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Introduction.

Breast cancer progresses in two general stages. It begins as a carcinoma of clonal,
hyperproliferating cells that may remain confined to breast ducts for several years as a
benign, primary tumor (1). Benign tumors are rarely lethal; removal of these tumors by
surgical and/or radiological methods is often sufficient to cure the disease if it is caught
at this stage. The second stage, malignancy, is significantly more dangerous and is
difficult to treat successfully. Preventing progression to the malignant stage is thus
important in controlling the morbidity of breast cancer.

Malignancy begins when breast tumor cells acquire the ability to penetrate the
surrounding basement membrane layer of extracellular matrix (ECM) proteins and
migrate into nearby blood and lymphatic vessels (2), where they disseminate and
continue proliferating to form secondary tumors (metastases). Acquisition of an
aggressively migratory phenotype is a defining characteristic of malignant cancer cells
(3).

The cellular machinery controlling migration is only partly understood. Cytoplasmic
projections (pseudopodia) extend out from the body of a migrating cell in the direction
of migration, forming a "leading edge" behind which the remainder of the cell follows
(4). Pseudopodia are enriched in proteins thought to control the direction and rate of
cell migration (5). Chief among these proteins are the integrin receptors. Integrins are
heterodimeric, cell surface receptors that bind to the ECM proteins through which cells
must pass as they migrate. Currently, there are 16 known a subunits and 8 g subunits
that combine to form over 20 different receptors (6). Integrins also form clusters (focal
adhesions) that control cell shape by connecting the inner surface of the plasma
membrane with the actin cytoskeleton. integrin-mediated cell migration is thus viewed
as a coordinated series of adhesion/de-adhesion events at the cell surface,
accompanied by changes in cell shape as the cell crawls through the ECM (4).

The ability to migrate is shared by virtually all cells. Whatdistinguishes normal from
malignant cellis is that normal cells possess the ability to selectively migrate at defined
times in response to defined stimuli. It is assumed that the mechanisms controlling
normal cell migration fail in malignant cells, such that these cells move regardless of
external stimuli (7). Reports of alterations in the expression of integrins and their ECM
ligands in breast cancer cells abound (1,2,8-29), suggesting that these proteins may
play an important regulatory function in malignant cell migration. How this regulation
may be manifested at the functional level is unknown.

Recent evidence suggests that members of the laminin family of ECM proteins, as well
as their integrin receptors, may plan an especially important role in controliing breast
cell function. Both laminin-1(30) and laminin-5 (Fig. 1) are abundantly expressed in
breast basement membrane, and have been shown to play a major role in controlling
growth, migration, and differentiation of breast epithelial cells. For example, laminin-5
supports branching morphogenesis and stable, static cell adhesion and formation of
hemidesmosomes in breast cells via the o684 integrin (31), yet is also expressed in
regions of metastatic tumors where malignant cells are invading surrounding tissues
(32). How breast cells switch from stationary to migratory phenotypes on laminin-5 is
unknown.




Integrins are signalling receptors (6). At present, at least five different classes of
signalling proteins have been associated with integrin receptors. These include
protein tyrosine kinases, serine/threonine kinases, lipid kinases, ion channels, and
members of the rho family of small molecular weight GTP binding proteins (33). How
these signalling molecules combine to form signalling pathways is only recently being
revealed. At present, very little is known about the signals generated by laminin-5
binding integrins or how these integrins control cellular behavior. However, changes
in integrin-associated signalling proteins are observed in malignant cells. For
example, many oncogenes are known to encode signalling proteins active in integrin-
associated pathways, and increased expression of these and other integrin-
associated signalling proteins has been found in malignant breast tumors (34-36).
Overexpression and/or constitutive activation of these molecules leads to an increase.
in migration in vitro and increased metastatic capability in animal models (37-42).

Despite these enticing leads, no migration-specific signalling events have been
positively associated with malignant breast cells. One signalling pathway that has
been shown to affect migration of other cell types is that mediated by the second
messenger molecule cyclic adenosine monophosphate (cAMP). cAMP is produced
from ATP by the enzyme adenylate cyclase, which in turn is controlled by several
classes of stimulatory and inhibitory heterotrimeric G proteins and their associated
receptors (43). The activity of some of these G proteins can be modified by bacterial
toxins that act as ADP ribosylation factors. For example, members of the Gs class of G
proteins stimulate adenylate cyclase activity and are themselves susceptible to
activation by cholera toxin, while members of the Gi class inhibit adenylate cyclase
and are in turn inhibited by pertussis toxin. The net effect of both toxins is to ultimately
induce an increase in intracellular CAMP to superphysiological levels, which ultimately
inhibits downstream targets such as cCAMP-dependedent protein kinase (protein
kinase A) (44). Despite their apparently redundant effects, cholera toxin and pertussis
toxin inhibit distinct intracellular signalling pathways and are routinely employed to
distinguish G protein linked signalling pathways upstream of CAMP production.
Migration of many cell types, including lymphocytes, is inhibitable by cholera and
pertussis toxins (45,46). To date, no evidence has been presented linking cholera
toxin- and pertussis toxin-sensitive signalling pathways to integrin signalling.

In this project we examined the adhesion and migration on laminin-5 of normal
(HUMEC) and spontaneously immortalized (MCF-10A) breast epithelial cells, and
breast epithelial cells that exhibit different degrees of malignancy (MDA-MB-
435>MDA-MB-231>MCF-7). We found that normal breast epitheliat cells from primary
cultures adhered to laminin-5 via the integrin a3p1, but remained statically adherent
and displayed no motility in two in vitro motility assays. A non-tumorigenic cell line,
MCF-10A, also displayed a3p1-dependent static adhesive behavior and no migration
on laminin-5. In contrast, MCF-7 cancer cells used o3p1 integrin to adhere to laminin-
5, but were constitutively migratory. The more malignant lines MDA-MB-231 and
MDA-MB-435 also migrated vigorously on laminin-5, but used a distinct, unidentified
B1 integrin. In an effort to understand the mechansisms by which migration is
controlled in normal and malignant breast cells, we have focused on identifying
signalling pathways that control migration in these cells. Direct stimulation of the a3p1
integrin receptor with the B1 stimulating antibody TS2/16 is sufficient to induce




migration of MCF-10A cells on laminin-5. TS2/16-stimulated migration on laminin-5 is
blocked by inhibitors of G proteins (pertussis toxin), adenylate cyclase (SQ22536), and
protein kinase A (H-89), suggesting that these signalling proteins may form an
integrin-associated signalling pathway in MCF-10A cells. These inhibitors also block
constitutive migration of the three malignant breast cell lines on laminin-5, suggesting
that this pathway may play a role in the spread of malignant cells in breast cancer.




Materials and Methods.

Cells. HUMECs (ninth passage) were purchased from Clonetics (San Diego, CA),
maintained in Mammary Epithelial Growth Medium (Clonetics) a serum-free defined
medium, and used by passage 12. Cells were passaged using the Clonetics Reagent
Pack as indicated by the manufacturer. MCF-10A cells were maintained and
passaged in DFCI medium according to Band and Sager (47). MCF-7, MDA-MB-231,
and MDA-MB-435 cells were maintained in RPMI supplemented with 10% fetal calf
serum (Gemini, Irvine CA) and 2 mM glutamine/penicillin G (100
units/ml)/Streptomycin sulfate (100 pg/ml) (BioWhittaker, Walkersville MD), and
routinely passaged using trypsin/EDTA (Biownhittaker). Rat 804G cells were passaged
and maintained under conditions identical to those for MCF-7 cells except that DMEM
was substituted for RPMI medium. All cells were maintained at 37°C in a humidified
incubator containing 10% CO,. 804G cell conditioned medium was collected after 3
days of culturing and was clarified by centrifugation at 1500 x g.

