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Transactivation of Vimentin by #-Catenin in Human Breast Cancer Cells
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Birembaut, and Jean-Michel Foidart.

Laboratory of Tumor and Developmental Biology, University of Liege, CHU Sart-Tilman B23, B-4000 Liége, Belgium [C. G., M. M, P. R., J-
M. F.], and Unité LNSERM U.514, Laboratoire Pol Bouin IFR 53, CHU Maison Blanche, Reims, France [M. P., B. N-R, P. B.].

Abstract

The cytoplasmic and nuclear redistribution of f-catenin and the de novo expression of vimentin are frequently
involved in the epithelial-to-mesenchymal transition associated with increased invasive/migratory properties of
epithelial cells. Because f-catenin can act as a coactivator of transcription through its binding to the T-cell factor
(TCF)/lymphoid enhancer factor 1 transcription factor family, we have explored the possibility that S-
catenin/TCF could directly transactivate vimentin. We first compared vimentin expression in relation with the
localization of S-catenin in eight breast cancer cell Unes displaying various degrees of invasiveness and in a
model of cell migration using human mammary MCF10A cells. We could thus show a cytoplasmic and/or
nuclear distribution of f -catenin in invasive/migratory cells expressing vimentin, but not in
noninvasive/stationary vimentin-negative cell lines. In addition, the human vimentin promoter was found to be
up-regulated by f-catenin and TCF-4 cotransfection. Varying with the cellular background, a diminution of this
up-regulation was observed when the putative § -catenin/TCF binding site of the vimentin promoter was
mutated. Our results therefore demonstrate that the vimentin promoter is a target of the f-catenin/TCF pathway
and strongly suggest an implication of this regulation in epithelial cell migration/invasion.

Abbreviations: EMT, epithelial-to-mesenchymal transition; TCF, T-cell factor; LEF, lymphoid enhancer factor;
MMP, matrix metalloproteinase; EGFP, enhanced green fluorescent protein; DAPI, 4',6-diamidino-2-
phenylindole; RT-PCR, reverse tran-scription-PCR; GFP, green fluorescent protein.

INTRODUCTION

During their metastatic conversion, epithelial cells acquire the ability to invade the surrounding tissue and
disseminate in secondary organs. Growing evidence emphasizes the concept that the acquisition of
migratory/invasive properties by epithelial cells is associated with the gain of mesenchymal characteristics and
the loss of epithelial features, a phenomenon referred to as EMT (1-3).

Among the mechanisms largely associated with the metastatic conversion of epithelial cells and the EMT is the
loss of E-cadherin-mediated cell adhesion (4). E-cadherin is a transmembrane glycoprotein that mediates
homotypic cell-cell contacts between epithelial cells and thereby largely contributes to the cohesive architecture
of normal epithelia. The cytoplasmic part of E-cadherin is linked to the actin cytoskeleton via its interaction with
its cytoplasmic binding partners, the catenins (a-, -, and y-catenin). In normal epithelial cells, S-catenin is
mainly localized in E-cadherin complexes and contributes to cell-cell adhesion (5, 6). Under particular
conditions, f-catenin accumulates sufficiently in the cytoplasm and can then translocate to the nucleus, where it
acts as a transcriptional coactivator through its binding with the members of the TCF/LEF-1 transcription factor
family (7). The accumulation of free cytoplasmic S-catenin and/or its translocation to the nucleus has been
associated with epithelial cell migration and the EMT in various physiological or pathological processes
including tumor progression (4-6, 8). Several genes have now been identified as the target of f-catenin/TCF
transcriptional regulation. These include MMP-7 (9-11), uPAR (12), CD44 (13), c-myc (14), cyclin D1 (15),
TCF-1 (16), fibronectin (17), slug (18), and the y2 chain of laminin-5 (19). Increasing efforts are being made to
identify other targets of f-catenin transactivation that would facilitate tumor invasion.

