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The disorganization of E-cadherin/catenin complexes
and the overexpression of matrix metalloproteinases
(MMPs) are frequently involved in the capacity of
epithelial cells to acquire an invasive phenotype. The
functional link between E-cadherin and MMPs was
studied by transfecting invasive bronchial BZR tumor
cells with human E-cadherin cDNA. Using different in
vitro (cell dispersion, modified Boyden chamber) and
in vivo assays (human airway epithelial xenograft),
we showed that E-cadherin-positive clones displayed
a decrease of invasive abilities. As shown by immu-
noprecipitation, the re-expressed E-cadherin was
able to sequestrate one part of free cytoplasmic
�-catenin in BZR cells. The decrease of �-catenin tran-
scriptional activity in E-cadherin-transfected clones
was demonstrated using the TOP-FLASH reporter con-
struct. Finally, we observed a decrease of MMP-1,
MMP-3, MMP-9, and MT1-MMP, both at the mRNA and
at the protein levels, in E-cadherin-positive clones
whereas no changes in MMP-2, TIMP-1, or TIMP-2
were observed when compared with control clones.
Moreover, zymography analysis revealed a loss of
MMP-2 activation ability in E-cadherin-positive clones
treated with the concanavalin A lectin. These data
demonstrate a direct role of E-cadherin/catenin com-
plex organization in the regulation of MMPs and sug-
gest an implication of this regulation in the expres-
sion of an invasive phenotype by bronchial tumor
cells. (Am J Pathol 2003, 163:653–661)

The loss of intercellular adhesion and the acquisition of
degradative properties are prerequisites for tumor cells
to become fully invasive. E-cadherin-mediated cell-cell
adhesion largely contributes to the maintenance of epi-

thelial tissue integrity. E-cadherin is linked to the actin
cytoskeleton through binding to its cytoplasmic partners:
�-, �-, and �-catenins.1–5 Loss or dysfunction of E-cad-
herin/catenin adhesion is largely implicated in malig-
nancy. In particular, E-cadherin deficiency in tumor cells
leads to changes in cell morphology and in vitro motili-
ty.2,6–10 In vivo, the loss of E-cadherin expression at the
cell membrane is correlated with dedifferentiation, ag-
gressiveness, metastasis, and poor prognosis in different
cancer types.1,3,5,11–13 E-cadherin is therefore consid-
ered a tumor/invasion suppressor.

The degradation of basement membrane and extracel-
lular matrix (ECM) involves the participation of proteolytic
enzymes. Matrix metalloproteinases (MMPs) constitute a
multi-gene family of over 25 secreted and cell surface
enzymes that are able to degrade almost all ECM com-
ponents. MMP activity is controlled by specific inhibitors
named TIMPs (tissue inhibitors of matrix metalloprotein-
ases).14–16 The overexpression of MMPs, leading to a
disruption of the balance between MMPs and TIMPs, has
been extensively reported in various carcinoma types. In
that way, MMPs have been implicated in early as well as
in late stages of cancer progression, in particular in cell
growth, invasion, angiogenesis, and metastasis.17–22 In
vitro, MMP overexpression is also associated with the
acquisition of invasiveness by tumor cells.23–27

Since the loss of E-cadherin and the overexpression of
MMPs are common features of an invasive phenotype,
we searched for a functional link between E-cadherin and
MMPs. To study the role of E-cadherin on the regulation
of MMPs, we performed human E-cadherin cDNA stable
transfection in highly invasive bronchial BZR tumor cells
lacking E-cadherin expression and we examined the con-
sequences of E-cadherin transfection on cell behavior
and MMP production.
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Materials and Methods

Cell Line

The human bronchial epithelial cell line BZR was kindly
provided by Dr. C. C. Harris (National Institutes of Health,
Bethesda, MD). BZR cells were derived from normal
bronchial cells immortalized after transfection with the
SV40 large T-antigen and infected with the v-Ha-ras on-
cogene. These cells were grown at 37°C and 5% CO2 in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with penicillin, streptomycin, and 10% fetal calf
serum (FCS). All chemicals and culture media were pur-
chased from Sigma (St. Louis, MO) and Gibco Invitrogen
Corporation (Paisley, UK).

Stable Transfection

The E-cadherin-negative cell line BZR was stably co-
transfected with the pJ3ECAD plasmid, derived from
pJ3� (American Type Culture Collection) and expressing
the human full length E-cadherin cDNA, and the pIRES-
EGFP vector (Clontech, Palo Alto, CA), containing the
EGFP gene and the puromycin resistance gene allowing
puromycin selection. As controls, BZR cells were co-
transfected with the empty pJ3 plasmid and the pIRES-
EGFP vector. Co-transfections were performed in serum-
free medium at 200 V and 960 �F using a gene pulser
system (Bio-Rad, Richmond, CA). The transfected pop-
ulations were subjected to a selective pressure of puro-
mycin. Several clones were isolated and characterized.