Reagents. Mouse laminin-1 was purchased from Collaborative Biomedical Products
(Bedford, MA). Mouse monoclonal antibodies against integrin o3 (clone P1B5) and 1
(Clone P4C10) were purchased from Gibco (Gaithersburg, MD). Mouse monoclonal
antibody clone P5D2 against B1 integrin was purchased from Chemicon (Temecula,
CA). Mouse monoclonal antibody TS2/16 (in ascites form) was generously provided
by Dr. Martin Hemler (Dana Farber Cancer Institute, Boston, MA). Anti-laminin-5
monoclonal antibody TR1 was produced in this laboratory (48). Both TS2/16 and TR1
were purified with a protein G affinity chromotography kit (Pierce). Anti-mouse Fc
monoclonal antibody, adrenalin, bombesin, lysophosphatidic acid, 8-bromo-cAMP,
dibutyryl cAMP, forskolin, and cholera toxin were purchased from Sigma. H-89 and
calphostin C were purchased from Calbiochem. SQ22536 was purchased from
Biomo! (Plymouth Meeting, PA). Genistein was purchased from Upstate
Biotechnology Inc. (Lake Placid, NY). Pertussis toxin was purchased from List
Biological Laboratories, Inc. (Campbell , CA). Rat monoclonal antibody GoH3 against
the a6 integrin was purchased from Immunotech (Westbrook ME). Function-blocking,
mouse monoclonal antibodies against integrin o2 (clone P1E6), a3 (clone P1B5), a5
(clone P1D6) and B1 (Clone P4C10) were purchased from Gibco (Gaithersburg, MD).
Mouse monoclonal antibody J143 against o3 integrin (49) was kindly provided by Dr.
Yves Fradet (Memorial Sloan-Kettering Cancer Center, New York NY). Function-
blocking, mouse monoclonal antibodies against integrin a1 (clone SE8DY) and a4
(clone A4-PUJ1) were purchased from Upstate Biotechnology Inc. (Lake Placid, NY).
Rat monoclonal antibody 69-6-5 against integrin aV was generated in this laboratory
(50). Mouse antibodies MOPC 31c¢ and monoclonal anti-vinculin as well as goat anti-
mouse and anti-rat secondary antibodies coupled to fluorescein isothiocyanate were
purchased from Sigma (St. Louis, MO). Mouse monoclonal antibodies FM3 and CM6
?gainst laminin-5 were isolated and purified from ascites fluid as described elsewhere
48).

Adhesion assays. Untreated 96 cell plates (Sarstedt, Newton, NC) were coated for at
least two hours at room temperature with rat or mouse laminin-1 (Gibco), human
laminin-2 (placental laminin, Gibco), anti-laminin-5 monoclonal antibodies (all at 20
pg/ml) or with human fibronectin or human vitronectin (both at 40 pg/ml, Gibco). All
proteins were diluted in 100 mM carbonate buffer, pH 9.3. Plates were then washed




twice with phosphate buffered saline (PBS) containing 0.2% Tween 20 (PBST) and
blocked overnight at 4°C with blotto (5% nonfat dried milk in PBST). Following two
washes with PBST, wells containing anti-laminin-5 antibodies were incubated for 1
hour at room temperature with 804G cell conditioned medium, thereby allowing for
*capture” of soluble laminin-5, then washed twice with PBST. For CM6 antibody
blocking experiments, wells were incubated with indicated concentrations of blocking
antibodies diluted in blotto. As controls, wells were blocked with blotto alone, irrelevant
antibody MOPC 31c, or anti-laminin-5 monoclonal antibody FM3. Wells were washed
twice with PBST.

in some experiments, cells were allowed to attach to 804G cell matrix or wells coated
with 804G cell conditioned medium. To prepare 804G cell matrix, cells were grown to
confluency in Sarstedt 96 well plates, the culture medium was removed and the cells
were washed in sterile PBS. The cells were removed according to the method of
Gospodarowicz (51) by incubating them 2 x 5 minutes in 20 mM sterile NH4OH. The
wells were extensively washed with PBS and distilled water and blocked with blotto as
described above. Additional wells were coated for 2 hours with 804G cell conditioned
medium, then washed and blocked as described above.

Cells were collected by brief trypsinization, blocked with either serum-containing
medium or Tryspsin Inhibitor solution (Clonetics), washed twice with DMEM/1% bovine
serum albumin, then plated (1.2 x 105/ well) in DMEM/1% bovine serum albumin/25
mM HEPES, pH 7.2. For anti-integrin antibody blocking experiments, cells were
incubated at room temperature with blocking antibodies for 30 minutes before addition
to plates; blocking antibodies were present during plating. Plates were kept at 37°Cin
a humidified incubator containing 10% CO, for 30 minutes. To remove unbound cells,
wells were then filled with PBS and the plates were inverted in a tank of PBS and
allowed to gently shake for 15 minutes. Excess PBS was absorbed from the wells by
inverting plates on paper towels. Bound cells were fixed in 3%
paraformaldehyde/PBS, then stained with 0.5% crystal violet in 20% methanol/80%
H,O. Wells were washed with water to remove excess dye, then cells were solubilized
in 1% SDS and the amount of dye was quantitated using a Molecular Devices plate
reader set to absorb at 595 nm.

Transwell haptotactic migration assays. Transwell filters (8.0 um pore size, Costar,
Cambridge MA) were coated for 4 hours with identical concentrations of extracellular
matrix proteins used in adhesion assays, diluted in 100 mM carbonate buffer, pH 9.3.
Separate filters were coated for 1 hour with mouse monoclonal antibody TR1, diluted
in 100 mM carbonate buffer. Antibody-coated filters were blocked for 2 hours with
blotto, then incubated for 1 hour with 804G cell conditioned medium, thereby allowing
for "capture” of laminin-5 on the filter. For CM6 antibody blocking experiments, filters
were incubated with indicated concentrations of blocking antibodies diluted in blotto.
As a control, filters were blocked with blotto alone. Following two washes with PBST,
filters were inverted and cells (6 x 10# cells/filter) were plated on the uncoated side in
migration medium (DMEM/2 mM glutamine/1 mM sodium pyruvate). For anti-integrin
antibody blocking experiments, cells were incubated with blocking antibodies in
migration medium for 30 minutes before plating on filters. Antibodies were also
present in migration medium throughout the migration assay. Cells were maintained
at 37°C in a humidified incubator containing 10% CO; for 18 hours, then filters were




fixed and cells stained using the Diff-Quik stain kit (Baxter, McGaw Park, IL). The
uncoated side of each filter was wiped with a cotton-tipped applicator to remove cells
that had not migrated through the filter. Filters were then cut from their supports,
mounted on slides and viewed under bright field optics. To quantitate migration,
stained cells were counted in four fields (under 300 x magnification) from each of two
filters for each condition. Results were expréssed as the mean number of cells
counted in each field + the standard deviation.

