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Insulin-like growth factor I activates the invasion suppressor function of
E-cadherin in MCF-7 human mammary carcinoma cells in vitro

M.E. Brackel, B.M. Vyncke', E.A. Bruyneell, S.J. Vermeulen', G.K. De Bruynel,
N.A. Van Larebekel, K. Vleminckx2, F.M. Van Roy2 & M.M. Mareell

'Laboratory of Experimental Cancerology, Department of Radiotherapy and Nuclear Medicine, University Hospital, De Pintelaan
185, B-9000 Gent; 2Laboratory of Molecular Biology, University of Gent, K.L. Ledeganckstraat 35, B-9000 Gent, Belgium.

Summary The calcium-dependent cell-cell adhesion molecule E-cadherin has been shown to counteract
invasion of epithelial neoplastic cells. Using three monoclonal antibodies, we have demonstrated the presence
of E-cadherin at the surface of human MCF-7/6 mammary carcinoma cells by indirect immunofluorescence
coupled to flow cytometry and by immunocytochemistry. Nevertheless, MCF-7/6 cells failed to aggregate in a
medium containing 1.25 mm CaC12, and they were invasive after confrontation with embryonic chick heart
fragments in organ culture. Treatment of MCF-7/6 cells with 0.5 fig ml-' insulin-like growth factor I (IGF-1)
led to homotypic aggregation within 5 to 10 min and inhibited invasion in vitro during at least 8 days. The
effect of IGF-I on cellular aggregation was insensitive to cycloheximide. However, monoclonal antibodies that
interfered with the function of either the IGF-I receptor (aIR3) or E-cadherin (HECD-1, MB2) blocked the
effect of IGF-I on aggregation. The effects of IGF-I on aggregation and on invasion could be mimicked by

gg ml- 'insulin, but not by 0.5 gg ml-' IGF-II. The insulin effects were presumably not mediated by the
IGF-I receptor, since they could not be blocked by an antibody against this receptor (oIR3). Our results
indicate that IGF-I activates the invasion suppressor role of E-cadherin in MCF-7/6 cells.

Correlation, inactivation and transfection studies have sug-
gested an invasion suppressor role for the cell-cell adhesion
molecule E-cadherin (Behrens et al., 1989; Shimoyama et al.,
1989; Vleminckx et al., 1991; Chen & Obrink, 1991;
Nagafuchi et al., 1987; Frixen et al., 1991). In murine and
human mammary carcinoma cell lines expression of E-
cadherin at the cell-cell interface has been correlated with
absence of invasion in vitro (Vleminckx et al., 1991; Frixen et
al., 1991), although exceptions have been described (Sommers
et al., 1991). We found that a variant of the MCF-7 human
mammary carcinoma cell family, which did express E-
cadherin at the cell surface, was invasive in vitro (Bracke et
al., 1991) and in vivo (Correc et al., 1990). This indicated that
E-cadherin failed to exert its invasion suppressor role in this
particular type of cell. We, therefore, initiated a search for
molecules that could possibly activate the invasion suppres-
sor role of E-cadherin in this cell line.
One hint came from the observation that aggregate forma-

tion by those MCF-7 cells was enhanced by culturing the
cells in media containing high (e.g. 10 tg ml-') insulin con-
centrations. This prompted us to ask three questions: First,
does the insulin effect on cell-cell adhesion depend upon
E-cadherin? Second, do the insulin-like growth factors (IGF-I
and IGF-II), which are structurally and functionally related
to insulin (Underwood & Van Wyk, 1985), possess similar
activities on cell-cell adhesion as insulin? Third, do
insulin and IGFs counteract invasion of MCF-7/6 cells? Ex-
pression of E-cadherin antigens was evaluated by indirect
immunofluorescence coupled to flow cytometry, by immuno-
cytochemistry and by immunoblot analysis with three
monoclonal antibodies recognising human E-cadherin. The
function of E-cadherin was probed in two assays for Ca2"-
dependent cell-cell adhesion and in an organ culture assay for
invasion. To check the implication of E-cadherin and of the
IGF-I receptor in cell-cell adhesion and in invasion, we did
the assays in presence of specific monoclonal antibodies.