Western Blotting

For E-cadherin, �-catenin, and MT1-MMP detection, cells
were rinsed twice in phosphate-buffered saline (PBS)
and extracted in RIPA buffer (50 mmol/L Tris (pH 7.4),
150 mmol/L NaCl, 1% (v/v) Igepal, 1% (w/v) sodium
deoxycholate, 5 mmol/L iodoacetamide, and 0.1% (w/v)
sodium dodecyl sulfate (SDS)) containing a complete
protease inhibitor cocktail (Roche Diagnostics GmbH,
Mannheim, Germany). Twenty �g of total protein was
separated either on 8% or 12% SDS-PAGE gels for E-
cadherin or MT1-MMP detection, respectively. For
MMP-1 and MMP-3 detection, 10-fold concentrated se-
rum-free conditioned media were used on 12% SDS-
PAGE gels. Separated proteins were transferred to a
nitrocellulose membrane (Amersham Pharmacia Biotech,
Buckinghamshire, UK). The blots were then blocked with
5% (w/v) nonfat dry milk in PBS containing 0.1%
Tween-20 (w/v), before exposure to primary antibodies
[anti-E-cadherin (1/2500; Transduction Laboratories,
Lexington, KY); anti-�-catenin (1/500; Transduction Lab-
oratories); anti-MT1-MMP (1/10; Oncogene Science,
Cambridge, MA); anti-MMP-1 (1/100, Oncogene Sci-
ence); anti-MMP-3 (1/100; Oncogene Science); anti-actin
(1/1000; Sigma)]. The blots were then incubated with a
horseradish peroxidase-conjugated goat anti-mouse or
swine anti-rabbit antibody (1/1000; Dako, Glostrup, Den-

mark). The signal was revealed with an ECL� detection
kit (Amersham Pharmacia Biotech).

Immunoprecipitation

Cells were lysed in a buffer containing 1% Triton X-100,
1% Nonidet P-40, and a complete protease inhibitor
cocktail (Roche Diagnostics). Five-hundred �g of each
protein sample was incubated for 3 hours with HECD-1
antibody at 4°C, followed by incubation with Protein G-
Sepharose 4 fast-flow beads (Sigma) for 1 hour. Protein
G-Sepharose beads were washed three times in diluted
lysis buffer and boiled in 50 �l of Laemmli sample buffer.
Immunoprecipitates were resolved by 8% SDS-PAGE
and transferred to a nitrocellulose membrane (Amersham
Pharmacia Biotech). After blocking with 5% (w/v) nonfat
dry milk in PBS containing 0.1% (w/v) Tween-20, the blot
was incubated overnight with primary mouse anti-�-cate-
nin antibody (1/500; Transduction Laboratories), followed
by three 5-minute washes and incubation with a horse-
radish peroxidase-conjugated goat anti-mouse antibody
(1/1000; Dako). The signal was revealed with an ECL�
detection kit (Amersham Pharmacia Biotech).

In Vitro Cell Dispersion Assay

Time-Lapse Videomicroscopy

Two hours after seeding at a density of 2 � 105 cells/ml
into 35-mm dishes, cultures were transferred to the envi-
ronmental chamber (37°C, 5% CO2) of a Zeiss IM35
inverted microscope (Zeiss, Oberkochen, Germany),
equipped with a Panasonic WVCD51 camera (Osaka,
Japan) and controlled by a Sparc 2 Sun workstation (Sun
Microsystems, Mountain View, CA) provided with a par-
allax video board (Parallax Graphics, Santa Clara, CA). A
phase-contrast image was recorded every 15 minutes for
24 hours at a 10-fold magnification to analyze at least 100
cells per field of view.