Besides the disorganization of E-cadherin-f-catenin complexes, the de novo expression of vimentin is a
mechanism also frequently associated with an EMT and the metastatic conversion of epithelial cells. Vimentin is
a type III intermediate filament normally expressed in cells of mesenchymal origin (20). However, numerous
data have now demonstrated that vimentin can also be expressed in epithelial cells involved in physiological or
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pathological processes requiring epithelial cell migration. Vimentin has indeed been described in migratory
epithelial cells involved in embryological and organogenesis processes, in placentation, in wound healing, or in
tumor invasion (1, 21-24). Also, vimentin antisense transfection in vimentin-express-ing breast cell lines was
shown to reduce their in vitro invasiveness or migration, strongly emphasizing a functional contribution of
vimentin to epithelial cell invasion/migration (24, 25). In the same way, an impaired wound healing has been
observed in vimentin knockout mice (26, 27). Furthermore, a direct or indirect interaction of vimentin with
microfilaments and microtubules and more particularly with molecules such as plectin or integrins has been
described (28-33). A role of vimentin in the mechanical transduction of signals from the cell surface to the
nucleus and in the overall reorganization of the cytoskeleton associated with cell motility and migration has
therefore been suggested (24, 26, 34, 35).

A correlation between vimentin expression and a perturbation of E-cadherin-mediated cell adhesion has
previously been emphasized. For instance, several studies comparing various breast or lung cell lines have
indeed reported that the loss of E-cadherin in highly invasive cell lines is associated with vimentin expression
(36, 37). Similarly, the induction of an EMT in Madin-Darby canine kidney cells has also been characterized by
a decrease of E-cadherin expression and an increase of vimentin expression (38). Vimentin expression and a
perturbation of E-cadherin-mediated cell adhesion therefore both appear as hallmarks of EMT-associated events
implicated in cell invasion and migration.

In the present study, we examined the possibility that vimentin could be a direct target of the f-catenin/TCF
transactivation pathway in human mammary tumor cells. We thus document an overlap between vimentin
expression and nuclear redistribution of f-catenin in several human mammary tumor cell lines. We also
demonstrate the direct transactivation of the vimentin promoter by f-catenin and TCF-4 and show the
implication of a putative S-catenin/TCF binding site located 468 bp upstream of the transcription initiation site in
this regulation.

MATERIALS AND METHODS

Cell Culture. All human mammary epithelial cells were obtained from the American Type Culture Collection
(Manassas, VA). MCF10A-VP-EGFP cells were generated previously (24) by stable transfection of the VP-
EGFP plasmid, in which the human vimentin promoter controls the expression of EGFP. BT474, BT20, MCF-7,
T47D, MDA-MB-231, MDA-MB-435, BT549, and Hs578T cells were cultured in DMEM containing 10% FCS.
The growth medium of MCF10A cells was composed of Ham's F-12 medium and DMEM [1:3 (v/v)]
supplemented with 20 x#g/ml adenine, 5 #g/ml insulin, 0.5 xg/ml hydrocortisone, 2 ng/ml EGF, 5 ug/ml
transferrin, 1.5 ng/ml triiodothyronin, and 10% FCS.

In Vitro Migration Assay. MCF10A cells (5 x 10%) were seeded in growth medium inside a 6-mm glass ring
placed in the middle of a glass coverslip (22 mm in diameter). Twenty-four h after plating, the glass ring was
removed, and the cells were covered with growth medium. In this model, the cells migrate as an outgrowth from
the confluent area initially delimited by the ring (24).

Immunofluorescence. Cells cultured in the migration assay or as confluent monolayers on glass coverslips were
fixed with methanol for 10 min at -20°C. For confocal microscopy analyses of nuclear f-catenin, cells were fixed
in 2.5% paraformaldehyde in PBS for 30 min and then permeabilized with 0.2% Triton X-100 for 15 min at
room temperature. The coverslips were then saturated for 30 min with 3% bovine serum albumin in PBS. After
intermediate washes in PBS, monolayers were incubated for 1 h with a monoclonal antibody to vimentin (clone
V9; Dako, Glostrup, Denmark), E-cadherin (BD Transduction Laboratories, San Jose, CA), or S-catenin (BD
Transduction Laboratories). Cells were then exposed to a tetramethylrhodamine isothiocyanate-conjugated rabbit
antimouse antibody (Dako). After incubation with the different antibodies, nuclei were labeled with DAPI

(1 pg/ml) for 20 min. The coverslips were then mounted with Aquapolymount antifading solution (Agar) onto
glass slides and observed under a Zeiss fluorescence microscope or with a MRC 600 confocal laser scanning
microscope (Bio-Rad, Richmond, CA).