Materials and methods

Cells

MCF-7/6 is a variant of the human MCF-7 breast cancer cell
family (Soule et al., 1973), obtained from Dr H. Rochefort

(Unite d'Endocrinologie Cellulaire et Moleculaire, Montpel-
lier, France). Biochemical, immunocytochemical and mor-
phological data confirmed the MCF-7 origin of this cell line
(Bracke et al., 1991; Coopman et al., 1991). The cell line was
maintained in a mixture of Dulbecco's modification of
Earle's Medium and Ham F12 (50:50; Flow, Irvine, Scot-
land), supplemented with 0.05% glutamine (w/v), 250 IU
ml-' penicillin, 100 igml-' streptomycin and 10% foetal
bovine serum (FBS).

Monoclonal antibodies

MB2 was raised against MCF-7/AZ cells, obtained from Dr
P. Briand (The Fibiger Institute, Copenhagen, Denmark).
MCF-7/AZ cells express E-cadherin at their cell surface, but
differ from MCF-7/6 cells by their high rate of cell-cell
adhesion and by their absence of invasiveness in confronting
cultures with embryonic chick heart (Bracke et al., 1991).
Female BALB/c mice were immunised via three intra-
peritoneal injections of 1 x 107 MCF-7/AZ cells in suspen-
sion. Spleen cells were fused with NSO mouse myeloma cells
in accordance with the protocol of Brown and Ling (1988),
and hybridoma culture supernatants were screened for their
ability to prevent MCF-7/AZ cell aggregate formation. We
found the monoclonal antibody MB2 to be of the IgG2b
type and to recognise both the 120kD E-cadherin and its
80-kD trypsin-resistant extracellular part.
HECD-1 and NCC-CAD-299 are mouse monoclonal

antibodies that inhibit cell-cell adhesion mediated by E-
cadherin and P-cadherin respectively (Shimoyama et al.,
1989). Both antibodies were gifts from Dr Y. Shimoyama
(Pathology Division, National Cancer Center Research In-
stitute, Tokyo, Japan). MLCA (Euro-Diagnostics, Apel-
doorn, The Netherlands) is a mouse monoclonal antibody
suitable for immunodetection, but not for functional inac-
tivation of human E-cadherin. A monoclonal antibody
recognising rat C-CAM was a gift from Dr B. Obrink
(Department of Medical Cell Biology, Medical Noble In-
stitute, Stockholm, Sweden). aIR3 (Oncogene Sciences,
Uniondale, NY) functionally blocks the IGF-I receptor of
MCF-7 cells (Rohlik et al., 1987). All monoclonal antibodies
were obtained as hybridoma culture supernatants, except for
aIR3, which was purchased as a purified immunoglobulin.

Other chemicals

Bovine insulin, cycloheximide and epidermal growth factor
(EGF) were purchased from Sigma (St. Louis, MO). Human
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recombinant insulin-like growth factors I and II (IGF-I,
IGF-II) were from Boehringer (Mannheim, FRG).

Immunodetection of E-cadherin in MCF-7/6 cells
For immunoblot analysis confluent cultures in 75-cm2 tissue
culture plastic vessels (Becton Dickinson, Plymouth, UK)
were washed three times with 0.147 M Ca2+- and Mg2"-free
phosphate-buffered saline pH 7.4 (PBS, Dulbecco's formula-
tion) and extracted with sodium dodecyl sulfate (SDS)
under reducing conditions in accordance with the method of
Laemmli (1970). Samples containing 100 Ig protein were
analysed via SDS-polyacrylamide gel electrophoresis (PAGE)
(7.5% w/v), and electroblotted onto Immobilon@ membranes
(Millipore, Bedford, MA). For immunodetection of E-
cadherin, the primary monoclonal antibodies were applied at
a dilution 1:10, and revealed with a goat anti-mouse
antiserum conjugated with alkaline phosphatase (Sigma) in
accordance with the method of Olden and Yamada (1977).