Cellular Sociology Software

The spatial distribution of cells was characterized and
quantified using an algorithmic program of cellular soci-
ology based on the use of three previously described
geometrical models, namely Voronoi’s partition, Delau-
nay’s graph, and minimum spanning tree (MST).28–30

Results obtained by these three methods are constructed
from the set of points locating the position of the cell
nuclei, and allow to quantify the disorder and the neigh-
borhood relationship of cells. From each of these meth-
ods, two parameters were deduced, namely AD (area
disorder) and RFH (roundness factor homogeneity) for
Voronoi’s partition, m (average length) and � (SD) for
both Delaunay’s graph and MST. Experimental values of
these parameters were compared to theoretical values,
obtained by computer simulations of characteristic spa-
tial distributions, to determine the type of spatial distribu-
tion of the cell population previously described.31
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Modified Boyden Chamber Invasion Assay

The in vitro invasiveness of transfected cells was as-
sessed using a modified Boyden chamber assay. Cells
(105) were suspended in 800 �l of serum-free medium
supplemented with 0.2% bovine serum albumin (BSA)
and placed in the upper compartment of the chamber
(Nucleopore, Pleasanton, CA). For MMP inhibition exper-
iments, the broad-spectrum synthetic hydroxamate MMP
inhibitor BB-94 (Batimastat) (kindly provided by British
Biotech, Oxford, UK), with potent and specific activity
against most of the major MMPs (MMP-1, -2, -3, -7, -9,
-14), was added to the cells at 5 � 10�6 M. The lower
compartment of the chamber was filled with 200 �l of
medium supplemented with 10% FCS and 2% BSA. The
two compartments were separated by a porous filter
(8-�m pore; Nucleopore) coated with matrigel (50 �g/
filter). The matrigel was obtained from the Engelbrecht-
Holm-Swarm (EHS) tumor as described by Kleinman et
al32 The chambers were incubated for 5 hours at 37°C.
The filters were then fixed in methanol for 10 minutes and
stained with hematoxylin for 2 minutes. The cells at the
upper surface of the filters were wiped away with a cotton
swab. Quantitation of the invasion assay was performed
by counting the number of cells at the lower surface of the
filters (30 fields at 400-fold magnification).

In Vivo Human Airway Epithelial Xenograft
Model

Tracheal xenografts, two per mouse, were prepared as
previously described.33 Briefly, tracheae of male Wistar
rats (weighing 220 to 250 grams; Charles River France,
Saint-Aubin-les-Elbeuf, France) were frozen at �80°C
and thawed two times to remove the surface epithelium.
The rat tracheae were aseptically tied at their distal end to
sterile polyethylene tubing. The tracheae were then
stored at �80°C until inoculation with transfected cells
(2 � 106 cells in 50 �l of culture medium) and subcuta-
neous implantation on the back of female recipient nude
mice anesthesized with an intraperitoneal injection of
pentobarbital sodium (40 mg/kg). The mice were housed
under pathogen-free conditions and used for experimen-
tation after 8 weeks of age. To remove tracheal xeno-
grafts at various times after implantation, the mice were
killed with an injection of an overdose of pentobarbital
sodium. Freshly removed tracheal xenografts were fixed
in formalin and embedded in paraffin. Sections were
stained with hematoxylin, eosin, and saffron. Four tra-
cheae per clone for each time of graft (3 days, 1 week, 3
weeks, 4 weeks, and 8 weeks after implantation) were
prepared.

Transient Transfection and Reporter Assay

To determine the transcriptional activity of �-catenin,
transient transfections were performed with Fugene
transfection reagent (Roche Diagnostics) of the TOP-
FLASH plasmid containing three copies of the �-catenin/
T-cell factor (TCF)-binding sites upstream of a minimal

herpesvirus thymidine kinase promoter driving the firefly
luciferase expression. Thirty-thousand cells were plated
in 24-well plates 30 minutes before the addition of a
mixture containing, for each well, 20 �l of serum-free
DMEM, 0.6 �l of Fugene, 0.4 �g of the TOP-FLASH
reporter construct, and 0.8 ng of the Renilla luciferase
vector phRG-TK (Promega, Madison, WI). Twenty-four
hours after transfection, the cells were lysed in 50 �l of
passive lysis buffer and the luciferase activity was deter-
mined with a luminometer using the Dual Luciferase As-
say system (Promega) on 20 �l of lysate. The firefly
luciferase activity was normalized to the activity of the
renilla luciferase used as internal control. The activity of
the TOP-FLASH reporter construct was expressed as
normalized relative light units (RLUs).

