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Integrins and growth factor receptors are important participants in cellular adhesion and migra-
tion. The EGF receptor (EGFR) family of tyrosine kinases and the b1-integrin adhesion receptors
are of particular interest, given the implication for their involvement in the initiation and
progression of tumorigenesis. We used adhesion and chemotaxis assays to further elucidate the
relationship between these two families of transmembrane signaling molecules. Specifically, we
examined integrin-mediated adhesive and migratory characteristics of the metastatic breast
carcinoma cell line MDA-MB-435 in response to stimulation with growth factors that bind to and
activate the EGFR or erbB3 in these cells. Although ligand engagement of the EGFR stimulated
modest b1-dependent increases in cell adhesion and motility, heregulin-b (HRGb) binding to the
erbB3 receptor initiated rapid and potent induction of breast carcinoma cell adhesion and
migration and required dimerization of erbB3 with erbB2. Pharmacologic inhibitors of phospho-
inositide 3-OH kinase (PI 3-K) or transient expression of dominant negative forms of PI 3-K
inhibited both EGF- and HRGb-mediated adhesion and potently blocked HRGb- and EGF-
induced cell motility. Our results illustrate the critical role of PI 3-K activity in signaling pathways
initiated by the EGFR or erbB3 to up-regulate b1-integrin function.

INTRODUCTION

The integrin family of adhesion receptors plays a pivotal
role in a wide variety of events that control a cell’s commu-
nication with its environment (Diamond and Springer, 1994;
Schwartz et al., 1995; Aplin et al., 1998). These include such
functions as cellular adhesion, motility, survival, differenti-
ation, and morphogenesis. The EGF receptor (EGFR) family
of growth factor receptors also contributes in diverse ways
to these events, and the signaling cascades governing the
cellular outcomes initiated by signals from either receptor
family are now being elucidated. The observation that
growth factor receptors and integrins synergistically poten-
tiate given biochemical events illustrates the interplay be-
tween these two families of cell surface receptors (Miyamoto
et al., 1996; Schneller et al., 1997; Guilherme et al., 1998;
Woodard et al., 1998). To better understand the normal and

aberrant communications that may contribute to cellular
dysregulation present in tumorigenic and metastatic cells, it
is crucial to characterize the potential pathways linking
growth factor receptors to integrins and the outcome of
these signals on events such as cellular adhesion and metas-
tasis.

The b1-integrin subfamily interacts with various cellular
counter-receptors and extracellular matrix (ECM) compo-
nents determined by the partnering of specific a subunits
with b1, as well as the particular cellular context. Alterations
in levels of expression of b1-integrins have been implicated
in tumorigenesis (Albelda, 1993), although few consistent
models have emerged to clarify how these changes contrib-
ute to cellular dysregulation in tumor cells. Recent studies
using targeted disruption of the b1-integrin gene have illus-
trated the contribution of b1-integrins to the metastatic po-
tential of murine lymphoma cells in vivo (Stroeken et al.,
1998), and manipulation of b1 function by transgenic expres-
sion of a chimeric b1 molecule has further demonstrated the
importance of b1-integrins in normal epithelial cell prolifer-
ation, apoptosis, differentiation, and maintenance of cell po-
larity in the developing mammary gland (Faraldo et al.,
1998). However, expression levels of integrins, per se, may
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not necessarily translate into a commensurate functional
outcome (Akiyama et al., 1990; Shimizu et al., 1990a,b), be-
cause integrin function can be rapidly and transiently regu-
lated in response to stimulation of several cell surface recep-
tors. This fine-tuned control of b1-integrin function in the
absence of alterations in integrin levels at the cell surface is
elegantly demonstrated on circulating leukocytes (Shimizu,
1994), and rapid up-regulation of b1-integrins after stimula-
tion of receptor tyrosine kinases such as the PDGF or c-kit
receptors expressed on mast cells (Kinashi and Springer,
1994; Kinashi et al., 1995; Serve et al., 1995; Vosseller et al.,
1997) has also been described. However, the potential for
signaling between the multisubunit EGFR family of recep-
tors and the b1-integrins has not been extensively examined.

The EGFR family of receptor tyrosine kinases is now
recognized as a multisubunit family consisting of the EGFR
(erbB1), erbB2, the kinase-impaired erbB3, and erbB4. These
receptors, with the exception of erbB2, are bound and acti-
vated by distinct sets of growth factors that fall broadly into
three categories. The first includes EGF, amphiregulin, and
TGFa, growth factors specific for the EGFR. Secondly, the
heregulins (HRGs) represent a multigene family of growth
factors with alternately spliced forms that bind specifically
to erbB3 and erbB4. Finally, more promiscuous growth fac-
tors such as betacellulin, heparin-binding EGF, and epiregu-
lin are capable of interacting with both the EGFR and with
erbB4. Adding to the complexity of this family is the dra-
matic potential for signal diversity attributable to homo- and
heterodimerization, as well as possible secondary dimeriza-
tion (Graus-Porta et al., 1997; Huang et al., 1998) between its
members. The formation of and unique biochemical proper-
ties of these ligand-driven heterodimers are now being ap-
preciated (Lemmon and Schlessinger, 1994; Earp et al., 1995;
Wallasch et al., 1995; Karunagaran et al., 1996; Cohen et al.,
1996; Zhang et al., 1996; Alroy and Yarden, 1997; Graus-
Porta et al., 1997; Riese and Stern, 1998). However, charac-
terization of the unique biochemistry presented by specific
heterodimers has just begun, and the possible contribution
of different receptor combinations in cellular adhesion and
motility has remained relatively unexplored. It is likely that
the signaling pathways leading to mitogenesis are quite
distinct from those of other cellular events such as motility
or invasion (Chen et al., 1994; Elenius et al., 1997), and recent
studies have made important contributions toward dissect-
ing the EGF-sensitive motility responses (Chen et al., 1996;
Ware et al., 1998; Xie et al., 1998; Li et al., 1999). Nonetheless,
experimental systems used to assess EGF regulation of mo-
tility have often used exogenous expression of the EGFR in
receptor-negative cells or cell lines with artificially high
receptor levels. In addition, little experimental work has
been directed at integrin-mediated events in response to
HRG.

The rapid and transient up-regulation of b1 function on
leukocytes (Shimizu, 1994) provides a compelling parallel
with metastatic processes undertaken by aggressive tumor
cells, and the lipid kinase phosphoinositide 3-OH kinase (PI
3-K) has emerged as a critical component in many of the
pathways that contribute to the regulation of b1-integrin
function (Shimizu and Hunt 1996). Cell surface receptors,
including the EGFR family, in a host of cell types and with
varying functions interact directly or indirectly with PI 3-K
and stimulate its enzymatic activity, thereby generating

lipid byproducts that are now believed to participate di-
rectly, both in a positive and negative manner, in pathways
critical to mitogenesis, cell survival and apoptosis, adhesion,
motility, and cytoskeletal reorganization (Kapeller and
Cantley, 1994; Carpenter and Cantley, 1996; Klippel et al.,
1997; Stokoe et al., 1997; Falasca et al., 1998). Importantly, PI
3-K has emerged as a critical enzyme in the basal motility of
other breast carcinoma cell lines (Keely et al., 1997). In ad-
dition, activation of PI 3-K by the a6b4-integrin has been
implicated in the enhanced migration of a breast cancer cell
line expressing transfected b4-integrin (Shaw et al., 1997).
Given these reports, it seems plausible to suggest that mem-
bers of the EGFR family may facilitate b1-integrin-mediated
adhesion and migration via activation of PI 3-K, particularly
in tumor cell lines that have not been altered via transfection
of integrin subunits or EGFR family members.

The role of PI 3-K in EGFR signaling and in the regulation
of integrin function in the immune system suggests a poten-
tial synergy between EGFR signaling and integrin function
in breast cancer. Therefore, we have dissected the contribu-
tions of members of the EGFR family of receptor tyrosine
kinases to the regulation of b1-integrin function in breast
cancer cells and examined the role of PI 3-K in these path-
ways. Our data demonstrate rapid up-regulation of b1-inte-
grin function by ligand stimulation of the EGFR or erbB3, in
a PI 3-K-dependent manner and illustrate the preferential
participation of erbB2 in HRGb- rather than EGF-stimulated
adhesion and migration.