Colloidal gold uptake motility assays. Colloidal gold motility assays were performed
exactly as described by Albrecht-Buhler (52). Colloidal gold particles coated on glass
coverslips were coated with laminin-5 affinity captured by TR1 as described for
adhesion assays. As controls, coverslips coated with gold particles were blocked with
blotto and incubated with 804G cell conditioned medium. Cells were collected as for
cell adhesion assays and plated (5,000/well) in 6 well plates containing coated 4
coverslips. After 18 hours, cells were fixed in 10% formalin/PBS, viewed under dark
field microscopy and photographed using Kodak Gold 200 color print film. Migration
was quantitated by digitally scanning prints of photographic images (Scanjet licx;
Hewlett Packard, Palo Alto CA, USA), and computing the black area (displaced gold)
in scanned images using Adobe Photoshop 3.0 (Adobe Systems, Inc., Mountain View,
CA, USA) running on a Quadra 950 computer (Apple Computer, Inc., Cupertino, CA,
USA.). The results were expressed as the ratio of displaced gold area to the total area
of each image + standard deviation (n=3).

Immunofluorescence Microscopy. Cells were plated for 2 hours in migration medium
on glass coverslips coated with laminin-5 matrix (53), then washed briefly with PBS,
fixed for 10 minutes in 3% paraformaldehyde/PBS, extracted with 0.01% Triton-X-
100/PBS, rinsed twice with PBS, and blocked for 40 minutes with 10% goat
serum/PBS. Primary antibodies were diluted in PBS and applied to coverslips for 1
hour. Following two washes with PBS, coverslips were incubated 1 hour with rabbit
anti-mouse F(ab')2 secondary antibody coupled to fluorescein isothiocyanate
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), diluted 1:30 in PBS.
Following two more washes with PBS, cells were incubated with a 1:10 dilution of
rhodamine-coupled phalloidin (ICN Immunobiologicals, Costa Mesa, CA) for 40
minutes to stain filamentous actin. Stained coverslips were washed twice in PBS,
mounted with Immunofiuore mounting medium (ICN), viewed with a Axiophot |
microscope equipped for epifluorescence (Zeiss, Germany), and photographed on
Kodak T-max 400 film.

FACS analysis. Cells were typsinized, blocked, and washed as for adhesion assays,
then washed twice with ice cold FACS buffer (Hanks Buffered Saline Solution
containing 5% fetal calf serum and 0.02% NaNj3), with each wash followed by gentle
centrifugation at 4°C (500x g). All subsequent steps were performed at 4°C. Cells
were then incubated for 1 hour with anti-integrin antibodies diluted at the same
concentrations used for adhesion and migration assays in FACS buffer, then washed
twice with secondary antibody buffer (Hanks Buffered Saline Solution containing 5%
goat serum and 0.02% NaNg). Cells were incubated for one hour with goat anti-
mouse or goat anti-rat secondary antibodies coupled to fluorescein isothiocyanate
(diluted 1:128 or 1:200, respectively, in secondary antibody buffer), washed twice with
FACS buffer, then analyzed on a Beckton-Dickinson FACScan flow cytometer. As a

10




control, cells were incubated with anti-mouse or anti-rat secondary antibodies only.

Polymerase chain reaction. Reverse transcriptase-polymerase chain reaction (RT-
PCR) was carried out as described previously.(54). Briefly, poly(A)+ RNA from
HUMEC and MCF-7 cells was isolated using the Micro-FastTrack mRNA isolation kit
(Invitrogen, San Diego CA). First-strand cDNA was prepared by using oligo(dT)
primers and the RT-PCR kit (Stratagene, San Diego). Oligonuclectides were
synthesized with a Cyclone Plus DNA synthesizer (Millipore, Bedford MA). Primers for
o3 were: 3484, 5'-AAGCCAAGTCTGAGACTGTG-3'; and 3485, 5'-
GTAGTATTGGTCCCGAGTCT-3', corresponding to nucleotides 2757-2776 and 3393-
3413, respectively, of the human a3 sequence (55).

Immunoprecipitation. HUMEC and MCF-7 cells were surface labeled with biotin using
Sulfo-NHS-LC-Biotin (Pierce, Rockford IL) as directed by the manufacturer. Surface
labeled cells were solubilized on ice in PBS/2% Renex30 (Accurate Chemicals,
Westbury NY)/1 mM PMSF/1 pg/ml aprotinin/1 uM leupeptin/1 uM pepstatin. Lysates
were precleared by adding sepharose beads coupled to goat anti-mouse IgG
antibodies (Sigma) for 30 minutes at 4°C, and clarified by centrifugation at 4°C. a3
integrin subunits were immunoprecipitated from lysates by adding 10 ul cell lysate, 5
! P1B5 antibodies and 10 pl antibody-coupled agarose per sample to 200 ml
immunoprecipitation buffer (50 mM Tris-HC/0.5 M NaCl/1 mM CaCly/ 1 mM
MgCl,/0.1% Tween 20) and rocking overnight at 4°C. Agaorose beads were pelleted
by centrifugation and washed 5 times with immunoprecipitation buffer, then boiled in
reducing sample buffer. The supernatants were separated by SDS-PAGE, transferred
to PVDF membranes, blocked overnight with 0.1% Tween 20/0.2% gelatin/PBS at 4°C,
then incubated with streptavidin conjugated to horseradish peroxidase (Boehringer
Mannheim, Indianapolis, IN) diluted 1:4000 in blocking buffer for 1 hour. Membranes
were washed 3x with PBS/0.2% Tween 20 and developed using the ECL
chemiluminescence kit according to the manufacturer (Amersham, Arlington Heights,
IL). ' '

Confocal immunofluorescent detection of laminin-5 in rat mammary gland.
Immunofiuorescent labeling for laminin-5 was performed on 8 um thick cryostat
sections prepared from snap frozen rat mammary gland. Sections were mounted on
glass slides, dried at room temperature (RT) for 1 hour, fixed in freshly made 4%
formaldehyde (from paraformaldehyde) for 20 minutes at 4°C, permeabilized in 0.1%
saponin for 5 minutes at room temperature, and then incubated in 50 mM glycine in
PBS to saturate reactive groups generated by formaldehyde fixation. Nonspecific
binding was blocked by incubation of sections in PBS containing 2% donkey normal
serum (DS) (Jackson Immunoresearch Lab. Inc., West Grove, PA, USA) and 1% BSA
(fraction V; Sigma Immunochemicals, St. Louis, MO, USA) for 1 hour at room
temperature. Following extensive washes in PBS (0.2% DS, 0.1% BSA), sections
were incubated for 1 hour at room temperature with 20 pg/ml of either CM8, or isotype
matched mouse IgGs, used as control reference for specificity of CM6 antibody. After
several washes in PBS (0.2% DS, 0.1% BSA), sections were challenged with an FITC-
conjugated affinity-purified donkey anti-mouse secondary antibody (Jackson
Immunoresearch Lab. Inc., West Grove, PA, USA) for 1 hour at room temperature.
Following six washes of 5 minutes each with PBS (0.2% DS, 0.1% BSA), sections
were mounted in slow fade medium and viewed on a Zeiss Axiovert 35M microscope

11




(Carl Zeiss, Thornwood, NY, USA), using a 40X 1.3 NA objective lens, equipped with a
laser scanning confocal attachment (MRC-1024, Bio-Rad Laboratories, Cambridge,
MA, USA). Fluorescent images were collected by using an argon/krypton mixed gas
laser. Composite images were generated using Adobe Photoshop, and printed on a
Tektronix Phaser II-SDX (Tektronix, Inc., Beaverton, OR, USA).

