longest time point (p < 0.05) (Fig. 6A4). EGF
also activated Aktat all but the longest time point (p < 0.05) and
p38 MAPK at all time points (p < 0.05), whereas IGFBP-3 alone
had no effect on either p-38 MAPK or Akt activation. In addi-
tion, EGF-induced activation of p-38 MAPK or Akt was unaf-
fected in the presence of IGFBP-3 (data not shown).

In the T47D cells on fibronectin, EGF alone also significantly
increased p44/42 MAPK phosphorylation at all time points
(p < 0.001), whereas IGFBP-3 alone was without effect. This
response to EGF alone time-dependently returned to base line,
but this did not occur in the presence of IGFBP-3; the ability of
EGF to activate p44/42 MAPK was sustained for longer in com-
bination with IGFBP-3 (Fig. 6B). EGF had no effect on Akt or
p-38 activation at any time point, and these were also unaf-
fected by IGFBP-3 or the combination (data not shown).

With the Hs578T cells on fibronectin, EGF alone signifi-
cantly increased p44/42 MAPK phosphorylation at all time
points (»p < 0.001), but the activation status of p44/42 MAPK
was unaffected in the presence of IGFBP-3 alone. As in the
T47D cells, the ability of EGF to activate p44/42 MAPK was
enhanced in combination with IGFBP-3 and at every time point
(p < 0.001) (Fig. 6C). EGF also increased Akt activation (p <
0.01) at all time points and increased p-38 phosphorylation at
all but the longest time point (p < 0.001). p38-MAPK or Akt
were unaffected in the presence of IGFBP-3 alone or the com-
bination of EGF and IGFBP-3 (data not shown). Comparing the
cells, we found that the -fold changes in MAPK activation were
relatively comparable on both matrices, which correlated with
their similar growth responses to EGF (data not shown).

DISCUSSION

Epithelial cells receive important signals from soluble growth
factors and from insoluble matrix proteins. Tumor invasion
and metastasis involves complex changes in the normal cell-cell
and cell-matrix interactions (17). Laminin and collagen 1V are
the major components of the basement membrane upon which
normal breast epithelial cells reside (38), but in breast tumors,
where normal tissue architecture is disrupted, the cells are
exposed to less laminin in comparison to extremely high levels
of fibronectin (39). Fibronectin in breast tumors has been cor-
related with lymph node status and an increased mortality risk

FIGURE 4. The effects of IGFBP-3 on cell growth involve the EGF receptor. A, MCF-10A cells were dosed with EGF (10 ng/ml) or Iressa (1 um) or a combination
of the two for 4 h. Cells were then lysed and processed for p-EGFR followed by total EGFR to show comparable levels of protein loaded. The blot is representative
of experiments repeated three times (arbitrary optical density units for A: CT = 0.31, Iressa = 0, EGF = 0.97; EGF + Iressa = 0.19). CT, control. B, MCF-10A cells
were dosed with IGFBP-3 (100 ng/ml) or SPD (5 and 10 ng/ml) in the presence or absence of Iressa (1 um) for 24 h. Cell proliferation was assessed using tritiated
thymidine incorporation. The graph represents the mean of three experiments that were each performed in triplicate. C, MCF-10A cells were dosed with
IGFBP-3 (100 ng/ml) with or without Iressa (1 um) for 15 min. Cells were lysed as in A and immunoblotted for p-P42/44MAPK followed by ERK-2 as a loading
control. The graph shows the percentage change in OD of three representative blots. D, MCF10A and T47D cells were dosed with EGF (10 min) or IGFBP-3 (10
min to 8 h), E, MCF10A and T47D cells were dosed with EGF in the presence or absence of IGFBP-3. D and E were processed and assessed for HER2 and/or EGFR
phosphorylation as in A. F-I, MCF-10A and T47D cells were treated as in E for 1 h on either plastic (A and B, n = 3 for each) or on fibronectin (Cand D, n = 2 for
each) and then lysed and processed to assess the internalization of the EGF receptor (as described under “Experimental Procedures”). Representative blots
showing changes in levels of EGFR inside the cell (/) or on the cell surface (E) are shown for each experiment. We also show total levels of EGFR (where 1 = SFM,
2 = EGF, 3 = IGFBP-3, 4 = EGF+IGFBP-3) together with GAPDH as a loading control. We used MHC class 1 as a loading control for the external fraction and
GAPDH for the internal component. The graphs show the percentage change in ODs between internal EGFR compared with external EGFR corrected for their
respective controls. J and K, MCF-10A cells were dosed with IGFBP-3 (100 ng/ml; 5 min) and processed for Rho activation as described under “Experimental
Procedures.” The graph represents the mean of three separate experiments. L, MCF-10A cells were treated with IGFBP-3 (100 ng/ml) with and without Y-27632
(5 um) for 24 h and assessed for tritiated thymidine incorporation. The graph represents the mean of three experiments that were each performed in triplicate.
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involve anchorage-dependent signals mediated via integrin
receptors (40). A number of specific integrin receptors have
been shown to physically associate with EGFR (41, 42) and with
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HER-2 (43). Integrins can induce EGFR phosphorylation in the
absence EGFR ligands (44) and can modulate EGF and heregu-
lin-induced signaling (45).