RT-PCR Analysis

RNA extraction was performed with a High Pure RNA
isolation kit as recommended by the manufacturer
(Roche Diagnostics). RT-PCR was performed with 10 ng
of total RNA using the GeneAmp Thermostable RNA PCR
kit (Perkin Elmer, Foster City, CA) and nine pairs of oli-
gonucleotides (Eurogentec, Seraing, Belgium). Forward
and reverse primers for human MMP-1, MMP-2, MMP-3,
MMP-7, MMP-9, MT1-MMP, TIMP-1, TIMP-2 and 28S
were designed as follows: MMP-1 primers [forward 5�-
GAGCAAACACATCTGAGGTACAGGA-3�, reverse 5�-TT-
GTCCCGATGATCTCCCCTGACA-3�], MMP-2 primers
[forward5�-GGCTGGTCAGTGGCTTGGGGTA-3�,reverse
5�-AGATCTTCTTCTTC AAGGACCGGTT-3�], MMP-3 prim-
ers [forward 5�-GATCTCTTCATTTTGGCCATCTCTTC-3�,
reverse 5�-CTCCAGTATTTGTCCTCTACAAAGAA-3�], MMP-7
primers [forward 5�-CCCCCTGCATTTCAGGAA-3�, reverse
5�-TCCTGGCCCATCAAATGG-3�], MMP-9 primers [for-
ward 5�-GCGGAGATTGGGAACCAGCTGTA-3�, reverse 5�-
GACGCGCCTGTGTACACCCACA-3�], MT1-MMP primers
[forward 5�-CCAT TGGGCATCCAGAAGAGAGC-3�, re-
verse 5�-GGATACCCAATGCCCATTGGCCA-3�], TIMP-1
primers [forward 5�-CATCCTGTTGTTGCTGTGGCTGAT-3�,
reverse 5�-GTC ATCTTGATCTCATAACGCTGG-3�], TIMP-2
primers [forward 5�-GTCATCTTGATCTCATAACGCTGG-
3�, reverse 5�-AGCCCATCTGTACCTGTGGTTCA-3�], and
28 S primers [forward 5�-GTTCACCCACTAATAGGGAA-
CGTGA-3�, reverse 5�-GGATTCTGACTTAGAGGCGTTC-
AGT-3�]. RT-PCR products were separated by acrylamide
gel electrophoresis, stained with SYBR Gold (Molecular
Probes, Eugene, OR) and quantified by fluorimetric scan-
ning (LAS-1000, Fuji). The expected sizes of the RT-PCR
products of MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MT1-
MMP, TIMP-1, TIMP-2, and 28S are 185 bp, 225 bp, 269 bp,
102 bp, 313 bp, 221 bp, 143 bp, 161 bp, and 212 bp,
respectively.

Gelatin Zymography Analysis

Cells were grown with or without 25 �g/ml concanavalin A
(Con A) (Boehringer Mannheim, Mannheim, Germany) for
48 hours in serum-free conditions. Supernatants were
collected and centrifuged. Samples were separated on a
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10% polyacrylamide SDS gel containing 0.1% (w/v) gel-
atin. The gel was washed for 1 hour at room temperature
in a 2% (v/v) Triton X-100 solution, transferred to a 50
mmol/L Tris-HCl/10 mmol/L CaCl2 (pH 7.6) buffer and
incubated overnight at 37°C. The gel was stained for 30
minutes in a 0.1% (w/v) Coomassie blue (G250)/45% (v/v)
methanol/10% (v/v) acetic acid solution and de-stained in
10% (v/v) acetic acid/20% (v/v) methanol.

Immunohistochemistry

The tracheal xenograft sections were deparaffinized, re-
hydrated, and treated with 0.3% hydrogen peroxyde for 5
minutes to quench endogenous peroxidase activity. Non-
specific binding was blocked with 3% BSA for 20 min-
utes. Slides were incubated overnight at 4°C with anti-
MMP-1 (Oncogene Science), anti-MMP-2 (Oncogene
Science), anti-MMP-3 (Oncogene Science), anti-MMP-9
(Oncologix, Gaithersburg, MD), or anti-MT1-MMP (Onco-
gene Science) monoclonal antibody (10 �g/ml). After
three 5-minute washes in PBS, subsequent steps were
performed with the peroxidase LSAB kit (labeled-strepta-
vidin biotin method, Dako, Carpinteria, CA). Peroxidase
activity was revealed with AEC (3-amino-9-ethylcarba-
zole) chromogen, which generated a red-brown product.
All slides were briefly counterstained with Mayer’s hema-
toxylin, mounted, and observed under a Zeiss Axiophot
microscope.

Statistical Analysis

All experiments were performed three times in triplicate.
Data are expressed as mean � SD. The non-parametric
Mann-Whitney test was used for statistical analyses. P �
0.05 was considered significant.

Results

Expression of E-Cadherin in Transfected BZR
Cells

The invasive E-cadherin-negative bronchial tumor cell
line BZR was co-transfected with the human E-cadherin
cDNA under the control of the SV40 promoter (pJ3ECAD
plasmid) and a plasmid encoding puromycin resistance
(pIRES-EGFP plasmid). As controls, BZR cells were also
co-transfected with empty pJ3 plasmid and pIRES-EGFP
plasmid. E-cadherin-transfected clones and control vec-
tor-transfected clones were screened for E-cadherin ex-
pression by Western blot analysis. Five clones of each
were selected for further study (Figure 1A). Examining the
phenotype of transfected cells, we observed that E-cad-
herin-transfected clones displayed an epithelioid mor-
phology, whereas control clones showed a spindle fibro-
blastoid shape similar to parental BZR cells (Figure 1B).