MATERIALS AND METHODS

Cell Lines
The MDA-MB-435 cell line was maintained in Leibovitz’s L-15
medium (Life Technologies, Gaithersburg, MD) supplemented with
10% FCS (Atlanta Biologicals, Norcross, GA). The 528 hybridoma,
expressing the anti-EGFR monoclonal antibody, was maintained in
RPMI 1640 medium (Mediatech, Washington, DC) containing 10%
FCS. Culture supernatant was harvested from confluent cultures of
528 cells and was titered for detection of the EGFR. All cell lines
were obtained from the American Type Culture Collection (ATCC;
Manassas, VA), and all cell culture media contained additives of 2
mM l-glutamine and 50 U/ml penicillin/streptomycin (Mediatech).

Flow Cytometry
Single-color flow cytometric analysis (FACS) was performed on
cells in suspension after removal from tissue culture flasks with
EDTA or trypsin. Cells (5 3 105) were typically analyzed with
antibodies incubated as 1 mg purified antibody, 5 ml ascites anti-
body, or 25 ml antibody in culture supernatant/1 3 106 cells. Anti-
bodies in the form of ascites or culture supernatant were routinely
titered for appropriate detection of cell surface receptors. Antibod-
ies for flow cytometric analysis included the anti-EGFR monoclonal
antibody 528 (ATCC), the anti-erbB2 monoclonal Ab-5 (Calbiochem,
La Jolla, CA), the anti-erbB3 monoclonal antibody Ab-4, the anti-
erbB4 monoclonal antibody Ab-1 (Lab Vision, Fremont, CA), the
b1-integrin-specific monoclonal antibody TS2/16 (ATCC), the b2-
integrin-specific monoclonal antibody TS1/18 (ATCC), the a1-inte-
grin-specific monoclonal TS2/7 (ATCC), the a2-integrin-specific
monoclonal antibody P1E6 (Life Technologies), the a3-inte-
grin-specific monoclonal antibody P1B5 (Life Technologies), the
a4-integrin-specific monoclonal antibody NIH49d-1 (a kind gift
from Dr. S. Shaw, National Institutes of Health), the a5-integrin-
specific monoclonal antibody P1D6 (Life Technologies), the a6-in-
tegrin-specific monoclonal antibody GoH-3 (ICN/Cappell, Co-
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chranville, PA), and FITC-conjugated goat anti-mouse IgG or goat
anti-rat IgG (Southern Biotechnology, Alabaster, AL). Cells in FACS
buffer (HBSS containing 1% bovine calf serum [Hyclone Laborato-
ries, Logan, UT]) were incubated with appropriate antibodies for 30
min on ice, washed three times in FACS buffer, and incubated for an
additional 30 min with appropriately diluted FITC-conjugated sec-
ondary antibodies. After two washes in ice-cold FACS buffer, data
were acquired on a Becton Dickinson (Mountain View, CA) FACS-
can or FACScalibur and analyzed using Cellquest software.

DNA Constructs and Transfections
The green fluorescent protein (GFP)-wild-type p85 and GFP-Dp85
constructs have been previously described (Chan et al., 1997). Trans-
fections were carried out by electroporation in 4-mm gap cuvettes
(Invitrogen, San Diego, CA). Cells (5 3 106) in 300 ml Opti-MEM
(Life Technologies) were incubated with 25 mg appropriate DNA
and electroporated using 250-V, 960-mF settings on a Bio-Rad (Her-
cules, CA) gene pulser with capacitance extension. After allowing
the cells to recover for 20 min at room temperature, cells were
transferred to tissue culture flasks containing 20% FCS and 80% L-15
media and were allowed to recover for 24–48 h before use in
adhesion or migration assays. Typical transient expression of DNA
constructs ranged from 15–35% of recovered cells.

Adhesion Assays
Standard adhesion assays were performed using cells labeled with
Calcein AM (Molecular Probes, Eugene, OR) as previously de-
scribed (Zell et al., 1996). ECM ligands were human type IV collagen
(Sigma, St. Louis, MO), mouse Engelbreth-Holm-Swarm Sarcoma
(EHS)-derived type IV collagen (Life Technologies), human merosin
or EHS-derived laminin (Life Technologies), and human fibronectin
(FN). For transient expression of GFP fusion proteins, adhesion was
quantitated after collection of adherent cells and analysis by flow
cytometry essentially as described (Chan et al., 1997; Kivens and
Shimizu, 1999). Growth factor stimulation was performed with EGF
(Life Technologies), betacellulin, HRGa, or HRGb (all from R&D
Systems, Minneapolis, MN). For receptor blocking studies, cells
were incubated in the presence of control mouse IgG (Caltag, South
San Francisco, CA), the anti-b1-integrin antibody P5D2 (a kind gift
from T. LeBien, University of Minnesota, Minneapolis, MN), the
anti-erbB2 Ab-16, the anti-erbB3 Ab-5, or the anti-erbB4 Ab-3 (all
from Lab Vision) at 1 mg antibody/1 3 106 cells or as indicated in
figure legends. Tyrphostin AG1478 (Calbiochem) was used for in-
hibition of the EGFR. Pharmacological inhibition of PI 3-K was
performed with wortmannin (Sigma) or LY294002 (Alexis, San Di-
ego, CA). Inhibition of mitogen-activated, ERK-activating kinase
was performed using the inhibitor PD98059 (Parke-Davis, Ann Ar-
bor, MI).

Migration Assays
Cell lines were allowed to grow to suconfluency (;75–85%) before
harvest for migration studies. Subconfluent cell cultures were
placed in serum-free media for 12–24 h and harvested by releasing
from flasks with 1 mM EDTA. After cells were washed free of EDTA
in serum-free RPMI 1640 media, they were quantitated and assessed
for viability using trypan blue. Cells at a density of 400,000 cells/ml
in assay media (RPMI, 20 mM HEPES, 0.1% BSA) were added in 57
ml to the upper well of a 48-well chemotaxis chamber (Neuroprobe,
Cabin John, MD), containing assay media or appropriate growth
factor. Polycarbonate filters (8 mm; Osmonics, Livermore, CA) were
precoated with mouse EHS-derived type IV collagen or EHS-de-
rived laminin (Life Technologies) at 20 mg/ml in PBS overnight at
4°C and allowed to air dry before placing in chambers. Cells were
allowed to migrate in the presence or absence of stimulators for 4–6
h at 37°C before disassembly of the chambers, fixing, and staining of
the migrated cells. Nonmigrated cells were removed from the upper

surface of the filters after placing on a microscope slide, and cell
migration was quantitated by counting and taking the sum of
migrated cells in four separate fields of at least three individual
wells. For inhibition studies, cells were preincubated for 15 min on
ice with inhibitor or appropriate control before addition to chemo-
taxis chambers. Although some variability in basal cell migration
was observed in separate experiments, relative changes between
stimulated and unstimulated migration were consistent.

For transient transfection–migration assays cells were transfected
as described above. Cells were serum starved for 12 h before har-
vesting for migration assays. Transwell chambers (six-well size,
8-mm filters; Costar, Cambridge, MA) or 8-mm polycarbonate mem-
brane filters for Boyden chemotaxis chambers were coated over-
night at 4°C in solutions of mouse EHS-laminin or EHS-collagen at
20 mg/ml in PBS. Growth factors diluted in assay media were added
to the lower wells of chemotaxis chambers or transwells, and coated
filters were placed on top. Cells were then added to upper wells at
;1 3 106 cells per well in 1.5 ml assay media. The same dilution of
cells was used for addition to quadruplicate wells in 24-well plates
(100 ml/well) for determination of starting cell populations. Cells
were also added to the upper wells of Boyden chambers, and
migration was allowed to proceed overnight in both transwells and
Boyden chambers. Chemotaxis chambers were disassembled and
analyzed the following morning as described above. Transwell mi-
gration chambers were disassembled, and migrated cells were re-
moved from the lower surface of each well with 1:1 trypsin:EDTA.
Dislodged cells were added to FACS tubes containing ice-cold 10%
FACS buffer (HBSS and 10% bovine calf serum), spun, and resus-
pended in 200 ml 10% FACS buffer. Cells plated in 24-well plates
were also harvested and placed into FACS tubes for approximation
of cells added per well and for determining the percent efficiency of
transfectants. FACS tubes containing representative starting cell
populations or migrated cell populations were analyzed by flow
cytometry with additions of 25,000 reference beads per tube (9.7 mm;
Interfacial Dynamics, Portland, OR) to determine cell numbers
present in each tube. Quantitation was done essentially as described
(Chan et al., 1997). Briefly, the numbers of cell and reference bead
events acquired by flow cytometric analysis were used to calculate
cell numbers present in starting populations composed of GFP2,
GFP1, GFP11, and GFP111 (fluorescing between logs 0 and 1, 1
and 2, 2 and 3, or 3 and 4, respectively). Using reference beads, the
number of cells in each migrated population was determined in the
same way and compared directly with the starting cell population to
calculate percent migration and fold change. Comparison of assays
carried out for 4 versus 16 h gave similar results. The average of
three wells per condition was determined for each data point (Kiv-
ens and Shimizu, 1999).