In the normal breast, estrogen acts in concert with local
growth factors to regulate epithelial cell function. As breast
tumors progress they can acquire independence from estrogen
and, hence, resistance to endocrine therapies, which represents
a major clinical problem. This acquired resistance appears to
involve adaptive increases in activity of local growth factor sys-
tems, particularly EGF and IGF (46). With progression to estro-
gen independence, there is a concomitant increase in expres-
sion of IGFBP-3 (3, 4). It has previously been reported that
IGFBP-3 potentiated EGF-promoted growth of non-malignant
breast epithelial cells (27). We have now examined the effects of
IGFBP-3 on EGF-promoted growth in both non-malignant and
malignant breast epithelial cells in the context of different
ECM, as would occur with tumor progression. We confirmed
that IGFBP-3 potentiated the EGF-promoted growth of non-
malignant breast epithelial cells and found that the opposite
occurred in breast cancer cells where IGFBP-3 inhibited EGF-
induced growth. We have also shown that a fragment of
IGFBP-3 that does not bind to IGFs has the same actions, indi-
cating that these actions of IGFBP-3 are independent of IGF
binding. These effects were the same when the cells were cul-
tured on plastic or on laminin-coated plates; however, when the
same cells were cultured on fibronectin-coated plates the effect
of IGFBP-3 on EGF responses were reversed. On fibronectin,
IGFBP-3 inhibited EGF-promoted growth of non-malignant
cells but enhanced EGF-promoted growth of breast cancer
cells. These results are entirely consistent with our previous
work, which indicated that IGFBP-3 could reduce cell adhesion
and accentuate apoptotic responses of breast cancer cells on
laminin and collagen, but these effects were reversed on
fibronectin (16). The ability of fibronectin to switch the actions
of IGFBP-3 may account for the apparent ambiguity in the lit-
erature, relating to whether the presence of IGFBP-3 will have a
positive or negative effect on breast cancer cells and adds to the
evidence that integrins are critically involved in IGFBP-3
actions. Thrombospondin, which can activate integrin-associ-
ated protein in addition to integrin receptors (47), can switch
the inhibitory effects of IGFBP-3 on cell attachment (16). Fur-
thermore, the effects of IGFBP-3 on apoptosis and attachment
are blocked in the presence of an RGD-containing fibronectin
fragment (16).

The enhanced response to EGF when the cells were cultured
on fibronectin is consistent with the reports that fibronectin
promotes clustering of a581 and a11 integrins and activation
of EGFR and enhances EGFR coupling to the MAPK pathway
via Shc (19, 20). Epithelial cells express a large repertoire of
integrin receptors that changes with malignant transformation