For indirect immunofluorescence coupled to flow cyto-
metry, 5 x 105 MCF-7/6 cells, detached from stock cultures
via an E-cadherin-saving procedure (see further), were
incubated with HECD-1 diluted 1:20 in PBS containing
0.5% bovine serum albumin (w/v) (PBS/BSA) at 4°C for 1 h.
After washing the cells three times with PBS/BSA, a rabbit
anti-mouse (RAM) antiserum conjugated with fluoresceine
isothiocyanate (FITC; Dako, Glostrup, Denmark) was
added. The cells were incubated at 4°C in the dark for 1 h,
washed three times and fixed with 1% formalin in PBS/BSA
(v/v) at room temperature for O min. The fixed cells were
resuspended in 200 LI PBS/BSA, and fluorescence intensity
was measured with a FACScan III (Becton Dickinson,
Mountain View, CA). For immunocytochemical localisation
of E-cadherin, MCF-7/6 cells on glass coverslips were fixed
with methanol at - 20°C for 15 min. The primary mono-
clonal antibodies, applied at a dilution of 1:10 for 2 h, were
revealed with a secondary RAM antiserum (Dako) at 1:20
(2 h) and a tertiary peroxydase anti-peroxydase (PAP, from
Dako) at 1:200 (2 h), in accordance with the technique of
Sternberger et al. (1970).

Assay for cell-cell adhesion

We developed a screening assay for cell-cell adhesion using
96-well microtiter plates (Nunc, Roskilde, Denmark). The
bottom of the well was first covered with a semi-solid agar
medium to prevent cell-substrate adhesion. This bottom layer
was obtained by adding 50 jil of a boiled Ringer's solution
containing 0.6% Bacto-agar (Difco, Detroit, MI) to each
well. After gelification at 4°C for 30 min, this layer was
covered by 200 jIl of a suspension containing 2 x I04 MCF-
7/6 cells in culture medium with 1% FBS. The plates were
incubated at 37°C in an atmosphere of 10% CO2 in air with
100% relative humidity. Aggregate formation was screened
with a Macroscope® (Leitz, Wetzlar, Germany) at mag-
nification x 12 after 4 and 24 h.
A quantitative assay for cell-cell adhesion was based on

first preparing a cell suspension under E-cadherin-saving con-
ditions, and then measuring cell aggregation in a Ca2+-con-
taining as compared to a Ca2'-free medium. The preparation
of the cell suspension from 75-cm2 tissue culture plastic
vessels covered the following steps: washing a confluent cul-
ture three times with Ca2'- and Mg2'-free PBS at 37°C;
incubation with 3 ml 0.1 U ml-' Clostridium histolyticum col-
lagenase (Boehringer, Mannheim, FRG) in the same buffer at
37°C for 15 min; incubation with trypsin-EDTA in modified
Puck's saline (Gibco, Paisley, Scotland) at 37°C for 15 min;
incubation in culture medium overnight at 3TC; washing
three times with Ca2`- and Mg2+-free Hank's buffered salt
solution (CMF-HBSS) at room temperature; incubation with
3 ml 0.1 U mI' collagenase, 0.04mM CaCl2 and 1 g 1-'
glucose in CMF-HBSS at 37°C for 30 min; incubation with
3 ml 0.01% bovine pancreas trypsin (Sigma, St. Louis, MO),
0.04 mM CaC12 and 1 g 1` glucose in CMF-HBSS at 37°C
for 15 min, followed by addition of 1 ml 0.1% Soya Bean

Trypsin Inhibitor (Sigma) in CMF-HBSS (w/v) with 1 g I'
glucose.

Aggregation was measured in accordance with the protocol
by Kadmon et al. (1990). The detached cells were centrifuged
at 150 g for 10 min, resuspended at 0.5 to 1 x 106 cells/ml in
CMF-HBSS containing 1 mg ml-' BSA, 0.1 mg ml-' DNAse
I (Sigma), 40 mM HEPES and 1 g 1` glucose. Nunclon® 24-
well plates (Nunc) were first incubated with a heat-treated
(75°C for 25 min) solution of 10 mg ml' BSA in CMF-
HBSS (1 h at room temperature). In these coated wells cell
suspensions containing 0.04% EDTA or 1.25 mM CaCl2 were
incubated at 37°C on a Gyrotory® shaker at 85 r.p.m. for
30 min. The number of particles in the wells was counted
with a Coulter counter (Coulter, Harpenden, UK) after
fixation of the cells in 2.5% glutaraldehyde in physiologic
salt soltuion. The particle counts at the start of the incuba-
tion (No) and after 30 min (N30) were used to assay aggrega-
tion.