Immunoprecipitation
Cells that had been serum starved for 12–24 h were harvested from
tissue culture flasks using 1 mM EDTA. Cells were washed in
serum-free RPMI 1640 medium to remove EDTA and were quanti-
tated by trypan blue exclusion. Equal aliquots of cells were added to
Eppendorf tubes and stimulated in the presence or absence of
growth factors for the indicated periods at 37°C. For studies assess-
ing the effects of erbB2 blocking, cells were preincubated on ice for
15 min with mouse IgG as control or erbB2 blocking Ab-16 at 0.5
mg/1 3 106 cells before stimulation. After stimulation, cells were
lysed directly in 0.5 ml 23 lysis buffer (13 5 1% Triton X-100, 1%
deoxycholic acid, 158 mM NaCl, 5 mM EDTA, 10 mM Tris, pH 7.2,
1 mM PMSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1 mM
sodium orthovanadate) on ice for 20 min. Supernatants were clari-
fied by centrifugation for 20 min at 4°C, and postnuclear superna-
tants were immunoprecipitated with the anti-phosphotyrosine an-
tibody PY20 (10 ml 1:10 ascites, provided by Dr. M. Kamps,
University of California, San Diego, CA), the EGFR mAb 528 (15 ml
culture supernatant), the erbB2 mAb-5 (1 mg), or the erbB3 mAb4 (1
mg) overnight at 4°C. Protein-A Sepharose 4B or goat anti-mouse
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IgG-Sepharose 4B (Zymed, San Francisco, CA; 50 ml/tube) was
added the following morning for an additional 1-h incubation, and
immunocomplexes were washed twice in 13 lysis buffer containing
protease inhibitors. Protein A-Sepharose– or goat anti-mouse
Sepharose–bound proteins were boiled for 4 min in the presence of
23 SDS-sample buffer (125 mM Tris, pH 6.8, 4% SDS, 2 mM EDTA,
20% glycerol, 10% b-mercaptoethanol, 0.6% bromphenol blue) and
were separated on 10% polyacrylamide gels by SDS-PAGE.

Western Blotting
Cell lysates or immunoprecipitates were separated by SDS-PAGE
and transferred to an Immobilon-P membrane (Millipore, Bedford,
MA) in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol,
0.075% SDS) for 2 h at 400 mA. Membranes were incubated in
blocking buffer (5% Carnation milk and PBS) for 1 h at room
temperature or overnight at 4°C. Blots were rinsed in PBS before
addition of primary antibodies diluted in blocking buffer (4G10,
Upstate Biotechnology, Lake Placid, NY; anti-EGFR sc-03, Santa
Cruz Biotechnology, Santa Cruz, CA; anti-p85, Upstate Biotechnol-
ogy; anti-erbB3 Ab-7, Lab Vision; anti-erbB2 Ab-10, Lab Vision) for
1 h at room temperature. Blots were rinsed three times in PBS and
0.1% Tween 20 for 10 min each before addition of secondary anti-
bodies diluted in blocking buffer (goat anti-mouse IgG-HRP; Life
Technologies) or donkey anti-rabbit-IgG-HRP (Amersham, Arling-
ton Heights, IL) for 1 h at room temperature. Blots were rinsed three
times in PBS and 0.1% Tween 20, and bands were visualized using
enhanced chemiluminescence (Pierce, Rockford, IL). For reprobing
membranes, stripping buffer (62.5 mM Tris, pH 6.8, 2% SDS, 0.1 M
b-mercaptoethanol) was used at 50°C for 30 min followed by block-
ing membranes in 5% milk and PBS and reprobing with appropriate
antibodies.

In Vitro PI 3-Kinase Assays
PI 3-Kinase assays were performed with PY20 immunoprecipitates
of 10 3 106 cells per sample as previously described (Chan et al.,
1997). Phosphatidylinositol (Avanti Polar Lipids, Alabaster, AL)
was used as a substrate for PY20-associated PI 3-kinase, and radio-
active lipid products were separated by TLC and visualized by
autoradiography. Quantification was performed by PhosphorIm-
ager analysis (Molecular Dynamics, Sunnyvale, CA) of the TLC
plates. Similar results were obtained from a minimum of three
independent assays.

RESULTS

Adhesion of MDA-MB-435 Breast Carcinoma Cell
Lines to b1-Integrin Ligands Can Be Regulated by
Stimulation of EGFR Family Members
To test our hypothesis that stimulation of EGFR family
receptors might up-regulate b1-integrin function in breast
cancer cells, we determined the expression of these receptor
tyrosine kinases on the surface of metastatic MDA-MB-435
cells and examined their ability to respond to growth factor
stimulation by up-regulating adhesion to b1-integrin ECM
ligands. MDA-MB-435 cells express moderate levels of the
EGFR, erbB2, and erbB3 (Figure 1A), with no detectable
erbB4 protein by flow cytometry (Figure 1A) or blotting
methods (our unpublished results). Because erbB2 is still
considered an “orphan” receptor in that no growth factor
has yet been found by which erbB2 is directly bound and
activated, the presence of both EGFR and erbB3 on the
surface of these cells led us to investigate growth factors that
specifically bind to and activate either the EGFR or erbB3.
These cells exhibited inducible adhesion to several b1-inte-

grin ligands such as FN, EHS-derived laminin (LAM), or
merosin (our unpublished data), but the strongest inducible
adhesion was consistently observed on type IV collagen
(COLL) in response to EGF or HRGb (Figure 1B). HRGb-
induced adhesion was typically 1.5- to 2-fold higher than
that induced by EGF and was slightly less than adhesion
achieved by directly activating the b1-integrin with the
monoclonal antibody TS2/16 (Arroyo et al., 1992; Kovach et
al., 1992). b1-integrins were the major adhesion receptors
responsible for this event, as indicated by the nearly com-
plete inhibition of both unstimulated and stimulated (TS2/
16, EGF, or HRGb) adhesion to COLL by these cells when a
blocking antibody against b1 was used (Figure 1C). EGF-
stimulated adhesion to COLL was induced in a rapid man-
ner, with maximal increases over unstimulated adhesion
found by 10–20 min of stimulation at 37°C (Figure 1D). Time
courses of inducible adhesion to other ECM ligands exam-
ined were similar, and the maximal time of stimulated ad-
hesion for HRGb was similar to that of EGF (our unpub-
lished data). Thus, adhesion assays were typically
performed for 10 min at 37°C.

To further evaluate the stimulation of b1-integrin adhe-
sion by EGFR family receptors, the dose–response curves for
several growth factors capable of interacting with EGFR or
erbB3 were assessed. EGF- and HRGb-mediated adhesion to
COLL were dose dependent, with maximal stimulation of
adhesion peaking at 10 ng/ml EGF (Figure 2A) or 100 ng/ml
HRGb (Figure 2B), with a plateau of maximal adhesion at
higher concentrations of growth factor. Based on these find-
ings, we typically stimulated cells with 100 ng/ml EGF or
HRGb in cellular adhesion assays. Betacellulin stimulation
of the EGFR also increased MDA-MB-435 cell adhesion to
COLL in a dose-dependent manner, with maximal stimula-
tion of adhesion paralleling that found with EGF stimulation
in the same assay (Figure 2C). Examination of HRGa, a
growth factor that binds only to erbB3 or erbB4, showed no
effects on adhesion of this cell line at any of the concentra-
tions of growth factor tested (Figure 2D).