E-Cadherin Expression Modifies in Vitro and in
Vivo Cell Behavior

Since E-cadherin is known to play a pivotal role in cell-cell
adhesion, E-cadherin transfectants and control vector
transfectants were first tested in a cell dispersion assay
allowing to characterize cell repartition according to three
geometrical methods: Voronoi’s partition, Delaunay’s
graph, and MST.31 During the first hours of culture, con-
trol cells and E-cadherin-transfected cells displayed the
same pattern, ie, quite homogeneous graphs of Voronoi,
Delaunay, and MST corresponding to a random distribu-
tion (data not shown). However, we observed the pro-
gressive appearance of differences of homogeneity of
Voronoi area as well as Delaunay and MST segment
lengths corresponding to behavior differences between
E-cadherin-positive and -negative cells. Comparison of
the partitions and graphs obtained by the cellular sociol-
ogy methods after 24 hours of culture revealed that the
E-cadherin-transfected clones displayed more heteroge-
neity of Voronoi areas and a high variability of Delaunay
and MST segment lengths (Figure 2). This corresponds to
a more cohesive cluster spatial distribution than the con-
trol clones that exhibited quite homogeneous Voronoi
areas or Delaunay and MST segments representative of a
dispersed and random spatial distribution.

To examine the in vitro invasive abilities of the different
clones, we also performed an invasion assay in a modified
Boyden chamber. We observed that the five E-cadherin-
transfected clones exhibited decreased in vitro invasive
abilities (2.5 � 1.9, 0.5 � 0.4, 0.5 � 0.58, 0.7 � 0.5, and
6.2 � 3.2 cells per 30 fields) compared to the five clones

Figure 1. Expression of E-cadherin in transfected BZR cells. A: Screening by
Western blot analysis of E-cadherin (E-cad) expression in E-cadherin-trans-
fected clones (BZR-PJ3ECAD) and vector-transfected clones (BZR-PJ3). Anti-
actin staining indicates equivalent protein loading. B: Phase-contrast photog-
raphies showing the phenotype of E-cadherin-transfected clone 24 (a) and
vector-transfected clone 23 (b). Clones 24 and 23 are shown as representative
of E-cadherin or control transfectants, respectively. Bars, 100 �m.
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transfected with the control vector (585 � 29, 696 � 12,
498 � 41, 360 � 42, and 279 � 9 cells per 30 fields) (P �
0.01) (Figure 3). Moreover, invasiveness of the five clones
transfected with the control vector was significantly de-
creased in the presence of the synthetic MMP inhibitor
BB-94 (381 � 8, 437 � 40, 248 � 3, 209 � 2, and 79 � 12
cells per 30 fields) (P � 0.05) demonstrating that MMPs
were implicated in invasiveness of BZR cells (Figure 3).

To mimic the process of bronchial tumor invasion, we
used an in vivo human airway epithelial xenograft model in
which denuded tracheae, inoculated with various clones,
are implanted on the backs of nude mice. Observation of

paraffin sections of tracheae removed 3 days after the graft
revealed that E-cadherin- or control vector-transfected
clones had repopulated the denuded tracheae (Figure 4, a
and b). After 1 week, all transfected cells had proliferated
and reformed a multi-layer epithelium (Figure 4, c and d).
Three weeks after the graft, cells transfected either with
E-cadherin or empty vector had completely filled the lumen
to form a tumor mass. As in situ carcinomas, these tumor
formations were outlined by the basement membrane (Fig-

Figure 2. Effect of E-cadherin expression on cell dispersion. A: Comparison
of partitions obtained by the three geometrical models, namely Voronoi’s
partition (Voronoi), Delaunay’s graph (Delaunay), and minimum spanning
tree (MST) (a, b, c, respectively), of the E-cadherin-transfected clone 24 and
the vector-transfected clone 23 (d, e, f, respectively) after 24 hours of culture.
B: Comparison of parameters calculated from each of the three graphs (a, b,
c) for the E-cadherin-transfected clone 24 and the vector-transfected clone
23. The three geometrical models showing that the RFH (roundness factor
homogeneity) value decreases while the AD (area disorder) value increases
and that the m (average length) value decreases while the � (SD) value
increases, indicate that the E-cadherin-transfected clone 24 displayed a more
cohesive cluster spatial distribution than vector-transfected clone 23 (P � 0.05).