Assay for invasion

The assay for invasion described earlier (Mareel et al., 1979;
Mareel, 1982) is based on the confrontation in vitro between
cell aggregates and chick heart fragments in organ culture.
Briefly, 9-day old embryonic chick heart fragments were
precultured and selected for a diameter of 0.4 mm. These
precultured heart fragments (PHF) were confronted with
aggregates of MCF-7/6 cells with a diameter of about
0.2 mm. After an overnight incubation on top of semi-solid
agar, the confronting pairs were cultured in suspension for
another 8 days. The type of culture medium was the same as
the one for maintaining the MCF-7/6 cell line, but contained
either 1% or 10% foetal bovine serum. After fixation in
Bouin-Hollande's solution, the cultures were embedded in
paraffin, serially sectioned and stained with hematoxylin-
eosin (Romeis, 1968). In alternating sections the PHF was
stained immunohistochemically with a polyclonal antiserum
against chick heart (Mareel et al., 1981). The interaction
between MCF-7/6 cells and PHF was evaluated histo-
logically. Some confronting cultures were embedded directly
in a medium for cryosectioning (Reichert-Jung, Nussbach,
Germany), and cooled to - 16°C. Six-jim thick cryosections
were collected on gelatin-coated glass slides, and fixed in
aceton at 4°C for 10 min. Sections were stained with
hematoxylin-eosin or immunohistochemically with a mono-
clonal antibody against E-cadherin (MLCA) at a final
dilution 1:10. E-cadherin was revealed via the peroxidase
anti-peroxidase technique (Sternberger et al., 1970).

Assay for growth
Growth of the confronting cultures was measured as des-
cribed earlier (Bracke et al., 1984). Briefly, the cultures were
photographed with a Macroscope® (Leitz) before fixation. On
negatives the larger (a) and the smaller (b) diameter of each
culture were measured, and volumes (v) were calculated in
accordance with the formula of Attia and Weiss (1966):
v = 0.4 x a x b2.

Assay for cell scattering
Two ml of a suspension containing 1 x 105 MCF-7/6 cells in
culture medium with 1% FBS were added to 6-well plates
(Nunc). The medium was supplemented with a monoclonal
antibody against E-cadherin (MB2; final dilution 1:20), with
supernatant of a non-producing hybridoma culture (1:20) or
was used without any addition. After an incubation period of
24 h at 37°C, 21 to 23 fields of each culture were video-
recorded in real time with an inverted microscope (phase
contrast; objective x 20), which was equipped with a MTI
CCD72 camera (Dage MTI, Michigan City, IN) and a U-
matic VO-5850P videorecorder (Sony, Tokyo, Japan). For
each field the number of isolated scattered cells was expressed
as the percentage of the total number of cells, and a mean
percentage was calculated for each type of treatment.
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Results

Immunodetection of E-cadherin in MCF-7/6 cells
Immunoblotting of MCF-7/6 cell extracts with anti-E-
cadherin monoclonal antibodies (MB2, HECD-1 and
MLCA) revealed a 120-kD band, which is compatible with
intact human E-cadherin (Figure 1). Extracts of human
Caco-2 colon carcinoma cells and MDA-MB-435 S/i mam-
mary carcinoma cells served as control samples in which
E-cadherin was respectively present and absent. Indirect
immunofluorescence coupled to flow cytometry was applied
on MCF-7/6 cell suspensions, prepared under E-cadherin-
saving conditions. A similar symmetric peak, representing the
MCF-7/6 cell population, was detected both in cells that were
not pretreated (Figure 2b) and in cells pretreated for 1 h in
suspension with 0.5 lg ml-' IGF-I at 37°C (Figure 2c).
Immunocytochemical staining of MCF-7/6 cells on glass with
anti-E-cadherin antibodies (MB2, HECD-l and MLCA)
revealed a distinct immunoreactivity at the sites of cell-cell
contact. This created a honeycomb pattern, which is typical
of the E-cadherin distribution in epithelioid cells in culture
(Figure 3). Caco-2 and MDA-MB-435 S/i cells served respec-
tively as positive and negative controls for this E-cadherin
distribution. These results indicate that E-cadherin is ex-
pressed at the plasma membrane of MCF-7/6 cells both in
suspension and on a solid substrate.