Plasmids. The vimentin promoter luciferase reporter vector (VimPro) was constructed by cloning an EcoRI-
BamHI 1.5-kb fragment of the human vimentin 5' upstream region into the firefly luciferase reporter plasmid
pGL-3 (Promega, Madison, WI). This fragment, described and cloned as the human vimentin promoter (39), was
isolated from pG4F1EM1.5, kindly provided by Dr. S. Rittling (Temple University Medical School,
Philadelphia, PA). The GenBank accession number for the human vimentin promoter is M17888. This human
vimentin promoter contains a consensus fS-catenin/TCF binding site (5'-A/T-A/T-CAAAG-3') in an inverted
position located 468 bp upstream of the transcription initiation start (5'-CTTTGTT-3"). We also constructed a
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reporter vector containing a mutated fS-catenin/TCF binding site (5'-CTTT-GGC-3'; VimPro Mut) using the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) and the following primers, 5'-
CAATCTCAG-GCGCTCTTTGGCTCTTTCTCCGCGACTTCAG-3' and 5'-CTGAAGTCG-
CGGAGAAAGAGCCAAAGAGCGCCTGAGATTG-3'". Such a 2-nucleotide alteration in the S-catenin/TCF
binding site mutation has previously been described to dramatically reduce S-catenin/TCF signaling (40, 41).

The expression vector for f-catenin expressing a mutated form of S-catenin that is less susceptible to degradation
was kindly provided by Drs. K. Orford and S. Byers (Lombardi Cancer Center, Georgetown University,
Washington, DC; Ref 42). The expression vector encoding the human TCF-4 (pCDNA-hTCF4) and the TOP-
FLASH and FOP-FLASH plasmids containing three wild-type (5'-CCTTTGATC-3'; TOP-FLASH) or mutated
(5'-CCTTTGGCC-3'"; FOP-FLASH) copies of the f-catenin/TCF binding sites upstream of a minimal c-fos
promoter driving the firefly luciferase expression were a kind gift from Dr. H. C. Clevers [University Hospital,
Utrecht, the Netherlands (40, 41)].

Transient Transfections and Reporter Assay. Transient transfections were performed with FuGENE
transfection reagent (Roche, Branchburg, NJ) on 50,000 cells plated in a 24-well plate half an hour before the
addition of the DNA/FuGENE mixture.

For the determination of the TOP-FLASH/FOP-FLASH activity, each well was supplemented with a mixture
containing 20 1 of serum-free DMEM, 0.6 ul of FuGENE, and 0.5 ug of the TOP-FLASH or FOP-FLASH
firefly luciferase reporter plasmid and 0.8 ng of the Renilla luciferase reporter phRG-TK (Promega) as an
internal control.

For f-catenin/TCF-4 induction, each well was incubated with a mixture containing 20 1 of serum-free DMEM,
0.6 ul of FuGENE, 0.15 ug of the firefly luciferase reporter plasmid (either the VimPro, VimProMut, TOP-
FLASH, or FOP-FLASH reporter construct), 0.15 ug of the f-catenin expression vector (or the corresponding
empty vector), 0.15 ug of the TCF-4 expression vector (or the corresponding empty vector), and 0.8 ng of the
Renilla luciferase vector phRG-TK.

Twenty-four h after transfection, the cells were lysed in 50 ul of passive lysis buffer, and the luciferase activity
was determined with a luminometer using the Dual Luciferase Assay System (Promega) on 20 ul of lysate. For
each experiment, the firefly luciferase activity was normalized to the activity of the Renilla luciferase used as
internal control. The activities of the TOP-FLASH and the FOP-FLASH reporter constructs were expressed as
normalized relative light units. For S-catenin/TCF-4 induction experiments, results were expressed as fold
induction. Fold induction was determined by normalizing each firefly luciferase value to the Renilla luciferase
internal control value and by dividing these normalized values with the mean normalized value of the
corresponding reporter construct transfected with the empty expression vectors. Each experiment was performed
at least three times in triplicate. Data are expressed as means = SD. A one-way ANOVA was performed, and P <
0.05 was considered significant.