Figure 3. Effect of E-cadherin expression on in vitro cell invasion. Analysis
of the invasive properties of E-cadherin-transfected clones and vector-trans-
fected clones in a modified Boyden chamber invasion assay. The specific
synthetic MMP inhibitor BB-94 (BB94) was used to demonstrate that inva-
siveness of vector-transfected clones was MMP dependent. Results are ex-
pressed as the mean of three different experiments � SD. Thirty fields
(�400) were counted on each filter (**, P � 0.01; *, P � 0.05).

Figure 4. Effect of E-cadherin expression on in vivo cell invasion. A human
airway epithelial xenograft model was used to mimic bronchial tumor inva-
sion. HPS staining of paraffin sections of tracheae removed 3 days (a and b),
1 week (c and d), 3 weeks (e and f), 4 weeks (g and h), and 8 weeks (i and
j) after the graft was performed. The E-cadherin-transfected clone 24 and the
vector-transfected clone 17 are shown as example of E-cadherin and of
control transfectants, respectively. After cells had repopulated the denuded
tracheae (arrowheads) (a and b), they proliferated (c and d) and formed a
tumor mass (T) well delimited by the basement membrane (arrowheads) (e
and f). Only control vector-transfected cells gave rise to an aggressive tumor
that colonized the submucosal space (SU) and infiltrated beneath the carti-
lage (CA) to form tumor islands (TI) into the surrounding host tissue (g and
h) up to the mouse skin (SK) (i and j). Bars, 84 �m.
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ure 4, e and f). After 4 weeks, whereas E-cadherin-trans-
fected cells were still bordered with the basement mem-
brane, control vector-transfected cells showed a highly
invasive behavior. Cells had penetrated through the base-
ment membrane and colonized the submucosal space be-
fore they invaded the surrounding host tissue beneath the
cartilage to form tumor islands surrounded by reactive con-
nective tissue (Figure 4, g and h). During the following
weeks, highly invasive tumors formed by control vector-
transfected cells continued to spread and reached the
mouse skin, whereas the tumor mass formed by E-cad-
herin-transfected cells remained localized to the tracheal
area (Figure 4, i and j).

E-Cadherin Expression Decreases �-Catenin
Transcriptional Activity

Because �-catenin is known to play a role of transcription
co-factor when it is dissociated from the E-cadherin com-

plex and stabilized,34 we examined the effect of E-cad-
herin transfection on �-catenin expression and transcrip-
tional activity. We first observed by Western blot analysis
that the overall level of �-catenin remained unchanged
after transfection of E-cadherin in BZR cells (Figure 5A).
Moreover, immunoprecipitation experiments with an E-
cadherin antibody demonstrated that E-cadherin was
able to sequestrate free cytoplasmic �-catenin in E-cad-
herin transfectants (Figure 5B). Finally, we performed
transient transfections of the TOP-FLASH luciferase re-
porter construct that clearly showed a significant de-
crease of transcriptional activity of �-catenin/TCF in E-
cadherin-transfected clones (Figure 5C).

E-Cadherin Expression Down-Regulates MMP
Production

Since invasiveness of control vector-tansfected cells was
MMP-dependent and since in vitro and in vivo invasive
abilities of E-cadherin-transfected cells were reduced,
we investigated the effect of E-cadherin transfection on
MMP production. Comparing by RT-PCR the five clones
of E-cadherin transfectants and the five clones of vector-
transfected cells, we found a significant decrease of
MMP-1, MMP-3, MMP-9, and MT1-MMP (32, 18, 2, and
twofold, respectively) in the E-cadherin transfectants. The
levels of MMP-2 and of the inhibitors TIMP-1 and TIMP-2
remained unaffected. MMP-7 was not detected (Figure
6A). Western blot analysis showed that MMP-1, MMP-3,
and MT1-MMP were active in control cells (42 kd, 45 kd,
and 60/43 kd, respectively) and that these MMPs were
dramatically decreased in E-cadherin-positive cells (Fig-
ure 6B). Zymography analysis confirmed the decrease of
MMP-9 (92 kd) at the protein level in E-cadherin trans-
fectants (Figure 6C). To study the ability of the clones to
activate MMP-2, transfected cells were treated with Con
A, a lectin known to stimulate MMP-2 activation in several
systems. Analysis by zymography showed activation of
MMP-2 (62/59 kd) only in control-transfected cells. The
comparison of MT1-MMP mRNA levels in the absence or
presence of Con A by RT-PCR proved that MMP-2 activa-
tion was dependent on the level of MT1-MMP (Figure 6C).