Cell-cell adhesion of MCF-7/6 cells

In the screening assay (see Materials and methods) MCF-7/6
cell-cell adhesion appeared to be low: after 24 h numerous
small and irregular aggregates were formed (Figure 4a). IGF-
I (0.5 jig ml-') and insulin (1 Ag ml-') increased the cell-cell
adhesion, which was evident from the production of few but
large and coalescent aggregates (Figure 4b). Ten-fold lower
concentrations of IGF-I or insulin were without effect on
cell-cell adhesion. IGF-II (0.5 ,Lg ml-') or EGF (100 ng ml-')
had also no effect on the pattern of aggregation in this assay.
Treatment of the MCF-7/6 cells with 15 Ag ml-' aIR3, an
antibody against the IGF-I receptor, abrogated the effect of
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Figure 2 Flow cytometry of MCF-7/6 cells labelled with RAM-
FITC only a, or with HECD-1 monoclonal antibody against
human E-cadherin followed by RAM-FITC (b and c). The cells
were either not pretreated b, or pretreated with 0.5 ,Lg ml-' IGF-I
for 1 h c. Ordinate: number of cells; abscissa: fluorescence inten-
sity.
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Figure 1 Immunoblot analysis of E-cadherin in MCF-7/6 cells.
Extracts of MCF-7/6 cells were separated via SDS-PAGE (7.5%),
and electroblotted onto Immobilon® membranes. E-cadherin was

revealed as a 120-kD band by the monoclonal antibodies MB2,
HECD-1 and MLCA. Extracts of Caco2 and of MDA-MB-435
S/i served as positive and negative controls respectively for ex-

pression of human E-cadherin.

IGF-I but not of insulin. Treatment of the cells with the
anti-E-cadherin antibodies MB2 or HECD-1 (both diluted at
1:20) abolished the spontaneous formation of small irregular
aggregates (Figure 4c). In this case, the cells tended to form a
sheet on top of the agar, while treatments with IGF-I or with
insulin were unable to induce aggregation (Figure 4d).
Treatments with MLCA (anti-E-cadherin), NCC-CAD-299
(anti-P-cadherin) or anti-C-CAM (all diluted 1:20) did not
counteract the IGF-I-mediated aggregation.
The quantitative assay for cell-cell adhesion confirmed the

results of the screening assay (Figure 5). The increase of
cell-cell adhesion by IGF-I (0.01-0.55fg ml-') and by insulin
(1 fig ml-') appeared to be Ca2"-dependent, and was
inhibited by antibodies MB2 and HECD- 1. The stimulation

t25 13 M0

as b
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Figure 3 Immunocytochemical localisation of E-cadherin in
MCF-7/6 cells cultured on glass. After application of primary
(MB2), secondary (RAM) and tertiary (PAP) antibodies, the
presence of E-cadherin was revealed by the peroxidase reaction.
Scale bar = 50 jim.

of cell-cell adhesion by IGF-I was readable already after 5 to
10 min and was not influenced by pretreatment with
100 jig ml-' cycloheximide for 1 h (Figure 6). These results
show that IGF-I and insulin can quickly activate the E-
cadherin-dependent homotypic cell-cell adhesion of MCF-7/6
cells, and that this effect does not require protein synthesis.

Invasion of MCF-7/6 cells

The interaction of MCF-7/6 cell aggregates with PHF was
analysed via histology of confronting cultures after 8 days of
incubation (Table I). In untreated cultures, invasion by the
MCF-7/6 cells was obvious: sections stained with hema-
toxylin-eosin showed that the MCF-7/6 cells had occupied
the PHF (Figure 7a). In consecutive sections stained
immunohistochemically for chick heart, the extensive replace-
ment of the heart tissue by the MCF-7/6 cells was evident
again (Figure 7b). Cryosections stained immunohistochem-

Figure 5 Cell-cell adhesion of MCF-7/6 cells. Cell suspensions
prepared under E-cadherin-saving conditions were allowed to
aggregate in a Ca2"-containing medium. Bars indicate the particle
count after 30 min of incubation (N30) divided by the initial count
(No) expressed as (1-N30/No) x 100 (mean values from two
experiments); the bars are proportional to the degree of cell-cell
adhesion. Effects of IGF-I, insulin and IGF-II are shown, as well
as the counteraction by aIR3 (monoclonal antibody against IGF-
I receptor) and by MB2 or HECD-l (both monoclonal antibodies
against human E-cadherin). In Ca2+-free medium no aggregation
was observed.