CcAMP determination. Cells were collected by brief trypsinization, blocked with trypsin
inhibitor, washed in DMEM, and incubated at 37°C in migration medium containing 1
mM isobutylmethyixanthine (Sigma) to block phosphodiesterase activity. After 30
minutes, cells were collected by centrifugation, and 1 x 106 cells per sample were
suspended in media containing the indicated agonists. As controls, cells were
suspended in DMEM/1mM isobutylmethylxanthine alone or plated in 35 mm dishes
affinity coated with laminin-5. After 30 minutes, suspended cells were collected by
centrifugation, and the cell pellet solubilized in ice cold cAMP extraction solution (95%
ethanol, 5% 0.1 N HCI). After one wash with phosphate buffered saline to remove
nonadherent cells, cells plated on laminin-5 were scraped directly into ice cold cAMP
extraction buffer. All samples were kept on ice in CAMP extraction buffer for 2 hours,
then centrifuged to pellet precipitated protein. Pelleted protein was suspended in 0.1
N NaOH and protein amounts were determined with the BCA microassay (Pierce).
Supernantants were evaporated and cAMP measured using a cCAMP EIA kit
(Perseptive Diagnostics, Inc., Cambridge MA) as directed by the manufacturer. cAMP
amounts were normalized to total protein in each sample and expressed as fmol/ug
protein.
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Results.
ini r in br .

To determine the distribution of laminin-5 in the mammary gland, we immunostained
cryostat sections from snap-frozen mammary gland of a lactating rat with CM6, a rat-
specific monoclonal antibody against the a3 chain of laminin-5 (48) (Fig. 1). Sections
were observed at a BioRad MRC 1024 confocal system. We found a bright, though
non-contiguous, fluorescent immunoreactivity near the basal (basolateral) pole of
luminal cells forming the mammary ductal epithelium with antibody CM6 (Fig. 1,
panels A, B). Higher power fields (Fig. 1, panel C) revealed that in some instances,
laminin-5 staining completely surrounded basal (myoepithelial) epithelial cells.
Control sections stained with isotype matched mouse IgGs were negative (Fig. 1,
panel D). These observations demonstrate that laminin-5 is present in basement
membranes of mammary epithelium, in direct contact with epithelial cells.

L liz n E- lignant h r ithelial cells bin
minin-5 through th 1 inteqrin.

To investigate a potential role for laminin-5 in the organization of breast epithelium, we
tested primary human breast epithelial cells (HUMEC), a spontaneously immortalized,
non-malignant breast epithelial cell line (MCF-10A) (56); and three malignant breast
epithelial cell lines (MCF-7, MDA-MB-435, MDA-MB-231) (67-59) in rapid (30 minute)
adhesion assays. HUMECs and MCF-10A cells adhered efficiently to wells coated
with laminin-5 (Fig. 2). Rapid adhesion of HUMECs to all other ECM molecules tested
was relatively poor (Fig. 2). The most active of these was laminin-2, which supported
approximately 20% as much adhesion as laminin-5 (Fig. 2). As controls, plates coated
with antibody, the blocking agent "blotto”, or DMEM/10% FCS did not promote
adhesion. In contrast to HUMECs, the MCF-10A, MCF-7, 435, and 231 cells adhered
well to laminin-5, laminin-2 and fibronectin (Fig. 2).

To investigate the contribution of specific integrins to normal and malignant cell
adhesion to laminin-5, we used blocking monoclonal antibodies that recognize
integrin chains reported to be involved in binding to laminins: P1E6 against o2 (60),
P1B5 against o3 (60), GoH3 against a6 (61), and P4C10 against p1 integrins (62). in
rapid adhesion assays, antibodies against a3 and B1 integrin subunits reduced
adhesion of HUMEC, MCF-10A, and MCF-7 cells by greater than 90% (Fig. 3). In
contrast, antibodies against a2 and a6 had no inhibitory effect on the adhesion of
either cell type to laminin-5.

We used RT-PCR analysis and immunoprecipitation to establish that HUMEC and
MCF-7 cells express the A isoform of the a3 integrin receptor. Foliowing RT-PCR we
detected a 570 bp band corresponding to the a3A variant in both HUMECs and MCF-7
cells (Fig. 4a). We detected no 426 bp band corresponding to the 3B variant in either
cell type. Immunoprecipitation of cell surface, biotin-labeled a3 integrin with the P1B5
antibody revealed that both cell types expressed a3 subunits of virtually identical size
(Fig. 4b). FACS analyses (Table 1) revealed that both cell types expressed nearly
identical amounts of a3 integrin subunits on their surface. We conclude that normal
and relatively weakly malignant MCF-7 cells utilize the same integrin receptor, o3AfL,
to bind laminin-5.

Both MDA-MB-231 and MDA-MB-435 cell lines were inhibited from binding laminin-5
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by antibodies against the B1 integrin subunit, but antibodies against the a2, a3, and a6
integrin subunits failed to significantly interfere with adhesion in these cell types (Fig.
4). Consistent with earlier studies (19), in control experiments the same
concentrations of GoH3 antibody were able to block MDA-MB-231 and MDA-MB-435
cell adhesion to laminin-1, demonstrating that the a6B1 and/or a6B4 integrin is
functionally expressed on the surface of these cells (not shown). FACS analysis
revealed that o2, a3, and o6 integrins were expressed on the surface of these cells
(Table 1). Additional experiments using higher concentrations of anti-o. subunit
inhibitory antibodies (up to 50 pg/ml) and inclusion of antibodies that block the
function of a1, a4 , o5, and oV integrins failed to inhibit adhesion of either cell type (not
shown). We conclude that the MDA-MB-231 and MDA-MB-435 cell lines differ from
HUMEC, MCF-10A, and MCF-7 cells in that they do not use the a3B1 integrin to bind
laminin-5; rather, they use a Bl integrin that is resistant to a1, 02, a3, o4, o5, 06, and
aV function blocking antibodies.

This observation suggested that MDA-MB-231 and MDA-MB-435 cells might bind
different portions of laminin-5 compared to normal or MCF-7 cells. We recently found
that the anti-laminin-5 monoclonal antibody CM6 disrupts cell adhesion and
hemidesmosome formation in keratinocyte cell lines plated on laminin-5 enriched
extracellular matrix preparations (63). When tested in rapid adhesion assays, laminin-
5 captured by CM6 antibody did not support adhesion of any of the five cell lines (Fig.
5). Identical results were obtained when CM6 was added to wells containing laminin-
5 affinity captured by the antibody TR1 (not shown). CMé6 is a slightly more efficient
capturing agent than is TR11, suggesting that adhesion wells coated with CM6
contained at least as much laminin-5 as wells coated with TR1; yet, these wells
supported no cell adhesion whatsoever (Fig. 5). Based on these results, we conclude
that both normal and malignant cells bind the same region of laminin-5, regardless of
the integrin receptor employed. :

MCE-7. but not HUMEC or MCF-10A cells. use o381 integrin to spontaneously migrate
on laminin-5. -

To measure random cell motility following adhesion to laminin-5, cells were plated on
colloidal gold particles coated with antibody-captured laminin-5. As cells randomly
migrated they displaced the gold particles leaving behind a dark trail easily viewed
under dark field optics (52). MCF-7 cells were actively motile on laminin-5 coated gold
particles. They formed rounded, multicellular aggregates, appeared to collect laminin-
5-coated gold particles on their surfaces, and were loosely adherent to the glass. On
control, BSA coated patrticles, they instead spread, migrated poorly,:and did not
aggregate (Fig. 6). MDA-MB-435, and MDA-MB-231 cells behaved similarly in this
assay (not shown). In contrast, HUMECs migrated on laminin-5-coated gold at
?Fackgr)ound levels, approximately equal to that on control, BSA coated gold particles
ig. 6).