FIGURE 5. IGFBP-3 affects EGF-induced activation of p44/42 MAPK in
breast epithelial cells. Cells were dosed EGF (0-25 ng/ml) or IGFBP-3 (100
ng/ml) or in combination for 5, 15, 30, and 120 min, lysed, and probed for
p44/42 MAPK and also GAPDH to show equal loading of protein. Represen-
tative Western immunoblots for p44/42 MAPK and GAPDH are shown for MCF-
10A cells (A), T47D cells (B), and Hs578T cells (C). The bottom panel in each figure
shows the mean densitometry values of three separate experiments upon which
statistical analysis was performed and included in the results.
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and the consequent ECM remodeling. It has been reported that
more than half of unstimulated EGFRs are concentrated in
caveolae (48), within which numerous signaling molecules
aggregate. Caveolin-1 is scaffolding protein-enriched within
caveolae and has been shown to associate with integrins (20)
and IGFBP-3 (5, 49). The particular matrix with which the cells
interact will affect associations/disassociations between EGFR/
HER-2 and integrin receptors, with consequences on subse-
quent downstream signaling. Through its interaction with inte-
grin receptors and their ancillary proteins, IGFBP-3 may
modify these associations; this may account for the differential
effects of IGFBP-3 on EGF-induced growth between normal
and cancer cells and also the matrix-dependent differences
within each cell type.

As we have shown previously, IGFBP-3 and SPD promoted
basal growth of the normal MCF10A cells in serum-free media
without the addition of EGF in a MAPK-dependent manner (5).
We found, however, that this induction of cell growth by
IGFBP-3 and SPD was completely abrogated by EGFR inhibi-
tors, Iressa and AG1064, as was the ability of IGFBP-3 to acti-
vate MAPK. This implies that IGFBP-3 intrinsically modulated
EGF receptor activity, potentially via integrin receptors. We
found that IGFBP-3 did not increase the basal phosphorylation
of EGFR, which was also noted by Martin et al. (27). However,
in contrast to this report (27), we did not see modulation of
EGF-induced activation of EGFR in the presence of IGFBP-3.
Another report also showed an effect of IGFBP-3 on EGF
actions in an endometrial cancer cell line, and like us, they also
observed no effect on EGF receptor phosphorylation (50).
However, we only assessed the phosphorylation status at
Tyr'°®®, which had previously been reported to be affected, and
it would be interesting to address if other sites of the EGFR were
differentially phosphorylated, although no effect on EGF recep-
tor phosphorylation in endometrial cancer cells was observed
when using a general phosphotyrosine antibody (50). We did
make the novel observation that IGFBP-3 affected internaliza-
tion of the EGF receptor and subsequent activation of MAPK.
The regulation of EGER trafficking has been reported to involve
Rho (36, 37). We showed that EGF-induced growth of the
MCEF-10A cells was associated with an increase in EGFR inter-
nalization, both of which were enhanced in the presence of
IGFBP-3, but the growth and EGFR internalization were inhib-
ited in the T47D cells. We also found that these effects were
reversed in each cell line when grown on fibronectin. In prelim-
inary experiments we observed that IGFBP-3 acutely increased
the active component of Rho and a Rho inhibitor blocked its
proliferative effect on MCF-10A cells. In future studies the role
of Rho in mediating IGFBP-3 effects should be confirmed using
specific molecular manipulations. It has been shown that EGFR

FIGURE 6. IGFBP-3 affects EGF-induced activation of p44/42 MAPK in
breast epithelial cells on fibronectin. Cells were dosed EGF (0-25 ng/ml) or
IGFBP-3 (100 ng/ml) or in combination for 5, 15, 30, and 120 min, lysed, and
probed for p44/42 MAPK and also GAPDH to show equal loading of protein.
Representative Western immunoblots for p44/42 MAPK and GAPDH are
shown for MCF-10A cells (A), T47D cells (B), and Hs578T cells (C). The bottom
panel in each figure shows the mean densitometry values of three separate
experiments upon which statistical analysis was performed and included in
the results.
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internalization to endosomes facilitates association with the
adaptor protein p14, which then localizes the scaffold protein
MP1 (MEKI1 partner), which in turn potentiates activation of
the ERK signaling cascade (33). In MCF-10A cells, where
IGFBP-3 promotes EGFR internalization, more EGFR would be
available to associate with p14 and MP1I, intensifying MAPK
signaling and the proliferative response as we observed. In the
T47D cells, however, the internalization of EGFR was reduced
in the presence of IGFBP-3, and EGF-induced MAPK signaling
and growth was inhibited by IGFBP-3. It would be interesting to
investigate these movements and associations with dual-stain-
ing confocal microscopy. Although EGF was able to activate
p-38 MAPK, p44/42 MAPK, and p-Akt, we found that only
EGF-induced p44/42 MAPK was modulated by IGFBP-3 in all
three cell lines. This specific effect on one signaling pathway
may be due to altered interactions with p14.and MP1. growth. It
has been reported previously in the MCF-10A cells that p-38
MAPK was also involved in IGFBP-3 actions (27). Others have
found that intrinsic signaling by IGFBP-3 can involve p-Akt
(51), and potentiation of IGF activity by IGFBP-3 has also been
shown to be via p-Akt (52). Together these reports suggest that
IGFBP-3 can use different pathways to elicit its effects depend-
ing upon the context of different growth factors, different cell
types, or the cells extracellular matrix.