To understand the receptor biochemistry in MDA-MB-435
cells in response to these various stimuli, we analyzed re-
ceptor immunoprecipitates of the EGFR (Figure 3A), erbB2
(Figure 3B), or erbB3 (Figure 3C) after stimulation with each
of the four growth factors examined in Figure 2. EGF and
betacellulin stimulated intense tyrosine phosphorylation of
the EGFR and erbB2 with rapid and transient kinetics.
HRGb strongly activated both erbB3 and erbB2 in a very
sustained manner over the stimulation time course assessed.
In contrast, HRGa had little effect on any of the EGFR family
receptors in these cells, in keeping with the lack of adhesion
response observed in Figure 2D. Thus, all three ligands
active in these cells caused stimulation of their primary
receptors, the EGFR for EGF and betacellulin and erbB3 for
HRGb, as well as phosphorylation of erbB2. These data
suggest that stimulation of the EGFR with ligands such as
EGF or betacellulin activates EGFR and erbB2 phosphoryla-
tion and significantly increases b1-integrin-dependent adhe-
sion of the MDA-MB-435 cell line to type IV collagen. Al-
though erbB3 levels were not significantly higher than EGFR
on these cells (Figure 1A), HRGb stimulation gave a much
more potent induction of both erbB2 phosphorylation and
b1-mediated adhesion, suggesting a qualitative difference in
the pathways used by these receptors. Importantly, this
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Figure 1. EGF and HRGb modulate breast carcinoma cell adhesion to
ECM ligands. (A) Surface expression of the EGFR, erbB2, erbB3, erbB4, or
b1-integrin on MDA-MB-435 cells was determined by flow cytometry as
described in MATERIALS AND METHODS. Representative histogram
profiles are shown, with open histograms representing negatively stained
control cells. (B) Cells were analyzed for their ability to respond to EGF or
HRGb treatment in cell adhesion assays performed on human type IV
COLL. Cells that had been serum starved for 12–24 h were harvested by
release from tissue culture flasks in 1 mM EDTA. Suspended cells were
than washed in serum-free media to remove excess EDTA before quanti-
tation and labeling with Calcein AM as previously described (Zell et al.,
1996). Adhesion assays were performed in 96-well plates that were pre-
coated overnight at 4°C with COLL at 1 mg/well. Cells were then added to
wells containing assay media alone (open bar) or stimulators: the activating
b1-integrin-specific monoclonal antibody TS2/16 (cross-hatched bar), EGF
at 100 ng/ml final concentration (shaded bar), or HRGb at 100 ng/ml
(hatched bar). (C) For blocking of b1-integrins, cells were preincubated at
4°C with control mouse IgG (open bars) or with the inhibitory b1-integrin-
specific antibody P5D2 (shaded bars; a kind gift from T. LeBien) at 1
mg/1 3 106 cells for 10 min before addition to plates coated with 1 mg/well
COLL. The time course of adhesion to COLL (D) was determined in the
presence of 1 mg/well TS2/16 (open squares) or 100 ng/ml EGF (solid
diamonds) in comparison with unstimulated adhesion (PBS; open circles).

Cells were allowed to settle briefly in wells before analyzing preadherent fluorescence on a fluorescence plate reader. Cells were then
stimulated at 37°C for 10 min or for designated times before removing nonadherent cells by hand washing with a syringe–manifold system.
Comparison of adhesion with human type IV collagen or mouse EHS-collagen did not show significant differences (our unpublished data).
Adhesion data are representative of at least three independent experiments and reflect the average of triplicate samples per condition.
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up-regulation occurred in the absence of significant changes
in either integrin subunit or EGFR family receptor numbers
on the cell surface as assessed by flow cytometry (our un-
published data).

Stimulation of EGFR Family Members Increases
Migration of MDA-MB-435 Breast Carcinoma Cells
Because the MDA-MB-435 cells are highly metastatic in
nude mouse models (Price et al., 1990), we also examined
cellular migration and motility in vitro. Previous studies
have described migration and adhesion of unstimulated
MDA-MB-435 cells on COLL and LAM (Shaw et al., 1996),
and our FACS analyses showed strong expression of b1-in-

tegrins capable of binding COLL and LAM (a2, a3, and a6;
our unpublished data), consistent with this earlier study.
Thus, we examined the migration of unstimulated and stim-
ulated MDA-MB-435 cells on both COLL and LAM. As
found in our adhesion experiments, betacellulin, EGF, and
HRGb all increased the migration of 435 cells toward LAM
(Figure 4A) in a dose-dependent manner, whereas parallel
assays showed similar results on COLL (our unpublished
data). Although the adhesion experiments showed increas-
ing growth factor-stimulated adhesion with a plateau re-
sponse (Figure 2), betacellulin and EGF both demonstrated
bell-shaped curves for stimulated migration, with maximal
responses at 0.1–1 and 1–10 ng/ml for betacellulin and EGF,

Figure 2. MDA-MB-435 cell adhesion is stimulated by multiple growth factors that bind to and activate members of the EGF receptor family.
For analysis of dose response to growth factor, increasing amounts of EGF ranging from 1 pg/ml to 500 ng/ml were added to COLL-coated
wells before addition of cells and stimulation at 37°C (A; solid diamonds). Adhesion to BSA-coated wells (open squares) was performed as
a control. Dose responses for adhesion to COLL were determined in the presence of increasing amounts of HRGb (B), the EGF-like growth
factor betacellulin (C), or HRGa (D). Unstimulated (PBS; B–D, cross-hatched bars), EGF-stimulated (B–D, hatched bars), or TS2/16-stimulated
(B–D, solid bars) adhesion was analyzed for comparison. Cells plated on BSA alone as a control for nonspecific adhesion generally showed
,10% adhesion (A; our unpublished data). Data are representative of at least three separate assays.
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respectively (Figure 4A). Migration in response to HRGb
showed similar dose effects as seen for adhesion, with strong
induction of migration, reaching a maximal response by
100–250 ng/ml growth factor. The stimulated migration by
HRGb was consistently much higher than that mediated by
EGF, and both events were b1-integrin dependent as illus-

Figure 3. Multiple growth factors induce tyrosine phosphoryla-
tion of the EGFR, erbB2, and erbB3 in MDA-MB-435 cells. Receptor
activation was assessed after stimulation of MDA-MB-435 cells
(10 3 106 cells per sample) for increasing periods at 37°C with PBS
alone (first lane in each panel), EGF at 100 ng/ml, betacellulin
(bCELL) at 10 ng/ml, HRGa at 100 ng/ml, or HRGb at 100 ng/ml.
Lysis buffer (23) was added to each sample after the indicated
stimulation time, and cleared lysates were immunoprecipitated for
EGFR (A), erbB2 (B), or erbB3 (C). Western blotting was performed
on samples after separation by SDS-PAGE and transfer to polyvi-
nylidene difluoride membranes. Total phosphotyrosine content in
each sample was assessed by probing with anti-phosphotyrosine Ab
4G10 (upper panels). Equivalent receptor loading was confirmed by
stripping and reprobing each blot for the presence of the indicated
receptor (lower panels). Blots were also stripped and reprobed for
the presence of p85 (our unpublished data). Similar results were
observed in at least three independent experiments.

Figure 4. Betacelluin, EGF, and HRGb induce b1-integrin-dependent
MDA-MB-435 cell migration on LAM. (A) Cells were grown to ;75%
confluency and placed in serum-free media for 16 h before harvesting
as for adhesion assays. Polycarbonate filters (8 mm) were coated over-
night at 4°C in PBS containing mouse EHS-LAM or EHS-COLL (our
unpublished data) at 20 mg/ml. Forty-eight-well chemotaxis chambers
were assembled with assay media alone or containing increasing
amounts of growth factors in the lower chambers, as indicated. LAM-
coated filters were placed over the lower wells and, ;23,000 MDA-
MB-435 cells were placed in the upper wells and allowed to migrate at
37°C for 4–6 h. Migrated cells in each well were quantitated on fixed
and stained filters. The sum of four microscopic fields was taken for
each well, and three wells were averaged for each stimulation condi-
tion. (B) Antibody blocking studies were carried out by preincubating
cells with control IgG (open bars) or the inhibitory b1-integrin-specific
mAb P5D2 (solid bars) at 1 mg/1 3 106 cells on ice for 10 min before
adding the cells to the upper wells of chambers containing EGF or
HRGb and containing filters coated with LAM or COLL. Some vari-
ability was observed with the levels of basal migration in the data
shown in A, because each growth factor titration was carried out in a
separate chemotaxis chamber. However, the level of stimulation over
that of basal migration for each growth factor was reproducible over at
least three separate assays.
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trated by the ability of an inhibitory b1-integrin-specific
antibody to completely abrogate both unstimulated and
EGF- or HRGb-stimulated migration toward COLL or LAM
(Figure 4B). Thus, the adhesion and migration data support
our hypothesis that growth factor stimulation of the EGFR
couples to b1-integrin-mediated functional events. Further-
more, we have found that erbB3, a kinase-impaired receptor
in the EGFR family, mediates potent stimulation of both
adhesion and cell migration by the growth factor HRGb.