The differential behavior of non-migratory (MCF-10A) and migratory (MCF-7) cells
plated on laminin-5 was reflected by the overall cell morphology and organization of
the actin cytoskeleton in these two cell types. Within two hours after plating on

1 M. Fitchmun et al., manuscript submitted.
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laminin-5, MCF-10A cells adopted an overall cobblestone-like shape ringed by short
filopodial extensions and formed an elaborate network of actin microfilaments
including a circumferential microfilament bundle near the cell periphery (Fig 7, panel
a). In contrast, MCF-7 cells adopted a more elongated shape and extended large
cytoplasmic processes that contained considerably fewer actin bundles (Fig. 7, panel
b), consistent with a significant reduction of actin bundle formation observed in
malignant cells in vivo (2,64-67). In MCF-10A cells, the actin binding protein vinculin
was localized by immunofluorescence microscopy to the entire cell periphery,
principally in short filopodial extensions (Fig. 7, panel ¢), while in MCF-7 cells it
concentrated only at the tips of filopodia (Fig. 7, panel d). Immunolocalization with the
antibody J143 revealed that o3 integrin was concentrated in the filopodial extensions
of MCF-10A cells (Fig. 7, panel e). In contrast, in MCF-7 cells a3 was concentrated in
small foci randomly distributed throughout the cytoplasm (Fig. 7, panel f). These
observations are consistent with the stationary and migratory phenotypes, respectively
(68,69) that MCF-10A and MCF-7 adopt following adhesion to laminin-5.

To measure haptotactic migration on laminin-5, we plated normal and malignant cells
on the upperside of Transwell filters (8 um pore diameter) coated on the underside
with laminin-5. Consistent with our colloidal gold migration assays, MCF-7, MDA-MB-
435, and MDA-MB-231 cells migrated very efficiently through laminin-5 coated filters
(Fig. 8). In contrast, HUMEC and MCF-10A cells did not: they were as migratory on
laminin-5 coated filters as on control (BSA) coated filters (Fig. 8). Consistent with our
cell adhesion data, migration of MCF-7 cells was inhibited by the anti-laminin-5
antibody CM6 and antibodies directed against a3 and B1 integrins, while antibodies
directed against o2 or a6 integrins had no effect (Fig. 8). Migration of MDA-MB-435,
and MDA-MB-231 cells was inhibited only by CM6 and antibodies against B1 integrin:
none of the antibodies against a subunits blocked migration.

In summary, both normal and MCF-7 cells adhere efficiently to laminin-5 through the
a3p1 integrin receptor, while MDA-MB-435, and MDA-MB-231 cells use an
unidentified, B1-containing receptor. However, HUMECs and MCF-10A celis were
statically adherent, whereas MCF-7, MDA-MB-435, and MDA-MB-231 cells actively
migrated on laminin-5. ‘

laminin-5, but not on laminin-1.

In an effort to understand the mechanisms controlling migration of normal and
malignant breast cells on lamainin-5, we next focused on defining factors that
stimulated MCF-10A cell migration when added to the basal migration medium in a
haptotaxis migration assay. When added to wells containing Transwell filters coated
with laminin-5, the b1 integrin-activating monoclonal antibody TS2/16 induced MCF-
10A cell migration on laminin-5 in a dose-dependent manner (Fig. 9). The non-
activating anti-p1 antibody P5D2 did not induce migration. Addition of soluble
mitogens (1% serum, bovine pituitary extract [40 ug/ml], recombinant human
epidermal growth factor [12.5 nM], and insulin [1 pg/mi]) also stimulated MCF-10A cell
migration, but this stimulation was not additive with TS2/16 treatment. (Fig. 9).
Addition of the a3 integrin blocking antibody P1B5 completely inhibited TS2/16-
stimulated migration.
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Importantly, TS2/16 antibody activation did not stimulate MCF-10A cell migration on
laminin-1 (Fig. 10), even though these cells did migrate when plated in complete
growth medium containing serum and growth factors. This result suggests that
induction of migration by direct integrin activation may be specific for laminin-5 binding
integrins in this cell line.

To define the signalling mechanisms by which TS2/16 stimulated MCF-10A cell
migration on laminin-5, we added inhibitors of known signalling molecules to
antibody-stimulated cells in haptotaxis migration assays. We found that pertussis
toxin, an inhibitor of the Gi class of heterotrimeric G proteins, blocked TS2/16-

stimulated migration of MCF-10A cells, while cholera toxin, an activator of Gs G
proteins, did not (Fig. 11). In control experiments, both toxins blocked serum-
stimulated migration (Fig. 11). These results suggest that TS2/16 stimulates MCF-10A
cell migration by activating a signalling pathway containing the pertussis toxin-
sensitive (Gj) subclass of heterotrimeric G proteins.

Hetertrimeric G; proteins regulate downstream signalling events by controlling the
activity of adenylate cyclase, which produces cAMP. To determine the direct role of
cAMP in MCF-10A cell migration on laminin-5, we increased intracellular cAMP levels
with either non-hydrolyzable analogs of cAMP (8-bromo-cAMP, dibutyryl cAMP) or an
inhibitor of phosphodiesterase (forskolin), which cleaves cAMP to form AMP. These
agents stimulated MCF-10A cell migration on laminin-5 but were not additive with
antibody stimulation in these cells, again suggesting that these two stimulants
functioned in a common signalling pathway (Fig. 12). Inhibition of cAMP production
with the adenylate cyclase inhibitor SQ22536 blocked migration of antibody-
stimulated cells (Fig. 12) on laminin-5. Finally, an inhibitor of cAMP-dependent
protein kinase (H-89) also blocked TS2/16 cell migration on laminin-5 (Fig. 12).
Addition of cAMP analogs or forskolin failed to induce migration of these cells on
laminin-1, again suggesting that this activation is specific to laminin-5-mediated
migration.

These results suggested that TS2/16 signals through a pathway that uses intracellular
cAMP as a second messenger. A 30 minute stimulation with TS2/16 induced a greater
than two-fold increase in intracellular cAMP in non-adherent MCF-10A cells compared
to untreated cells (Fig. 13). Addition of pertussis toxin also increased cAMP levels,
although this increase was not additive with TS2/16 treatment (Fig. 13), suggesting
that TS2/16 and pertussis toxin acted through a common signalling pathway.

cAMP is a common second messenger used in a variety of cellular signalling
pathways. Not surprisingly, a rise in CAMP was not specific to TS2/16 stimulation in
MCE-10A cells. Addition of control anti-b1 antibodies that block adhesion to laminin-5
(P4C10) or are non-functional (P5D2) also induced a rise in cAMP. This effect was
exacerbated when these antibodies were clustered with a secondary, anti-mouse Fc
antibody , which raised cAMP levels to that found in non-stimulated cells adherent to
laminin-5 (Fig."13). .
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Stimulation of MCF-10A cells with adrenalin, which activates cAMP production in other
cell types, also induced significant increases in CAMP levels over the same time
course (Fig. 13), although it did not stimulate MCF-10A cell migration on laminin-5 (not
shown). Thus, cAMP is used as a second messenger in multiple signalling pathways
in these cells, and while it appears to play a role in migration signalling, it is not used
exclusively in this pathway. :

Inhibition of the TS2/16 stimulated signalling pathway blocks constitutive migration of

malignant breast cells on laminin-5.