0.301
Z +IGF-I

M +IGF-I + cycloheximide
0.20

-

z z

r-

0.10

5 10 15 30 min

Figure 6 Cell-cell adhesion kinetics of MCF-7/6 cells after treat-
ment with 0.5 mg ml- IGF-I, after pretreatment or not with
100 jig ml-' cycloheximide for h. See Figure 5 for assay prin-
ciple. In an experiment with untreated cells, the index Il Nt
did not exceed 0.03 after 30 min. No

a

c

Figure 4 Aggregation of MCF-7/6 cells in microtiter wells. The
wells were covered with a semi-solid agar bottom layer, on which
a cell suspension was allowed to form aggregates for 24 h. Un-
treated cells a, were compared with cells treated with 0.5 yg ml-'
IGF-I b, with the MB2 monoclonal antibody against E-cadherin
at a final dilution of 1:20 c, or with both IGF-I and MB2 d.
Scale bar = mm.

b ically with a monoclonal antibody against E-cadherin
(MLCA) revealed that this molecule was present at the cell

t=ze periphery of invading MCF-7/6 cells (Figure 8).
Invasion of MCF-7/6 cells was completely inhibited by

IGF-I at 0.5 ig ml-' (Figure 7c and d) but not at
0.05 jg ml-'. Pretreatment of MCF-7/6 cells alone was
insufficient to obtain this antiinvasive effect. Moreover, this
effect was reversible: after omission of IGF-I (0.5jig ml-' )

from the culture medium of 8-day treated confrontations,
invasion of MCF-7/6 cells did resume (five out of five cul-
tures).

Insulin at concentrations of 1 fig ml-' or higher also
inhibited MCF-7/6 cell invasion. Again, by pretreatment of
MCF-7/6 cells only we were unable to arrest invasion, and
invasion in treated confrontations resumed after removal of
insulin (100jgml-') from the culture medium (four out of
four cultures).

Pretreatment of the MCF-7/6 cell aggregates (I h) followed
by treatment of the confronting cultures (8 days) with
15 jig ml-' xzIR3 blocked the antiinvasive effect of IGF-I

i (Figures 7e and f) but not that of insulin. The latter result
indicates that, in contrast to IGF-I, insulin exerts its anti-
invasive effect via a pathway that does not implicate the
IGF-I receptor. IGF-II at 0.5jigml-l had no effect on the
invasion of the MCF-7/6 cells.

Growth of confronting cultures

Growth of confronting cultures between MCF-7/6 cell ag-

gregates and PHF was stimulated by IGF-I, insulin and
IGF-II (Figure 9). These effects on growth were not cor-

related with effects on invasion.

0 0cv, 0
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a

c d

e

Figure 7 Light micrographs of sections from 8-day old confronting cultures between precultured heart fragments (PHF) and
MCF-7/6 cells. Untreated confrontations (a and b) are compared with confrontations treated with 0.5 ILg ml ' IGF-I (c and d) or

with IGF-I plus 15 1tg ml-'lIR3, a monoclonal antibody against the IGF-I receptor (e and f). The sections on the left panels were

stained with hematoxylin-eosin; in the sections on the right panels, PHF antigens were revealed immunohistochemically and appear
dark. Scale bar = 50 tsm.

Scattering of MCF-7/6 cells

were isolated (Figure lOc). This difference was significant
In contrast to their behaviour in suspension, MCF-7/6 cells (P<0.001) in the Mann-Whitney U test.
tended to establish cell-cell contacts on tissue culture plastic
substrate by forming epithelioid islands. Twenty-four h after
seeding without hybridoma supernatant or in the presence of Discussion
supernatant from a non-producing hybridoma culture, only
5.2 ± 5.5% and 4.7 ± 5.7% of the cells remained isolated Our results indicate that IGF-I is able to activate in MCF-
(Figure 10a and b). In cultures treated with a monoclonal 7/6 cells the function of E-cadherin as a cell-cell adhesion
antibody against E-cadherin (MB2), 91.3 ± 11.7% of the cells molecule and as an invasion suppressor. The effect of IGF-I

b

f
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a

Figure 8 Light micrographs of cryosections from 8-day old confronting cultures between precultured heart fragments (PHF) and
MCF-7/6 cells. Sections were stained with hematoxylin-eosin a, or immunohistochemically with the MLCA monoclonal antibody
against E-cadherin b. Invading MCF-7/6 cells are found to be E-cadherin-positive at their cell surface (arrow). Scale bar = 50 pm.