Contribution of Dimerization Partners with the
EGFR and erbB3 in EGF and HRGb Regulation of
b1-Integrins
The observation that two mechanistically distinct growth
factors, EGF and HRGb, were capable of activating erbB2
phosphorylation and stimulating b1-integrin activity in
MDA-MB-435 cells, coupled with the complex heterodimer-
ization potential of the EGFR family of receptors (Lemmon
and Schlessinger, 1994; Earp et al., 1995; Riese and Stern,
1998), led us to investigate the potential contribution of
erbB2 as a dimerization partner with the EGFR or with erbB3
in mediating the unique effects of EGF and HRGb on b1-in-
tegrin function. An anti-erbB3 antibody that blocks HRGb
binding (Chen et al., 1996) specifically abrogated HRGb-
induced adhesion of MDA-MB-435 cells without affecting
EGF- or TS2/16-stimulated adhesion, even at high concen-
trations of antibody (Figure 5A and our unpublished data).
Additionally, an anti-erbB2 antibody that blocks the effects
of EGF or HRGb binding to the dimerization partners of
erbB2 (Klapper et al., 1998) negated HRGb-stimulated adhe-
sion without specifically affecting EGF or TS2/16 stimula-
tion conditions (Figure 5A). The combination of both anti-
erbB3 and anti-erbB2 antibodies gave a slightly stronger
reduction in adhesion, but this decrease was consistent
across unstimulated and all stimulated adhesion conditions.
Although we could not detect erbB4 protein expression in
our experiments with the MDA-MB-435 cells, it was possible
that low but undetectable levels of erbB4 might be mediating
the HRGb effects that we observed. However, an antibody
that blocks HRGb binding to erbB4 (Chen et al., 1996) did not
inhibit HRGb-induced adhesion, even when combined with
the erbB3 blocking antibody (Figure 5B). Although no spe-
cific effects of the erbB2 or erbB3 blocking antibodies were
seen on EGF-mediated adhesion, only EGF-mediated adhe-
sion was abrogated by the highly EGFR-specific inhibitor
tyrphostin AG1478 (Fry et al., 1994) in a dose-dependent
manner (our unpublished data). Because of the strong stim-
ulation of cell migration initiated by HRGb, we extended
our antibody blocking studies to COLL and LAM migration
assays to determine the receptor subunits contributing to
these signals. Similar to the adhesion assays, anti-erbB3 and
anti-erbB2 antibodies blocked HRGb-stimulated MDA-MB-
435 cell migration toward LAM (Figure 6, A and B) or COLL
(our unpublished data). In addition, incubation of cells with
the AG1478 tyrphostin had negligible effects on either un-
stimulated or HRGb-stimulated cell migration (our unpub-
lished data). EGF-stimulated migration of MDA-MB-435
cells was not affected by incubation with the erbB2 inhibi-
tory antibody, as had been observed in the adhesion assays
(Figure 6C).

To further explore the lack of effect of the erbB2 blocking
Ab-16 on EGF-stimulated adhesion and migration, we ana-

lyzed the phosphorylation status of erbB2 in response to
EGF or HRGb after exposure to Ab-16. As previously dem-
onstrated in Figure 3, both EGF and HRGb stimulate a
time-dependent increase in the tyrosine phosphorylation of
erbB2 (Figure 7), with EGF eliciting rapid and transient

Figure 5. HRGb–mediated adhesion of MDA-MB-435 cells to
COLL requires heterodimerization with erbB2. Adhesion assays
were performed as described for Figure 1. (A) To examine contri-
butions by erbB2 and erbB3, control IgG (open bars) or blocking
mAbs specific for erbB2 (cross-hatched bars), erbB3 (shaded bars),
or a combination of anti-erbB2 and anti-erbB3 mAbs (hatched bars)
were incubated with cells before addition to plates containing TS2/
16, EGF, or HRGb. (B) To examine contributions by erbB3 and
erbB4, cells were incubated with no IgG (horizontally striped bars),
control IgG (open bars), or blocking mAbs specific for erbB3
(hatched bars), erbB4 (solid bars), or a combination of anti-erbB3
and anti-erbB4 mAbs (cross-hatched bars) before addition to plates
containing TS2/16, EGF, or HRGb. The data reflect an average of
three wells per condition and are representative of at least three
separate assays.
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phosphorylation and HRGb causing a rapid but more sus-
tained phosphorylation of erbB2. Preincubation of cells with
Ab-16 (1 lanes) dramatically reduced the activation of erbB2
phosphorylation by both EGF and HRGb, whereas incuba-
tion with control mouse IgG (2 lanes) had no effect. Taken
together, these data indicate that both EGF and HRGb stim-
ulate their respective receptors, EGFR and erbB3, and sub-
sequently cause increased phosphorylation of erbB2, pre-
sumably via a heterodimerization mechanism. However,
although the anti-erbB2 Ab-16 functionally reduces the
amount of tyrosine-phosphorylated erbB2 after stimulation
with either growth factor, this antibody does not affect EGF-
stimulated adhesion or migration (Figures 5 and 6), suggest-
ing a differential role for erbB2 in EGF versus HRGb-medi-
ated regulation of b1-integrin function.

Role of PI 3-K in EGF- and HRGb-induced up-
regulation of b1-Integrin function
Because PI 3-K plays a role in signaling by the EGFR family
members, we analyzed the contribution of this enzyme to
the adhesion and migration events we had observed in the
MDA-MB-435 cells. Stimulation of MDA-MB-435 cells with
either EGF (Figure 8A) or HRGb (Figure 8B) resulted in
rapid recruitment of the p85 subunit of PI 3-K to the phos-
photyrosine-containing cellular fraction, consistent with
previous reports of growth factor-stimulated PI 3-K activa-
tion in other cell lines (Carraway et al., 1995). Analysis of in
vitro PI 3-kinase activity from PY20 immunoprecipitates
further demonstrated the increased activity of PI 3-K in
response to EGF or HRGb stimulation of MDA-MB-435 cells
(Figure 9). Consistent with the effects of EGF and HRGb on
integrin-mediated adhesion, HRGb induced more potent PI
3-K activity than did EGF (Figure 9).

We tested the relevance of PI 3-K activation to adhesion
with two pharmacologically distinct PI 3-K inhibitors, wort-

Figure 6. HRGb-mediated migration of MDA-MB-435 cells on
LAM requires heterodimerization with erbB2. Migration assays
were carried out as described for Figure 4. To examine contributions
by erbB3 (A) or erbB2 (B and C), control IgG (open bars) or blocking
mAbs specific for erbB3 (A, solid bars) or erbB2 (B and C, solid bars)
were incubated with cells before addition to chemotaxis chambers
containing control media, EGF, or HRGb. Cell migration was quan-
titated by taking the sum of four microscopic fields per well and the
average of at least three wells per condition. Experiments were
performed a minimum of three times.

Figure 7. Tyrosine phosphorylation of erbB2 after EGF or HRGb
stimulation is inhibited by the anti-erbB2 blocking Ab-16. MDA-
MB-435 cells (5 3 106 per sample) were coated for 15 min on ice with
either control mouse IgG (2 lanes) or erbB2 Ab-16 (1 lanes) at 0.5
mg/1 3 106 cells. Cells were then stimulated for various times with
100 ng/ml EGF or HRGb at 37°C followed by lysis in an equal
volume of 23 lysis buffer. Immunoprecipitation for erbB2 was
performed on cleared lysates, and samples were separated by SDS-
PAGE. Immunoblotting for phosphotyrosine using 4G10 (upper
panel) was performed after Western transfer. The membrane was
then stripped and reprobed for erbB2 (lower panel) to confirm
receptor levels. The figure shown is representative of a minimum of
three independent assays.
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mannin and LY294002 (Arcaro and Wymann, 1993; Yano et
al., 1993; Okada et al., 1994; Vlahos et al., 1994). When cellular
adhesion assays were performed in the presence of 100 nM
wortmannin (Figure 10A), we observed a significant de-
crease in both EGF- and HRGb-stimulated MDA-MB-435
cell adhesion to COLL. In contrast, only small reductions in
TS2/16-induced or unstimulated adhesion were observed.
PI 3-K appears to contribute even more significantly to the
process of migration in these cells, because wortmannin
completely blocked HRGb-mediated migration on LAM
(Figure 10B) as well as COLL (our unpublished data). Sim-
ilar results were obtained when adhesion and migration
were assessed in the presence of 25 mM LY294002 (our
unpublished data). In these experiments, unstimulated mi-
gration was also reduced, but only at the highest doses of the
inhibitors. Although cells generally migrated in smaller
numbers in experiments using EGF as a stimulus, motility
induced by EGF on COLL and LAM was also strongly
inhibited by wortmannin or LY294002 (Figure 10C).