Transient Transfections and Vimentin Expression Analyses. To study the regulation of the endogenous
vimentin gene by fS-catenin/TCF-4 complexes, transient transfections of f-catenin and TCF-4 were performed
with Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA) on 200,000 MCF10A cells plated in 6-
well plate. Twenty-four h after plating, transfection was carried out as recommended by the manufacturer by
adding to each well a mixture containing 500 ul of serum-free medium, 3 ul of Lipofectamine 2000, 1 ug of the
[-catenin expression vector, and 1 ug of the TCF-4 expression vector. Controls were generated by transfecting
the cells with the corresponding empty vectors. Twenty-four h after transfection, total RNA extraction was
performed with the RNA isolation kit (Roche). RT-PCR was performed using 10 ng of total RNA, the Gene
Amp Thermostable RNA PCR Kit (Perkin-Elmer, Foster City, CA), and pairs of primers for human vimentin and
for 28S rRNA control amplification (Eurogentec, Seraing, Belgium). Forward and reverse primers for human
vimentin and 28S were designed as follows: (¢) human vimentin primers, 5'-GACAATGCGTCTCTG-
GCACGTCTT-3' (forward) and 5'-TCCTCCGCCTCCTGCAGGTTCTT-3' (reverse); (b) 28S primers, 5'-
GTTCACCCACTAATAGGGAACGTGA-3' (forward) and 5-GGATTCTGACTTAGAGGCGTTCAGT-3'
(reverse). Reverse transcription was performed at 70°C for 15 min. Amplification cycles were as follows: 15 s at
94°C; 20 s at 68°C; and 10 s at 72°C Twenty-nine cycles were allowed for vimentin amplification, and 15 cycles
were allowed for 28S amplification. Products were separated on acrylamide gels, stained with SYBR Gold
(Molecular Probes, Eugene, OR), and quantified by fluori-metric scanning (LAS-1000; Fuji, Stamford, CT). The
values obtained for vimentin amplification were normalized with values obtained for 28S amplification. Each
experiment was performed three times. Data are expressed as means + SD.
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RESULTS

Vimentin Expression Associates with the Cytoplasmic and Nuclear Distribution of p-Catenin. To test the
possibility that the f-catenin transactivation pathway could regulate vimentin expression, we first examined these
two proteins by immunofluorescence in a set of eight human breast tumor cell lines (BT474, BT20, T47D, MCEF-
7, MDA-MB-231, BT549, Hs578T, and MDA-MB-435). These cell lines were chosen because they previously
allowed establishment of a clear-cut correlation between the loss of E-cadherin expression, the expression of
vimentin, and high invasive abilities (36, 43-45). Indeed, as reported in these studies and as confirmed in our
present study (data not shown), BT474, BT20, MCF-7, and T47D cells are epithelioid in shape, noninvasive in
Boyden chamber assay, and E-cadherin positive and vimentin negative, whereas MDA-MB-231, BT549,
Hs578T, and MDA-MB-435 cells are rather fibroblastoid in shape, vimentin positive, E-cadherin negative, and
highly invasive. Such a differential expression of vimentin is illustrated for MCF-7 epithelioid cells and Hs578T
fibroblastoid cells in Fig. 1, 4 and B. p-Catenin immunofluorescence analyses and confocal microscopy
observations on these characterized cell lines clearly revealed that f-catenin is mainly found as an intense
membrane staining in E-cadherin-positive, vimentin-negative, noninvasive cells, as illustrated for MCF-7 cells in
Fig. 1C. In contrast, f-catenin staining was mainly detected in the cytoplasm of vimentin-positive, invasive cell
lines, as illustrated for Hs578T in Fig. 1C. Examining various optical sections, we could also observe that
vimentin-expressing Hs578T cells displayed a nuclear labeling for f-catenin coinciding with DAPI staining (Fig.
1C). In contrast, vimentin-negative MCF-7 cells clearly never showed any nuclear S-catenin.