Table I Effect of insulin, IGF-I and IGF-I1 on invasion of MCF-7/6
cells in vitro

Treatment Concentration Period b Invasion
Type tsg/ml', A B I+/(I- +I+)a

Insulin none 6/6
+ 10% FBSc 0.1 + d _ d 3/3

I + - 2/2
10 + - 3/3

100 + - 2/2

none 6/7
0.1 + + 3/4

I + + 0/4
10 + + 0/10

100 + + 0/3

none 3/3
10 - + 0/3

+ 1% FBS none 6/6
I + + 0/4

100 + + 0/4

IGF-I
+ 1% FBS

n

n

n

0.1
C

IGF-II
+ 1% FBS

n

n

0.1
C

lone 3/3
10 - + 0/3
10 +aIR3' - + 0/4

lone 6/6
0.5 + - 5/5

lone 5/5
005 + + 5/6
).05 + + 6/6
0.5 + + 0/6

0.5 - + 0/6
0.5 +aIR3 - + 6/6

vone 3/3
0.5 + - 3/3

rone 3/3
005 + + 2/3
).05 + + 2/3
0.5 + + 3/3

aNumber of cultures showing invasion (I+) over the total number of
cultures (I- + I+). bPeriod A = formation of MCF-7/6 cell aggregates
(3 days preceeding confronting culture), B = confronting culture of
MCF-7/6 aggregates with heart fragments during 8 days. CFBS = foetal
bovine serum. d + = presence of the drug, - = absence of the drug.
eaIR3=monoclonal antibody (15ligml-') inhibiting the IGF-I
receptor; aIR3 was present during the last hour of period A, and during
period B.

on MCF-7/6 cells is expected to be regulated by plasma
membrane receptors and by extracellular IGF-binding pro-
teins (IGF-BP) (De Leon et al., 1988). Although separate
receptors for IGF-I, insulin and IGF-II have been demon-
strated on MCF-7 cells (De Leon et al., 1988; Furlanetto &
DiCarlo, 1984; Mountjoy et al., 1987), a binding of the
ligands to each other's receptors has been demonstrated
(Underwood & Van Wyk, 1985). Using the xIR3 monoclonal
antibody, which interferes with the function of the IGF-I
receptor selectively, we were able to demonstrate that the
effects of IGF-I were mediated by its own receptor. Insulin,
however, which could mimic the effect of IGF-I at supra-
physiological doses, did not act via the IGF-I receptor, since
its effects remained insensitive to aIR3. It was demonstrated
previously that the mitogenic effects of IGF-I and insulin on
MCF-7 cells were mediated by different receptors (Cullen et
al., 1990).
IGF-BP are secreted by MCF-7 cells in vitro (De Leon et
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Figure 9 Effect of IGF-I, insulin and IGF-II on growth of
confronting cultures between MCF-7 cell aggregates and precul-
tured heart fragments. The volumes of cultures treated for 8 days
are presented as a percentage of the volumes of untreated cul-
tures (mean + standard error of the mean).
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Figure 10 Stills from video-recordings of MCF-7/6 cells cultured
on plastic tissue culture substrate for 24 h. Cells were maintained
in plain culture medium a, treated with supernatant of a non-
producing hybridoma culture b or with supernatant containing
MB2 monoclonal antibody against E-cadherin c. Scale
bar = 50 jLm.

al., 1988), and are also present in FBS used as a supplement
to our culture media (Palka & Peterkovzky, 1988). Although
complex formation with IGF-BP occasionally potentiates the
effects of IGF's, it usually leads to an inactivation of the
bound IGF (Baxter & Martin, 1989). To reduce this
interference of IGF-BP, we initially stripped our FBS in
accordance with the method of Breier et al. (1991). However,
FBS treated in this way was not useful in our invasion
experiments, since it could not support survival of MCF-7/6
cells nor heart tissue for 8 days in organ culture (data not
shown). Reduction of the FBS concentration appeared to be
a reasonable compromise, since it allowed us to study effects
of IGF's on cell-cell adhesion, growth and invasion.
The activation of Ca2'-mediated cell-cell adhesion by IGF-