To verify the E-cadherin-dependent down-regulation of
MMP expression under in vivo conditions, MMP expres-
sion profile of the E-cadherin- and control vector-trans-
fected cells was examined by immunohistochemistry us-
ing monoclonal antibodies directed against human
MMPs on tracheal xenograft paraffin sections. The cyto-
plasm of E-cadherin-transfected cells implanted in vivo
was more intensely stained by MMP-1, MMP-3, MMP-9,
and MT1-MMP antibodies compared with that of empty
vector-transfected cells. As demonstrated in vitro, no
change of staining was observed for MMP-2 in the E-
cadherin-transfected and control cells in the in vivo airway
epithelial xenograft model (Figure 7).

Discussion

In accordance with the role of E-cadherin in cell-cell adhe-
sion and cell differentiation, we first showed that transfection

Figure 5. Effect of E-cadherin expression on �-catenin transcriptional activity.
A: Western blot analysis of overall expression of �-catenin (�-cat) in E-cadherin-
transfected clones and vector-transfected clones. Anti-actin staining indicates
equivalent protein loading. B: Analysis of interaction between E-cadherin and
�-catenin in E-cadherin-transfected clones by E-cadherin immunoprecipitation
coupled to �-catenin Western blot. C: Measure of �-catenin/TCF activity in
E-cadherin-transfected clones and vector-transfected clones by transient trans-
fection of the TOP-FLASH firefly luciferase reporter construct. Data are ex-
pressed as RLUs (relative light units) normalized to the co-transfected Renilla
luciferase-encoding phRG-TK plasmid (**, P � 0.01).
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of E-cadherin in highly invasive bronchial tumor cells results
in an epithelioid phenotype and in changes in cell migratory
and invasive behavior. Indeed, we observed that E-cad-
herin-transfected cells displayed a greater cluster distribu-
tion than control cells that had a random distribution. These
results match our previous findings that a random distribu-
tion is related to invasive cells and that a cluster distribution
is related to noninvasive cells.31 These data were confirmed
by the observation of a significant decrease of in vitro inva-
sive abilities of BZR cells after E-cadherin transfection in a
modified Boyden chamber assay. Moreover, using an in
vivo human airway epithelial xenograft model in nude mice,
we showed that E-cadherin-transfected cells were less in-
vasive than control vector-transfected cells. These data are
in agreement with previous studies on other types of tumor

cells,6,7,35 highlighting the role of E-cadherin as an invasion
suppressor. In vivo models of bronchial tumors are, never-
theless, not well documented. Klein-Szanto et al36 have
reported the capacity of immortalized human bronchial ep-
ithelial cell lines (BEAS-2B cells), grown in deepithelialized
rat tracheae subcutaneously transplanted into nude mice,
to induce invasive neocarcinoma after a 6-month cigarette-
smoke exposure. Nevertheless, the molecular mechanisms
involved in this in vivo invasion model have not been ana-
lyzed. The human xenograft model that we used in our work
has the advantage to be an “air-opened” model that mimics
the environmental conditions encountered in the airways.
The xenograft provides a tissue structure containing E-cad-
herin- or control vector-transfected epithelial cells and a
stromal host-tissue. The observation that the in vivo invasive
ability of E-cadherin-negative bronchial cell line BZR occurs
within a short period (4 weeks) after implantation highlights
the major role of E-cadherin cell-cell interactions in the
bronchial tumor progression.

Figure 6. Effect of E-cadherin expression on in vitro MMP production. A:
RT-PCR analysis of levels of MMP and TIMP mRNA in E-cadherin-transfected
clones and vector-transfected clones. The levels were normalized to the
control 28S and results are expressed as the mean of three different exper-
iments � SD (*, P � 0.05; **, P � 0.01). B: Western blot analysis of
conditioned media or cellular extracts of E-cadherin-transfected clones and
vector-transfected clones using monoclonal antibodies directed against
MMP-1, MMP-3, and MT1-MMP. HT1080 cells were used as a control showing
the main forms (pro-form and active form, respectively) of MMP-1 (52 and 42
kd), MMP-3 (57 and 45 kd), and MT1-MMP (63, 60, and 43 kd). For MMP-1
and MMP-3 detection, conditioned medium from equal cell numbers was
used. For MT1-MMP detection, anti-actin staining indicates equivalent pro-
tein loading. C: Analysis by zymography of gelatinolytic activities (92 kd,
pro-MMP-9; 72 kd, pro-MMP-2; 62/59 kd, active MMP-2) in conditioned
media of E-cadherin-transfected clones and vector-transfected clones treated
(�) or not (�) with Con A. An MT1-MMP RT-PCR was performed on
corresponding cells to demonstrate its involvement in MMP-2 activation.
MT1-MMP levels were normalized to the control 28S.