As an alternative approach, we used a transient transfec-
tion assay that allowed us to assess the adhesion and migra-
tion of untransfected as well as transfected cells by flow
cytometric analysis of adherent or migrated cell populations
(Chan et al., 1997; Kivens and Shimizu, 1999). Control vector
expressing GFP alone or constructs expressing GFP-tagged
wild-type p85 (GFP-wtp85) or a dominant negative p85
subunit (GFP-Dp85) were transiently transfected into MDA-
MB-435 cells followed by analysis in a modified cell adhe-
sion assay. As shown in Figure 11, increasing levels of GFP
alone had little effect on the adhesion of MDA-MB-435 cells
under any stimulation condition, whereas expression of ei-
ther GFP-wtp85 or GFP-Dp85 subunits of PI 3-K decreased
EGF or HRGb-mediated adhesion by ;50% without affect-
ing TS2/16 or unstimulated adhesion significantly.

The effects of molecularly inhibiting PI 3-K function on
HRGb- or EGF-stimulated cell migration of MDA-MB-435
cells were also investigated. Comparison of control trans-
fected or GFP-Dp85-transfected cell migration in standard
Boyden chamber conditions revealed ;25% inhibition upon
expression of GFP-Dp85 in cells stimulated to migrate in the
presence of HRGb, whereas no striking inhibition of un-
stimulated migration was apparent (Figure 12A). However,
analysis of the specific GFP-Dp85-positive cells in compari-
son with GFP-negative cells showed a striking inhibition of

Figure 8. EGF and HRGb stimulation of MDA-MB-435 cells induces
recruitment of the p85 subunit of PI 3-K to the phosphotyrosine cellular
fraction. Cells were serum starved for 24 h and harvested as previously
described. Cells (7.5 3 106 per sample) were incubated in the absence
or presence of 100 ng/ml EGF (A) or 100 ng/ml HRGb (B) for the
indicated periods at 37°C. Cells were then lysed, and phosphotyrosine-
containing proteins were immunoprecipitated with the anti-phospho-
tyrosine mAb PY20 coupled to protein A-Sepharose beads. Washed
immunocomplexes were separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes. Western blotting was per-
formed on membranes with the anti-phosphotyrosine mAb 4G10 to
detect phosphotyrosine-containing proteins (upper panels). Blots were
stripped and reprobed for EGFR or erbB3 (A and B, respectively; our
unpublished data) and for p85 (lower panels). Similar data were ob-
tained in at least two additional assays.

Figure 9. EGF and HRGb activate PI 3-K enzymatic activity in
vitro. Cells were left unstimulated or stimulated in the presence of
EGF or HRGb (each at 100 ng/ml) for various times at 37°C. PY20
immunoprecipitates were prepared for a PI 3-K in vitro kinase assay
as previously described (Chan et al., 1997). Kinase activity was
detectedbytheinvitrophosphorylationofsonicatedphosphatidylino-
sitol, the products of which were visualized and quantitated after
TLC separation, autoradiography, and phosphorimage analysis.
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both HRGb-stimulated and unstimulated cell migration
with increasing expression of the GFP-Dp85 construct (Fig-
ure 12B), in keeping with our results using wortmannin and
LY294002. Similar results were obtained when cells were
transfected with GFP-wtp85 or GFP-Dp85 constructs and cell
migration was stimulated with EGF (Figure 12C and D).
Expression of the GFP protein alone had some inhibitory
effect on overall migration, but the GFP-wtp85 or GFP-Dp85-
positive cells effectively blocked EGF-stimulated migration
in comparison with levels of unstimulated cell motility.
Thus, as demonstrated using both pharmacological and mo-
lecular inhibition methods, both EGF- and HRGb-stimulated
pathways require functional PI 3-K for optimal b1-integrin-
mediated adhesion and migration of MDA-MB-435 cells.

DISCUSSION

In this study we describe the activation of the b1-integrin in
breast carcinoma cells upon EGF or HRGb growth factors
binding to and activating members of the EGFR family of
receptor tyrosine kinases. EGF treatment stimulated the
rapid adhesion of MDA-MB-435 cells and increased cell
migration toward ECM-coated surfaces in a b1-integrin-
dependent manner. HRGb, a growth factor activating erbB3
in these cells, was even more potent at stimulating both
adhesion and migration of breast carcinoma cells. Both EGF
and HRGb use PI 3-K in pathways leading to increased
adhesion and migration, and the more potent effects of
HRGb on adhesion and migration are associated with a
greater ability of HRGb to recruit and activate PI 3-K when
compared with EGF. Furthermore, only HRGb-mediated
signals were significantly affected by an antagonistic anti-
body toward erbB2, indicating a preferential contribution of
heterodimers containing erbB2 and erbB3 rather than erbB2
and the EGFR in eliciting these effects on adhesion and
motility.

Communication between Growth Factor Receptors
and Integrins
We observed significant increases in EGF- and HRGb-medi-
ated cell adhesion when binding was assessed on different
ECM ligands, including FN, COLL, merosin, and LAM.
Although the degree of HRGb-stimulated adhesion was
consistently higher than that seen for EGF, direct activation
of the b1-integrin with the monoclonal antibody TS2/16 was
capable of stimulating cellular adhesion on all ECM compo-
nents examined, suggesting that the complexity of the EGFR

Figure 10. PI 3-K inhibitors block EGF- or HRGb-mediated adhe-
sion and migration of MDA-MB-435 cells. (A) Adhesion assays were
carried out in the presence of 100 nM wortmannin (WORT) with
no stimulation (open bars) or after stimulation for 10 min at 37°C
with TS2/16 (cross-hatched bars), EGF (shaded bars), or HRGb

Figure 10 (cont). (hatched bars). (B) Migration analysis was car-
ried out in the presence of increasing amounts of wortmannin in the
presence of media only (open squares) or HRGb (solid triangles).
Similar effects were observed when dose–response analysis was
carried out on COLL or when assays were performed in the pres-
ence of 25 mM LY294002 (our unpublished data). (C) Migration on
COLL or LAM was performed in the presence of control DMSO, 100
nM wortmannin (WORT), or 25 mM LY294002 (LY) with no stimu-
lation (open bars) or stimulation with 10 ng/ml EGF (solid bars).
HRGb stimulation was slightly lower than normal in the adhesion
assay shown in A in comparison with EGF or TS2/16 stimulation,
but the data shown are otherwise representative of at least three
separate experiments.
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family of receptors and their ligands plays a significant role
in the response of these cells with respect to growth factor
induction of integrin activation. Although other reports
have described increases in cell adhesion upon overexpres-
sion of the EGFR (Lichtner et al., 1993; Lichtner et al., 1995;
Verbeek et al., 1998), the low levels of EGFR, erbB2, and
erbB3 in the MDA-MB-435 cells are sufficient to result in
growth factor-mediated changes in b1-integrin-mediated
adhesion and migration. Many reports have now illustrated
the regulation of integrin function by cell surface receptors
in a variety of cell types. Included in these are the increased
adhesion through b1-integrins initiated by the PDGF (Ki-
nashi et al., 1995) and c-kit (Kinashi and Springer, 1994;
Serve et al., 1995; Vosseller et al., 1997) receptors. Although
overexpression of the EGFR up-regulates adhesion of mu-
rine metastatic mammary cells (Lichtner et al., 1993, 1995),
high levels of the EGFR inhibited the function of RGD-
sensitive integrin receptors in human squamous carcinoma
cells (Fujii, 1996). In contrast to these previous studies with
overexpressed EGFR, our studies demonstrate that modest
levels of the EGFR can functionally activate the b1-integrin
in response to EGF or betacellulin stimulation in MDA-MB-
435 breast tumor cells and further describe the potent in-
creases in adhesion or migration initiated by HRGb binding
to erbB3. Importantly, this up-regulation occurred in the
absence of significant changes in integrin or EGFR family
receptors on the cell surface (our unpublished data). Fur-
thermore, our studies illustrate an additional level of com-
plexity in EGFR family signaling by demonstrating differ-
ences in b1-integrin activation through unique receptor
pairs in response to EGF or HRGb.