To assess the relative importance of the TS2/16 stimulated signalling pathway in
malignant transformation, we used MCF-7, MDA-MB-231 and MDA-MB-435 malignant
cells, which constitutively migrate on laminin-5 in a minimal medium lacking soluble
mitogens, serum, or integrin-activating antibodies. Migration of all three malignant cell
lines on laminin-5 was blocked approximately 50% by pertussis toxin, while the
adenylate cyclase inhibitor SQ22536, the PKA inhibitor H-89, and function blocking
antibodies against B1 integrin chain blocked migration completely (Fig. 14). Cholera
toxin, genistein, and calphostin C also blocked migration in these cells 50-90%,
suggesting that multiple signalling pathways mediating migration are activated in
these cells.

17




Conclusions.

We examined the contribution of laminin-5 to adhesion and migration of normal and
malignant breast epithelial cells in in vitro assays using integrin-specific inhibitory
antibodies and purified faminin-5 under defined, serum-free conditions. One striking
finding was that laminin-5 was more adhesive for normal breast epithelial cells than all
other ECM molecules tested, including other ECM proteins present in breast basement
membrane (30,70-72); this preferential adhesiveness was not true for the malignant
cell lines. This is somewhat surprising because laminin-1 in particular has been
reported to play a significant role in breast cell growth and differentiation in in vitro
models (73). These findings, combined with the observation that laminin-5 supports
branching morphogenesis of MCF-10A cells in vitro (31), our localization of laminin-5
to the basement membrane of normal rat breast gland (Fig. 1), and detection of
laminin-5 in secreted matrix of HUMEC and MCF-10A cells2, argue strongly that
preferential adhesion to laminin-5, particularly though the a3p1 integrin, plays a critical
role in maintenance of normal breast epithelium.

Although the integrin receptor a6B4 functions as a receptor for laminin-5 (74) and is
expressed in breast epithelium (75), our data suggest that it does not play a role in
rapid (30 minute) adhesion to laminin-5 or migration on laminin-5 in these cells.
However, these data do not discount the possibility that «684 may contribute to
formation of long-term, stable adhesion complexes such as hemidesmosomes in these
cells (76).

Integrin-mediated adhesion to laminin-5 appears to play a significant role in
tumorigenesis. laminin-5 has been localized to invading cancer cells in breast and
other organs (32,77), and malignant MCF-7 cells secrete laminin-5 and incorporate it
into their basement membrane in culture (G.E. Plopper, unpublished). Our observation
that laminin-5 stimulates both random motility and haptotactic migration through the
a3B1 integrin in MCF-7 cells and through a different, unidentified integrin(s) in MDA-
MB-435 and MDA-MB-231 cells suggests that laminin-5 may also play a role in
invasion and metastasis.

Interestingly, all five cell lines failed to attach to laminin-5 when plated in the presence
of the anti-laminin-5 monoclonal antibody CM6. This was true whether CM6 was used
as a blocking agent on a laminin-5 enriched ECM matrix (63), affinity captured laminin-
5 (Fig. 5) or as a capturing agent itself. CM6 recognizes an epitope on the globular tail
portion of the a3 chain of laminin-5 (48,63). The resuits obtained from our adhesion
assays suggest that at least two distinct integrin receptors adhere to: laminin-5, via a
common epitope on the a3 chain of laminin-5 defined by CM6. This is consistent with
the observation that a monoclonal antibody, BM165, directed against the a3 chain of
human laminin-5, also blocks cell adhesion (78).

How can such divergent cellular phenotypes as static adhesion in normal and
immortalized cells and spontaneous migration in malignant cells result after binding
laminin-5 through the same receptor, the integrin a3p1? Although previous studies
have identified changes in expression of integrin subunits in malignant tumors, no

2G.E. Plopper, unpublished observations.
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conclusive marker for malignant transformation in breast has been identified. Inherent
in many of these studies is the assumption that these integrins are fully and/or equally
functional when expressed on the cell surface. As a result, integrins that are
expressed at approximately equal levels in normal and malignant cells may be
overlooked as potential participants in the mechanism of malignant transformation.
Instead, we hypothesize that the a3p1 integrin may function differently in normal and
malignant cells, independent of surface expression level, and that this functional
difference may be revealed at the level of integrin and actin cytoskeletal organization.
Consistent with their behavior in migration assays, we found that MCF-10A and MCF-7
cells adopted significantly different morphologies following adhesion to laminin-5,
coincident with a marked difference in a3 integrin, vinculin, and actin microfilament
distribution in these cells. In particular, we saw significant overlap in the distribution of
these proteins in MCF-10A cells, especially in structures resembling classical focal
adhesion complexes at the cell periphery, but we saw little overlap in MCF-7 cells.
That o3 integrin supports adhesion and migration of MCF-7 cells on laminin-5 but is
not localized to focal adhesion complexes suggests that it may instead be clustered in
so-called "point contacts" or “dot contacts" found in migratory astrocytes (79). As these
contacts typically do not contain vinculin or actin (79), this may explain the disparate
localization of these proteins in MCF-7. cells.

We therefore propose that a3p1 integrin-mediated adhesion to laminin-5, with
resulting formation of stress fibers and discrete focal adhesion complexes, no
haptotactic migration, and no random motility, may be defining characteristics of
normal breast epithelium. How this organization is disrupted during malignant
progression is unclear. One possibility is that cytoskeletal changes result from
corresponding changes in the activation states of the receptor, either directly via
alterations in association with cytoskeletal elements in focal adhesion complexes, or
indirectly though alterations in downstream chemical signalling pathways.

When the five cell lines used in this study are ranked according to growth
characteristics in vitro and previously reported metastatic potential, and scored for
behaviors on laminin-5 such as rapid adhesion, static adhesion, integrin receptor,
random motility, and haptotactic migration, a striking pattern emerges (Table 2): While
all cells share the ability to bind laminin-5, the preference of laminin-5 as an adhesive
substrate decreases as cells become more malignant. Concomitant with this rise in
indiscriminate adhesion is the appearance of constitutive migration and a conversion
from the o3p1 integrin to a different p1 integrin as the laminin-5 receptor. Interestingly,
these changes do not occur simultaneously: MCF-7 cells use a3f! as a laminin-5
receptor but they are constitutively migratory on laminin-5. Also, this conversion to a
new integrin receptor occurs in the most malignant cell lines despite the fact that they
express a3 integrin on their surface.

Based on these observations, we propose a simplified model for malignant
progression in breast: Normal, non-malignant celis are statically adherent on
basement membrane unless specifically induced to migrate at defined times (e.g.,
during tissue remodeling as a consequence of pregnancy and lactation) by changes in
intracellular signalling pathways controlling the migratory apparatus of these cells;
important components of this migratory apparatus include the o3p1 integrin and the
actin cytoskeleton. Early stages of malignant progression include constitutive
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activation of these signalling pathways, which give rise to continually migrating cells.
Later stages of malignant progression involve conversion from a3p1 to a different B1
integrin, and , perhaps activation of different signalling pathways. Our observation that
more aggressive malignant cell lines use a different p1 integrin(s) to bind and migrate
on laminin-5 suggests that the conversion from static adhesion to migration through
the a3p1 integrin may therefore represent an early event in malignant progression,
and as such, may provide a significant marker for early detection of breast cancer.

Our studies on antibody-stimulated migration of MCF-10A cells produced three
remarkable findings. The first is that direct activation of the a3p1 integrin with the
monoclonal antbody TS2/16 alone induced migration in MCF-10A cells on laminin-5.
TS2/16 has been used as an activating antibody of B1 and B7 integrin receptors in a
number of cell types (80-84), and in virtually all cases this activation results in
increased cell adhesion to integrin ligands such as fibronectin or members of the
laminin family of ECM proteins. Inhibition of cell migration occurs concomitantly with
increased adhesion in these cases. In contrast, we do not detect a significant increase
in adhesion of integrin-activated MCF-10A cells to laminin-5 (not shown) and instead
observe an increase in migration of these cells. Although o3B1 supports migration of
a variety of cells in response to soluble factors such as serum, growth factors, or cell
conditioned media (85-88), this is the first report of direct integrin activation leading to
cell migration through this receptor.