I and insulin was mediated by E-cadherin. Monoclonal
antibodies that do inhibit the adhesive function of E-cadherin
(MB2, HECD-1), prevented the effects of IGF-I and of
insulin. No blocking effect was observed with MLCA, a

monoclonal antibody that binds to E-cadherin but does not
inhibit its cell-cell adhesive function, nor with monoclonal
antibodies against P-cadherin or C-CAM. The molecular
mechanism of the IGF-I/insulin effects on MCF-7/6 cell-cell
adhesion and on invasion is awaiting clarification. The effects
were rapid, being observable after 5 to 10 min, and not depen-
dent upon de novo protein synthesis, since cycloheximide
pretreatment did not delay the MCF-7/6 cell response. Post-
translational modifications of E-cadherin resulting from pro-
teolysis, glycosylation or phosphorylation, offer one possible

target for the IGF-I/insulin actions. Tyrosine phosphoryla-
tion of cadherins and their associated intracellular proteins
has recently been implicated in the regulation of cell-cell
adhesion (Matsuyoshi et al., 1992). Although the latter
mechanism appears attractive, we cannot exclude that the
effects of IGF-I and of insulin on E-cadherin are indirect by
influences on one or more molecules that interfere with the
function of E-cadherin.

IGF-I and insulin affect not only cell-cell adhesion and
invasion but also promote growth of MCF-7/6 cell ag-
gregates. Growth promotion, as observed in confronting
organ culture, is presumably due to a combined effect on cell
proliferation and on adhesion, the latter preventing release of
cells from the confronting pairs into the medium.

Invasion can be considered as the result of a balance
between the expression of invasion promotor and invasion
suppressor genes (Mareel et al., 1992). In a previous study
with MCF-7 cell variants treated with different hormone
ligands of the steroid/thyroid receptor superfamily, we found
cell motility to be an invasion promoting activity (Bracke et
al., 1991). E-cadherin, however, seems to be a powerful
invasion suppressor gene product, the functional expression
of which may overcome the consequences of activation of
oncogenes such as ras (Vleminckx et al., 1991). The weight of
functional activation of E-cadherin by IGF-I or by insulin
seems to be decisive to turn the balance towards the non-
invasive state in MCF-7/6 cells. So, this concept is not in
contradiction with studies of IGF-I and insulin effects on
motility of melanoma cells (Stracke et al., 1988). These non-
epithelial cells are not expected to express E-cadherin and
their invasiveness may be regulated mainly by agents that
modulate cell motility factors and their receptors (Watanabe
et al., 1991). The balance between invasion promotors and
suppressors is furthermore subject to regulation by micro-
environment, since tumours are considered to build up
micro-ecosystems (Van Roy & Mareel, 1992). This could well
explain why E-cadherin appears to be 'spontaneously' active
in MCF-7/6 cells seeded on tissue culture plastic substrata
and not in suspension cells. On this solid substrate, MCF-7/6
cells form compact islands of epithelioid cells, but they scat-
ter in presence of an antibody against E-cadherin.
The relevance of our findings with IGF-I in vitro for the

behaviour of human breast cancer cells in vivo is a matter of
speculation. Nevertheless, it should be noted that the anti-
invasive concentrations of IGF-I in vitro (0.5p,gml-') are
close to those in serum, the mean value for adults being
around 0.21 gml-i (Underwood & Van Wyk, 1985). Fur-
thermore, IGF-I is generally not secreted by human mam-
mary cancer cells, but is believed to act on these cells via
paracrine loops (Cullen et al., 1990). Interestingly, fibroblasts
derived from non-invasive human mammary tumours gen-
erally secrete IGF-I, while fibroblasts from invasive ones
secrete IGF-II (Cullen et al., 1991). These and our data in
vitro suggest that fibroblast-produced IGF-I may be im-
plicated in maintaining tissue integrity and counteracting
invasion of mammary epithelium through its effect on the
function of E-cadherin.
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