Historically, experimental data have described signaling
from growth factor receptors or from integrins independent
of each other. However, a cell in its native environment
likely experiences multiple stimuli, both from available
growth factors and from integrin-mediated interactions with
its physical surroundings. Several studies recently have
been reported that describe the synergistic actions of inte-
grin and growth factor receptor stimulation. For example,
activation of the avb3-integrin and the PDGF receptor reg-
ulates endothelial cell migration (Woodard et al., 1998) and
potentiates PDGF-initiated signals (Schneller et al., 1997),
and insulin (Guilherme et al., 1998) or interferon-g (Mc-
Carthy et al., 1997) receptor signals are potentiated by cell
adhesion to b1-integrin ECM ligands. Several recent reports
have described cross-talk between the EGFR and integrins as
assessed by activation of the MAP kinase pathway (Miy-
amoto et al., 1996; Moro et al., 1998; Wang et al., 1998). EGF
stimulation also induces tyrosine phosphorylation of the

Figure 11. Overexpression of the wild-type or dominant negative
p85 subunit of PI 3-K inhibits EGF- or HRGb-mediated increases in
MDA-MB-435 adhesion to COLL. Control vector expressing GFP
(top panel) or constructs expressing a GFP-wt p85 (middle panel) or
GFP-Dp85 (bottom panel) fusion protein were transiently trans-
fected into MDA-MB-435 cells as described in MATERIALS AND
METHODS. Transfected cells were allowed to recover for 24 h and
then placed in serum-free media overnight. Cells were harvested as
for standard adhesion assays, except that no Calcein AM labeling
was performed, and cells (;300,000 cells per well) were added to
24-well plates coated with 6 mg/well COLL. Adhesion was ana-
lyzed in the presence of PBS alone (open circles) or containing 1
mg/well TS2/16 (solid circles), 100 ng/ml EGF (solid diamonds), or
100 ng/ml HRGb (solid squares) for 10 min at 37°C. Nonadherent
cells were washed away, and adherent cells were collected from

Figure 11 (cont). wells using a 1:1 trypsin:1 mM EDTA solution.
Collected cells were then analyzed by flow cytometry using aliquots
of preadherent cell populations to confirm cell numbers added to
wells for each transfectant and to determine the percent expression
of GFP in the starting cell populations. Percent adhesion was deter-
mined by gating GFP-negative (2), GFP-low (1), -middle- (11),
and -high (111)-positive cells and comparing preadherent and
adherent cell numbers from each population. The data shown reflect
fold differences in adhesion when compared with the GFP-negative,
unstimulated cell subpopulation from each transfectant. Average
percent adhesion was determined from samples examined in trip-
licate for each stimulation condition, and results were similar for a
minimum of three independent assays.
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Figure 12. Overexpression of the dominant negative p85 subunit of PI 3-K inhibits HRGb- and EGF-mediated increases in MDA-MB-435
migration on LAM. Control vector expressing GFP or a construct expressing a GFP-Dp85 fusion protein were transiently transfected into
MDA-MB-435 cells. Transfected cells were allowed to recover for 24 h and then placed in serum-free media for 24 h. Cells were harvested
and quantitated as previously described. (A) To monitor the efficiency of stimulated migration on bulk transfected populations, standard
chemotaxis analysis was performed as described in MATERIALS AND METHODS with aliquots of cells at the same concentration as used
for migration in transwells (below). Total cell populations expressing GFP (open bars) or GFP-Dp85 (solid bars) were allowed to migrate in
Boyden chambers in the presence or absence of HRGb in the lower wells on LAM-coated filters overnight, and migrated cells were fixed,
stained, and quantitated as described. (B) The migration of GFP-positive versus GFP-negative cells in each bulk transfectant cells was
assessed specifically by allowing cells to migrate overnight in transwell chambers that had been precoated with LAM in the absence (open
bars) or presence of 100 ng/ml HRGb (solid bars). After ;16 h, migrated cells were collected from the lower surface of LAM-coated filters
with trypsin/EDTA and analyzed by flow cytometry as described for transient adhesion assays in Figure 11. Data represent the average of
three wells per condition and show the percent migration of each GFP-negative or GFP-positive cell population. (C) Cells expressing GFP
(open bars), GFP-wtp85 (solid bars), or GFP-Dp85 (hatched bars) were placed in the upper wells of Boyden chambers and allowed to migrate
in the presence or absence of 10 ng/ml EGF on LAM-coated filters overnight, and migrated cells were fixed, stained, and quantitated as
described. (D) The migration of GFP-positive transfected cells was assessed specifically by allowing cells to migrate overnight in transwell
chambers that had been precoated with LAM in the absence (open bars) or presence of 10 ng/ml EGF (solid bars). After ;16 h, migrated cells
were collected from the lower surface of LAM-coated filters with trypsin/EDTA and analyzed by flow cytometry as described for transient
adhesion assays in Figure 11. Data represent the average of three wells per condition and show the percent migration of each GFP-negative
or GFP-positive cell population. Migration observed under standard Boyden chamber conditions (A and C) reflected increases in migration
in response to stimuli comparable with those seen in the transwell analysis. Modest effects of GFP-wtp85 or GFP-Dp85 on migration were
observed in the mixed cell populations in A and C but are more apparent upon single-cell analysis as shown in B and D. Comparison of assays
carried out for 4 h vs. 16 h gave similar results, and the experimental data are representative of at least three independent assays.
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a6b4-integrin, suppresses its association with several signal-
ing and cytoskeletal molecules, and increases a6b4-depen-
dent migration on LAM (Mainiero et al., 1996). Clearly, a
highly regulated and complex network of signaling is be-
ginning to emerge that uses available integrins and growth
factor receptor signaling complexes on a given cell type.

Regulation of EGF- and HRGb-stimulated Adhesion
and Migration by PI 3-K
The identity of signaling molecules responsible for path-
ways of cellular communication between growth factor re-
ceptors and integrins has not been well characterized, but
the requirement for PI 3-K activity in a variety of growth
factor-regulated adhesion events has now been established,
including those mediated by c-kit (Kinashi and Springer,
1994), PDGF (Kinashi et al., 1995), and insulin (Guilherme et
al., 1998). Although evidence exists that PI 3-K is involved in
unstimulated invasion by T47D (Keely et al., 1997) and
MDA-MB-435 breast carcinoma cells (Shaw et al., 1997), our
work has now demonstrated that ligand-activated EGFR
family members also play an important role in augmenting
b1-integrin-mediated adhesion and migration via activation
of PI 3-K. Pharmacological inhibitors of PI 3-K gave strong
inhibition of EGF- and HRGb-mediated increases in adhe-
sion, and the overexpression of dominant negative forms of
p85 supported this observation, as shown by an ;50% de-
crease in EGF- or HRGb-mediated adhesion with high levels
of GFP-Dp85. A significant decrease was also observed in the
presence of high levels of GFP-wtp85, a result consistent
with other studies demonstrating inhibition of downstream
PI 3-K-dependent signaling upon overexpression of wild-
type p85 (Rameh et al., 1995; King et al., 1997; Shaw et al.,
1997). In contrast to our adhesion data, both pharmacologi-
cal and molecular inhibition of PI 3-K in our migration
assays revealed PI 3-K as an essential component of EGF- or
HRGb-driven signals to up-regulate b1-integrin-mediated
migration, because treatment with wortmannin or LY294002
or overexpression of dominant negative p85 completely
blocked EGF- or HRGb-induced cell migration.