Figure 7. Effect of E-cadherin expression on in vivo MMP production. Im-
munohistochemistry with monoclonal antibodies directed against human
MMP-1 (a and b, respectively), MMP-2 (c and d, respectively), MMP-3 (e and
f, respectively), MMP-9 (g and h, respectively), and MT1-MMP (i and j,
respectively) was performed to compare the MMP expression profile of
E-cadherin- and vector-transfected clones in the in vivo human airway
epithelial xenograft model. Bars, 21 �m.
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Concomitantly with a decrease of in vitro and in vivo
invasive abilities, we here demonstrate that transfection
of E-cadherin induced a decrease of MMP-1, MMP-3,
MMP-9, and MT1-MMP production in in vitro as well as in
in vivo conditions. It has been previously shown that
MMP-9 and MT1-MMP were regulated by E-cadherin in
mouse skin carcinoma cells and in human tongue squa-
mous cell carcinoma cells, respectively.37–38 Moreover,
in agreement with the studies of Miyaki et al35 and Ara et
al,38 the ability of MMP-2 to be activated was dramatically
reduced in E-cadherin-transfected cells, without modifi-
cation of its production. In our experiments, MMP-2 acti-
vation was only seen in control E-cadherin-negative
clones after Con A treatment. In agreement with its well-
described role in MMP-2 activation, MT1-MMP was con-
comitantly induced by Con A treatment.39 Other research
has nevertheless shown an E-cadherin-induced de-
crease of MMP-2 expression.40 These contradictory re-
sults may be attributed to the varying cell differentiation
state and to the tissue origin of the cells used. Our data
showed that E-cadherin is able to regulate the expression
of different types of MMPs known to degrade distinct
substrates and to play distinct roles in the early and late
stages of tumor progression.41–45 These results, demon-
strating a regulation of MMP expression by E-cadherin,
are supported by in vivo studies showing inverse corre-
lations between MMP and E-cadherin expression in can-
cers.46,47 No change in expression of the MMP inhibitors
TIMP-1 and TIMP-2 was observed, so that an MMP/TIMP
balance could be restored in E-cadherin-transfected
clones. Taken together, these results suggest that E-
cadherin is able to regulate the expression of different
MMPs and thus to maintain an MMP/TIMP balance favor-
ing the inhibition of cancer progression.

The signal transduction pathway through which E-cad-
herin regulates MMP gene expression is not well known.
One way of MMP regulation by E-cadherin may engage
the �-catenin/TCF pathway. When �-catenin is discon-
nected from E-cadherin, it may accumulate in the cyto-
plasm and translocate into the nucleus where it com-
plexes with a transcription factor of the Lef/TCF family to
induce transactivation of genes involved in tumor pro-
gression, such as c-myc, cyclin D1, fibronectin, slug,
CD44, �2 chain of laminin-5, uPAR, MMP-7, and MMP-
26.34,48–57 Accordingly, we observed that E-cadherin ex-
pression was sufficient to decrease the transcriptional
activity of �-catenin by recruiting it and consequently
reducing its cytoplasmic pool. Among MMPs regulated
by E-cadherin in this study, MT1-MMP has been recently
described as a target of �-catenin/TCF transactivation.58

Moreover, MMP-1, MMP-3, and MMP-9 constitute poten-
tial targets of �-catenin/TCF, because their promoters
contain TCF-binding sites.55,57 Interestingly, the MMP-2
promoter, which does not contain any TCF-binding site, is
not regulated by E-cadherin transfection. The fact that
only MMPs, which are described as potential targets of
�-catenin/TCF, are regulated by E-cadherin transfection
and that a significant decrease of �-catenin transcrip-
tional activity is found in E-cadherin-transfected cells,
plead in favor of the �-catenin/TCF pathway as a major
way to regulate MMPs by E-cadherin. However, we can-

not exclude that other signaling pathways are involved. In
particular, other transcription factors, such as PEA3 or
AP-1, could also regulate (either alone or in synergy with
the �-catenin/TCF complex) the expression of MMPs, as
previously shown for MMP-7.59

In conclusion, we demonstrate that E-cadherin trans-
fection down-regulates MMP expression, potentially by a
diminution of �-catenin/TCF transcriptional activity. Our
data, showing a decrease of invasiveness by E-cadherin
transfection, further suggest an implication of this regu-
lation in the expression of an invasive phenotype by
bronchial tumor cells.
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