How o3p1 integrin activation leads to cell migration is not clear. Despite the fact that
integrins are widely accepted as activatable signalling receptors, the downstream
consequences of integrin “activation,” per se, are only loosely defined. Multiple
downstream signalling molecules such as focal adhesion kinase, ion channels,
members of the rho family of GTPases, and members-of the mitogen activated protein
(MAP) kinase pathway are stimulated by integrin clustering or activation (89-93). Our
second significant observation, that TS2/16 activation of a3p1 integrins appears to
signal, at least in part, through the Gj class of heterotrimeric G proteins, adds another
class of signalling proteins to this list. How these signalling proteins assemble into
integrin-specific pathways is still not known, and is complicated by the fact that many of
these proteins are used by multiple signalling pathways (e.g., growth factors,
chemokines). While it is clear that there must be some specificity in the signals
generated by these pathways, the use of common second messengers makes
biochemical dissection of these pathways difficult at best.

The use of cCAMP as a second messenger in TS2/16 stimulated cells is a case in point.
In breast cells, cAMP is also used as a second messenger in signalling pathways
stimulated by estrogen receptor, b-adrenergic receptors, prostaglandin E2, oxytocin,
vasoactive intestinal peptide receptor, and calcitonin receptor (94-100). That TS2/16
stimulation induces a rise in cAMP, and antibody-induced migration is curbed by
pertussis toxin and inhibitors of adenylate cyclase and PKA, strongly suggests that
these proteins form a signalling pathway mediating migration in MCF-10A cells. This
pathway must be functional for integrin-stimulated migration to take place, yet CAMP is
clearly not a migration-specific second messenger, since other non-migratory stimuli
also induce changes in CAMP levels.

We propose that the specificty of this pathway lies either upstream or downstream of
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cAMP production. Our observation that antibody-induced migration is inhibited by
pertussis toxin but not cholera toxin offers one possibility: integrin activation may act
through the G; class of G proteins, while other stimuli use Gs and other classes of G
proteins to effect a rise in CAMP. Similarly, multiple isoforms of adenylate cyclase and
protein kinase A exist, and they are differentially regulated by multiple signalling
molecules (101-107), suggesting that a subset of these may mediate cell migration
while others mediate the effects initiated by non-migratory stimuli such as adrenalin.
This may explain why pharmacologic agents such as 8-br-cAMP and forskolin
stimulate migration while adrenalin does not: cell migration may not simply depend on
whether cAMP levels rise, but rather on how this rise is accomplished.

A third striking finding is that the cAMP/protein kinase A signalling pathway induces
migration on laminin-5 but not laminin-1, suggesting that it exhibits at least some
specificity at the ECM level. While laminin-5 has been shown to be a more potent
stimulator of cell migration than laminin-1 in some cells, (108), this may at least be
explained by the fact that normal and MCF-10A cells adhere to laminin-1 and laminin-
5 via different integrins (6p1 and a3p1, respectively; G.E. Plopper, unpublished),
which in turn suggests that this signalling pathway may associate with only a subset of
laminin binding integrin receptors.

In addition to supporting migration of MCF-10A cells via a3p1 integrin, laminin-5 also
supports branching morphogenesis and stable, static cell adhesion and formation of
hemidesmosomes in these cells via the a6B4 integrin (31). How these cells switch
from a stationary to a migratory phenotype is unknown, and very little is known about
the intracellular signalling activity associated with laminin-5 adhesion. To date only
one report linking protein phosphorylation to a6f4-mediated adhesion to laminin-5
has appeared, and the significance of this finding to breast cell migration is unclear,
since this phosphorylation has only been described in keratinocytes following
deadhesion from laminin-5 (76). Our results suggest that the activation state of the
a3B1 integrin may play a central role in this conversion. How a3f1 may be activated
physiologically is not yet clear..

Finally, our observation that constitutive migration of malignant breast cells can be
blocked by inhibitors of G proteins, adenylate cyclase, and protein kinase A suggests
that these signalling proteins may play a role in the spread of malignant breast cancer.
Our findings may also offer some functional significance for the observation that
increased levels of cAMP binding proteins, including protein kinase A, are found in
malignant breast tumors (109,110). Similarly, inhibition of these proteins may limit the
migratory behavior of breast cells and thus decrease the spread of malignant breast
cancer. ’ .
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Cell Line P1E6 (02) P1B5 (0.3) GoH3 (a6) P4C10 (B1) Anti-Mouse 2°| Anti-Rat 2°
HUMEC 19.02 9.96 16.4 9.59 3.49 3.36
MCF-10A 23.45 21.54 26.52 17.64 2.37 2.13
MCF-7 18.28 22.29 20.21 25.4 4.82 4.81
MDA-MB-435 19.21 20.08 36.09 13.76 3.44 3.54
MDA-MB-231 17.05 21.65 36.29 19.92 3.61 3.65

Table 1. Mammary epithelial cells express 02, a3, a6, and Bl integrins. HUMEC, MCF-10A, MCF-7, MDA-MB-231, and
MDA-MB-435 cells were stained with the monoclonal antibodies directed against the following integrin subunits: P1 E6 =
o2, P1B5 = o3, GoH3 = a6, P4C10 = B1, followed by secondary antibodies conjugated to fluorescein, and analyzed by
flow cytometry. As controls, cells were also stained with secondary antibodies alone. Note that all cell types expressed

all four integrins tested. Results are expressed as mean fluorescence intensity (log scale, arbitrary units) of 10,000

sorted cells.
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HUMEC

MCF-10A

MCF-7

MDA-MB-231

MDA-MB-435

Continual Growth in

Culture

+

4

+

Preferential Adhesion

to Laminin-5

Constitutive, Random
Migration on

Laminin-5

n/d

Constitutive,
Haptotactic Migration

on Laminin-5

a3B1 as Laminin-5

Receptor

Table 2. In vitro growth, adhesion, and migration behavior of primary (HUMEC), immortalized (MCF-10A),

and three malignant breast epithelial cells that exhibit different degrees of metastatic potential (MDA-MB-

435>MDA-MB-231>MCF-7). This table illustrates the following three trends: 1) Continuously proliferating

cells lose preferential adhesion to laminin-5; 2) Malignant cells are constitutively migratory on laminin-5; 3)

The most malignant cells abandon a:3B1 integrin as the adhesive and migratory receptor for laminin-5.
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Figure Legends

Figure 1. laminin-5 is expressed in basal membranes of the breast epithelium. Panels
A, B, and C show representative fields of a frozen section immunostained with anti-
laminin-5 monoclonal antibody CM6, and observed with a confocal system. Note the
clear and sharp immunofluorescent staining detected at the basal (basolateral) pole of
breast epithelial cells by this mAb. Under the same confocal settings, no detectable
signal was recorded in sections incubated with control isotype matched mouse IgGs
(panel D). Images in panels A, B, and D were collected by a 40X (1.3 NA) objective, at
a zoom factor 1, whereas the image in panel C was obtained at a zoom factor 3.