Thus, our results suggest that growth factor receptors
coupled to PI 3-K can play a critical role in tumor cell
adhesion and motility by augmenting b1-integrin function.
It is interesting to note that increased migration of MDA-
MB-435 cells also occurs upon expression of a transfected
b4-integrin subunit, which activates PI 3-K much more ef-
fectively than does the b1-integrin subunit (Shaw et al.,
1997). Thus, migration in untransfected MDA-MB-435 cells
mediated by b1-integrins may require the activation of PI
3-K by growth factor receptors such as the EGFR family
members. The cumulative activation of PI 3-K by a combi-
nation of growth factor receptors and integrins may there-
fore be critical to ensuring vigorous integrin-dependent mi-
gration of tumor cells. Our results are in contrast to a recent
study that analyzed breast epithelial cell migration in re-
sponse to EGF (Verbeek et al., 1998). In this report, transfec-
tants overexpressing the EGFR showed a dramatic increase
in EGF-stimulated cell migration in comparison with paren-
tal ZR75–1 cells. Incubation with wortmannin and LY294002
enhanced EGF-mediated migration of EGFR-overexpressing
cells, whereas the MEK1 inhibitor PD98059 decreased EGF-
stimulated migration. However, no effect of either inhibitor
was observed on parental cells, reported to express ;20,000

EGFRs on the cell surface compared with 1,200,000 EGFRs
on transfected cells. The physiological relevance of effects of
PI 3-K inhibitors on cells expressing such high levels of
EGFR is currently unclear. Our results suggest that PI 3-K
plays a positive role in both stimulated and unstimulated
adhesion and migration of MDA-MB-435 cells, and we have
noted little effect of inhibitors targeting the MAPK pathway
(our unpublished data), consistent with reports by others
(Shaw et al., 1997). These results are also in keeping with
recent data demonstrating the wortmannin-sensitive but
PD98059-insensitive regulation of EGF-stimulated suppres-
sion of membrane ruffling and increased lamellipodia for-
mation in rat nonmetastatic mammary adenocarcinoma cells
(Wyckoff et al., 1998), the HRG-inducible aggregation of
breast cancer cells through a PI 3-K-dependent but MAPK-
independent pathway (Tan et al., 1999), and a role for PI 3-K
in EGF-stimulated bladder cancer cell motility (Theodorescu
et al., 1998). These observations, and the fact that we see little
effect of MAPK pathway inhibitors, are significant given the
suggestion that subtle changes in levels and duration of
MAPK activation might contribute to the differential out-
come of specific growth factors acting on the same cell
(Marshall, 1995; Pinkas-Kramarksi et al., 1998).

EGFR Family Heterodimerization and Regulation of
b1-integrin Function
The importance of heterodimerization of EGFR family re-
ceptors for a variety of signaling processes is now clearly
established (Earp et al., 1995; Alroy and Yarden, 1997; Riese
and Stern, 1998). For example, both qualitative and quanti-
tative differences in EGFR receptor phosphorylation and
recruitment of p85 have been described after activation with
EGF versus HRGb in NIH3T3 cells expressing EGFR and
erbB4 (Olayioye et al., 1998). The emerging common theme is
that erbB2 recruitment into a heterodimer with other mem-
bers of the EGFR family greatly intensifies the signaling
capacity initiated by a given growth factor binding to its
cognate receptor (Graus-Porta et al., 1995; Cohen et al., 1996;
Zhang et al., 1996). Although the importance of the dimer-
ization potential of this receptor family is now well ac-
cepted, virtually no work has been done to address the
importance of these diverse signals in cellular adhesion and
motility pathways. Our antibody blocking studies clearly
show that the erbB2 receptor is a critical component of
erbB3-mediated adhesion and migration pathways when
stimulated by HRGb in MDA-MB-435 cells. This antibody
reduces diverse aspects of both EGF and HRG signaling,
including ligand-dependent tumor growth, DNA synthesis,
and receptor dimerization (Klapper et al., 1998). Our studies
also confirm that this antibody reduces the transactivation
effects of EGF and HRGb on erbB2 as illustrated by the
dramatically diminished tyrosine phosphorylation of erbB2
after preincubation with Ab-16 (Figure 7). However, to our
surprise, we observed no antagonistic effects of this antibody
on EGF-mediated regulation of b1-integrin function, even at
10-fold higher than normal antibody:cell ratios (our unpub-
lished observations), as measured by changes in cell adhe-
sion or migration. This unexpected result reinforces the no-
tion that pathways used for cell proliferation are likely
overlapping but unique from those used in cell motility and
adhesion, as previously suggested by others (Chen et al.,
1994). Furthermore, it suggests that, although the EGFR

M.A. Adelsman et al.

Molecular Biology of the Cell2874



requires erbB2 for optimal stimulation of cellular responses
such as proliferation, erbB2 may not be a critical component
of EGF-stimulated changes in b1-integrin-dependent adhe-
sion and migration on these cells.

It is intriguing that stimulation by HRGb is much more
potent than EGF at mediating adhesion and migration of
MDA-MB-435 cells, particularly given the kinase-impaired
status of the erbB3 receptor. Although erbB2 tyrosine phos-
phorylation is increased in response to both growth factors
(Figures 3 and 7), our antibody blocking data clearly suggest
that erbB2 plays a prominent role in erbB3- but not EGFR-
mediated regulation of the b1-integrin. How this use of
erbB2 differentially contributes to growth factor-mediated
adhesion and migration is currently under investigation.
Our data also reveal that both EGF and HRGb require
functional PI 3-K for optimal adhesion and migration re-
sponses, although erbB3 is considered to be a more effective
direct recruiter of the p85 subunit of PI 3-K, bearing multiple
optimal p85 binding sites in its carboxyl-terminal tail (Hel-
lyer et al., 1998). It is possible that subtle differences in the
mechanism of p85 activation and/or recruitment may con-
tribute to the difference in strength of signals we observe
between EGF and HRGb. Indeed, our immunoprecipitation
analysis suggests a strong and more sustained recruitment
of p85 to the phosphotyrosine cellular fraction upon HRGb
stimulation compared with EGF (Figure 8). Furthermore,
although p85 can be found in both erbB3 and erbB2 receptor
immunoprecipitates after HRGb stimulation, we have not
detected its coassociation with the EGFR after EGF activa-
tion in MDA-MB-435 cells (our unpublished observations).
Other differences in recruitment of signaling molecules to or
physical regulation of dimer complexes may also be in-
volved. For example, the cbl molecule is primarily recruited
to the EGFR and not to other members of the EGFR family
(Levkowitz et al., 1996), and the EGFR is significantly down-
regulated from the cell surface in response to ligand binding,
whereas erbB2, erbB3, and erbB4 are not regulated in the
same manner (Baulida et al., 1996; Pinkas-Kramarksi et al.,
1996). In further contrast, erbB3 does not bind to phospho-
lipase Cg or GAP GTPase-activating protein (Fedi et al.,
1994), molecules commonly recruited to the ligand-activated
EGFR. Given the current complexity of the EGFR family of
receptors and their roles in the various cellular processes
contributing to tumor cell formation and metastatic growth,
it will be important to more clearly delineate the dimeriza-
tion events undertaken by members of the EGFR family after
the binding of specific ligands in a way that is informative
for the signals generated by those ligands to up-regulate
b1-integrins. This complexity is exemplified by the fact that
varying reports have described mitogenic, growth-inhibi-
tory, or differentiative effects of HRG stimulation depending
on the growth factor isotype, the concentration used, and the
cell line studied (Graus-Porta et al., 1995; Ram et al., 1995;
Hamburger and Yoo, 1997; Xu et al., 1997). The consistent
strength of response to HRGb stimulation in our studies
suggests that this growth factor may play a significant role
in the regulation of mammary tissue growth and develop-
ment, as well as processes regulating cellular transformation
in this tissue, through pathways communicating to b1-inte-
grins. Recent studies performed in a separate noninvasive
breast cell line have also demonstrated the importance of PI
3-K as well as erbB2 recruitment in HRG-induced cytoskel-

etal reorganization and cell migration (Adam et al., 1998).
Thus, our current understanding of erbB3 and erbB4 signal-
ing upon HRG binding suggests a prominent role in regu-
lating both noninvasive and metastatic breast cells.

In summary, our data clearly demonstrate the ability of
EGF-family growth factors to rapidly up-regulate b1-inte-
grin-mediated adhesion and enhance migration. We also
have shown that EGF and betacellulin, ligands that activate
the EGFR, and HRGb, a member of the neuregulin family of
ligands that bind to and activate erbB3 and erbB4, induce
dose- and time-dependent adhesion of MDA-MB-435 cells to
COLL through mechanisms requiring functional PI 3-K. EGF
and HRGb also up-regulate b1-integrin-mediated migration
on COLL and LAM, again using PI 3-K-dependent path-
ways. Studies with blocking antibodies further suggest a
differential use of erbB2 by the erbB3 receptor rather than
the EGFR upon growth factor binding. These results identify
a novel functional outcome for stimulation by EGFR ligands
and a critical role for EGFR signaling via PI 3-K in regulating
integrin-dependent tumor cell adhesion and motility.
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