The ability of IGFBP-3 to modulate EGF-induced growth in
an intrinsic manner adds to the accumulating evidence suggest-
ing that IGFBPs play an important role in the regulation of cell
growth, death, adhesion (for review, see Ref. 4), and migration
(53) independently of their interactions with IGFs. In addition
to the six high affinity IGFBPs, there are a larger group of pro-
teins that share more limited homology but clearly form more
distant relatives of a superfamily of related proteins (54) that
includes another group of proteins referred to as CCN proteins,
which include NOV, mac25, CTGF, and CYR61. The CCN pro-
teins are, like IGFBPs, all cysteine-rich modular proteins with
many pleiotropic actions on cell functions similar to the intrin-
sic actions of IGFBP-3 (55). No specific cell surface receptors
have been described for CCN proteins, but it is now recognized
that they generally act via integrin receptors with which they
interact through non-classical recognition sequences (56).
Although IGFBP-3 also does not possess a classical integrin
recognition sequence, it has been reported to associate with the
B1 integrin (5, 49) and to bind with high affinity to many other
proteins that are recognized to interact directly with integrins,
including fibronectin (57), fibrin and fibrinogen (58), plasmin-
ogen (59), ADAM12 (60), caveolin-1, and the transferrin recep-
tor (49, 61). In support of this, a recent report has demonstrated
that IGFBP-3 potentiation of EGF-induced growth in the non-
malignant MCF10A cells involves activation of sphingosine
kinase 2, which resulted in sphingosine-1 phosphate produc-
tion acting on sphingosine 1-phosphate 1/3 receptors (62). Evi-
dence shows that S1P-mediated signaling via S1P1 receptors
can utilize Rho to activate integrin av3 (63). Collectively these
reports are consistent with our data indicating another way in
which IGFBP-3 can modulate integrin function. It is possible
that IGFBP-3 interacts with integrin receptors via one of these
intermediates or directly via a non-classical integrin recogni-
tion sequence. It is clear that integrins play a pivotal role in both
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the actions of EGF and the intrinsic effects of IGFBP-3. In addi-
tion to these similarities between IGFBPs and CCN proteins, it
has recently been reported that CYR61 (CCN1) (64) mediates
many of the effects of heregulin (a member of the EGF-like
growth factor family) on breast cancer cells. Heregulin up-reg-
ulated CCN1, which then promoted cell growth and survival via
avP3 integrin receptor-mediated activation of MAPK (65).
These interactions are very analogous to those that we have
found between IGFBP-3 and EGF. It has been reported that
EGF regulates IGFBP-3 production (21, 22), and we have
described in this study and previously that that the intrinsic
effects of IGFBP-3 on cell growth also involves integrin recep-
tor activation and phosphorylation of MAPK culminating in
cell proliferation (5).

This study has demonstrated that IGFBP-3 can inhibit EGF-
induced growth of breast cancer cells, but with the same cells on
fibronectin, the actions of IGFBP-3 switch to promoting EGF-
induced proliferation. As breast tumors progress, a number of
changes occur including up-regulation of EGFR/HER-2 (23),
IGFBP-3(14, 15), and fibronectin (17) production. This would
then culminate in an environment that is optimal for promot-
ing growth, resulting in a more aggressive tumor. Our findings
may also have important implications in relation to agents that
target EGFR, such that in an early tumor environment it may be
anticipated that the presence of IGFBP-3 would reduce EGF-
induced growth and thereby the efficacy of drugs targeting
EGFR. However, in a more advanced tumor, the presence of
IGFBP-3 could potentially enhance EGF-induced proliferation.
Tumor growth would be more EGF-dependent, and this could
markedly increase the efficacy of such interventions. These and
other studies may eventually provide us with better markers of
drug efficacy and allow more specific patient selection.
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