Figure 2. Normal breast epithelial cells preferentially bind laminin-5. Normal
(HUMEC), immortalized (MCF-10A), and malignant cells were plated on the indicated
extracellular matrix molecules for 30 minutes, gently washed to remove unattached
cells, then fixed, stained and quantitated as described in Materials and Methods. Ln-
5= laminin-5; Ln-2 = human laminin-2; Fn = human fibronectin; Ln-1 = rat laminin-1.
Data are presented as the statistical mean +/- standard deviation (n=8).

Figure 3. Inhibition of breast cell adhesion to laminin-5 by anti-integrin antibodies.
Cells were plated on laminin-5 for 30 minutes in the presence of antibodies directed
against the following integrin subunits: P1E6 = a2, P1B5 = a3, GoH3 = a6, P4C10 =
B1. Cells were then gently washed, fixed, stained, and quantitated as for Fig. 2. Note
that adhesion of HUMEC, MCF-10A, and MCF-7 cell lines was completely blocked by
antibodies against a3 and B1. Ln-5 = laminin-5.

Figure 4. HUMEC and MCF-7 cells express identical isoforms of the o3 integrin. (A).
Expression of the a3A isoform was detected by RT-PCR of mRNA isolated from
HUMEC and MCF-7 cells. Primers flanking the sequences encoding the alternatively
spliced cytoplasmic domains amplified a 570 bp band corresponding to a3A, but no
426 bp band corresponding to a3B. (B). Immunoprecipitation of a3 subunits from cell
surface, biotin-labeled HUMEC and MCF-7 cells. a3 subunits from both cell types
migrate at approximately 130 kDa. Migration of molecular weight standards is
indicated at left.

Figure 5. The monoclonal antibody CM6 blocks adhesion of breast epithelial cells to
laminin-5. Cells were plated for 30 minutes on plates coated with laminin-5 affinity
captured from 804G cell conditioned medium by the indicated antibodies. Note that no
cells adhered to wells coated with CM6. As controls, wells were coated with the anti-
laminin-5 antibody TR1, irrelevant mouse IgG{ (MOPC), or no antibody. Results are
expressed as in Fig. 2.

Figure 6. MCF-7 cells migrate approximately 10-fold more than HUMECs on laminin-5
coated colloidal gold. A. Dark field images of indicated cells plated on colloidal goid
particles coated with laminin-5 (Ln-5) or blotto (-CTL). Bar = 40 um. B. Quantitation of
cell migration. Photographs of dark field microscopic fields as shown in panel A were
digitized and scanned for black areas where cells had migrated. Values are
expressed as the mean percentage of black area per field + standard deviation (n=3).

Figure 7. MCF-10A cells form mature focal adhesions and elaborate actin bundles
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following adhesion to faminin-5. MCF-10A (a, ¢, e) and MCF-7 (b, d, f) cells were
plated for 90 minutes on glass coverslips coated with laminin-5, then fixed,
permeabilized, and stained with rhodamine-conjugated phalloidin to reveal
filamentous actin (a, b), anti-vinculin antibody (c, d) or anti-a3 integrin antibody. Bar =
20 pm.

Figure 8. Inhibition of breast cell migration on laminin-5 by inhibitory antibodies.
Mammary epithelial cells were plated on Transwell filters whose reverse sides were
coated with bovine serum albumin (BSA) or laminin-5, in the presence of either CM6
or antibodies directed against the indicated integrin subunits: P1E6 = a2, P1B5 = a3,
GoH3 = o6, P4C10 = B1. No inhibitory antibodies were included in control wells. After
18 hours, cells were fixed and stained, and migration quantitated as described in
Materials and Methods. Results are expressed as statistical mean of number of cells -
counted per microscopic field (300x magnification) + standard deviation (n=8).

Figure 9. Integrin activation stimulates MCF-10A cell migration on laminin-5. Cells
suspended in the indicated media components were placed in the upper chamber of
Transwell filters whose undersides were coated with laminin-5 and allowed to migrate
through the filter for 18 hours. Cells were then fixed, stained, and migrated cells
counted as described in Materials and Methods. MM = minimal medium; DFCI =
complete cell growth medium; TS2/16 = 50 pg/ml integrin stimulating antibody unless
otherwise indicated; P1B5 = 1:50 dilution of a3 integrin blocking antibody ascites fiuid;
P5D2 = 50 pg/ml non-stimulating 1 antibody; BPE = bovine pituitary extract [40
pg/ml); EGF = recombinant human epidermal growth factor [12.5 nM]; Insulin =1 ng/ml
purified bovine insulin. Note that cells do not migrate in MM, but are stimulated to
migrate by all additives to this medium except non-stimulating $1 antibody, and that
TS2/16-stimulated migration is inhibited by anti-a3 integrin antibody. Results are
expressed as the mean of eight randomly selected fields on two separate filters per
condition, + standard deviation.

Figure 10. TS2/16 does not stimulate MCF-10A cell migration on laminin-1. Cells
were plated in the indicated media components on filters whose undersides were
coated with 40 pg/ml laminin-1 and processed for migration as described in Figure 1.
Note that while complete growth medium (DFCI) 'stimulated cell migration, TS2/16 did
not.

Figure 11. TS2/16 stimulates MCF-10A cell migration via a pertussis toxin-sensitive
signalling pathway. MCF-10A cells suspended in the indicated media components
were placed in Transwell migration assay chambers coated with laminin-5. Note that
TS2/16 stimulated migratation was inhibited by 100 ng/ml pertussis toxin (PTX), but
" not by 100 ng/ml cholera toxin (CTX). As controls, cells were also plated in MM alone,
MM + 1% serum, or in DFCI medium + PTX or CTX. Results expressed as in Figure 1.

Figure 12. TS2/16-stimulated cells migrate on laminin-5 via a CAMP signalling
pathway. MCF-10A cells incubated in MM supplemented with the indicated componds
were plated in Transwell migration assay chambers coated with laminin-5 or laminin-1
and processed for cell migration as described in Figure 8. Note that dibutyryl CAMP
(dbcAMP, 500 nM), 8-bromo-cAMP (8-br-cAMP, 500 nM), and forskolin (FSK, 5.0 nM)
stimulate MCF-10A cell migration on laminin-5 but not on laminin-1, and that this
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stimulation is not additive with TS2/16 stimulation. Note also that inhibition of
adenylate cyclase with SQ22536 (250 mM) or of protein kinase A with H-89 (4 mM)
blocked TS2/16 stimulated migration. As controls, cells were plated in MM alone or in
DFCI medium. Results expressed as in Figure 8.

Figure 13. Integrin clustering with anti-integrin antibody TS2/16 stimulates a rise in
intracellular cAMP in MCF-10A cells. Purified TS2/16 (50 pg/ml) was added to 1 x 106
suspended cells in minimal migration medium for 30 minutes. Cells were lysed and
cAMP collected from supernatants of acid precipitated protein. cAMP was quantitated
by elisa assay and is expressed as fmol per mg of protein per sample. As controls,
cells were treated with additional anti-integrin antibodies (P4C10, P5D2) with or
without a crosslinking secondary anti-mouse Fc antibody (2° Ab) as well as
compounds that activate cAMP signalling in other cell types (bombesin, bradykinin,
adrenalin) or left untreated (control).

Figure 14. Migration of malignant breast cells is blocked by inhibitors of G proteins,
adenylate cyclase, and protein kinase A. Malignant cells were added to Transwell
migration assays containing laminin-5 as a substrate, in the presence or absence of
inhibitors used in Figure 11. Note that migration of all three cell lines is inhibited by
cholera toxin as well as those inhibitors that block TS2/16 stimulated migration in
MCF-10A cells. Results expressed as in Figure 8.
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