Next we studied E-cadherin and f-catenin in relation with vimentin expression in a migration assay that we
previously used to demonstrate the transient expression of vimentin during epithelial cell migration (24). Briefly,
in this migration assay, MCF10A cells are plated at a high density in a glass ring and migrate as an outgrowth
after the removal of the ring. In contrast to BT474, BT20, MCF-7, or the T47D cells, which constitutively lack
vimentin expression, MCF10A cells were previously shown to be inducible for vimentin expression in this assay.
Indeed, using videomicroscopy, we demonstrated previously that cells at the periphery of the outgrowth
specifically express vimentin and are involved in an orientated migration. Cells distant from that periphery are
basically stationary and do not express vimentin (24). In the present study, we used MCF10A stably transfected
with a plasmid containing the vimentin promoter controlling the expression of the GFP gene (VP-EGFP
MCF10A cells). The use of this assay allowed us to establish a clearer correlation between the disorganization of
E-cadherin-f-catenin complexes and the activation of the vimentin promoter. We could indeed show a
diminution of E-cadherin and f-catenin membrane-associated honeycomb stainings in migratory cells that
expressed vimentin at the periphery of the outgrowth (Fig. 24). GFP expression was preferentially seen in cells
that did not display a typical honeycomb f-catenin staining, demonstrating the specific activation of the vimentin
promoter in these cells (Fig. 24). Fig. 24 also shows that the expression of the vimentin protein detected by
immunofluorescence coincides well with the activation of the vimentin promoter. Furthermore, confocal
analyses showed that migratory cells at the periphery of the outgrowth display an intense cytoplasmic and
nuclear f-catenin staining (coinciding with DAPI labeling). In contrast, cells distant from that periphery mostly
displayed a honeycomb f-catenin distribution and no nuclear staining (Fig. 2B). These data, taken together,
clearly correlate a cytoplasmic and nuclear localization of -catenin in invasive or migratory epithelial cells with
vimentin expression.

Vimentin-positive Cells Display an Elevated p-Catenin/TCF Transcriptional Activity. We then compared
the ability of vimentin-expressing cells versus vimentin-negative cells to transactivate a luciferase reporter
plasmid containing wild-type (TOP-FLASH) or mutated (FOP-FLASH) f-catenin/TCF binding sites as
regulatory elements. For this purpose, we examined vimentin-negative BT474, BT20, and MCF-7 cells and
compared them with BT549 and Hs578T cells, which display a constitutive expression of vimentin, and MCF-
10A cells, which are also able to express vimentin. We observed that the three cell lines able to express vimentin
(BT549, Hs578T, and MCF10A cells) displayed a higher ability to transactivate the TOP-FLASH reporter
plasmid than the vimentin-negative BT474, BT20, and MCF-7 cells (Fig. 3). In all cell lines displaying a high
TOP-FLASH activity, an important decreased activity was reported for the FOP-FLASH plasmid. In accordance
with our findings showing a preferential cytoplasmic and nuclear localization of f-catenin in vimentin-
expressing cells, these data clearly suggested that vimentin-expressing cells have a stronger S-catenin/TCF
transcriptional activity than the vimentin-negative ones.
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Fig. 1: Preferential cytoplasmic and nuclear localization of f-catenin in vimentin-expressing cell lines. A, phase-
contrast microscopy images of MCF-7 and Hs578T monolayers. Bar, 76 um. B, vimentin immunostainings on
MCF-7 and Hs578T monolayers. Bar, 42 um. C, confocal microscopy analyses of p-catenin labeling on MCF-7
and Hs578T monolayers. Serial optical sections were taken from the basal to the apical surface of the cells
(section 1-75) and clearly revealed a cytoplasmic f-catenin labeling (in a basal section) and a nuclear labeling
(in an intermediate section) on Hs578T cells, whereas B-catenin was found mostly as an intense labeling at the
cell surface in MCF-7 cells throughout the sections. The corresponding DAPI labeling is also shown. Bar, 14um
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Fig. 2: The activation of the vimentin promoter coincides with a cytoplasmic and a nuclear localization of p-
catenin in migratory MCF10A4 cells. A, single or double visualization (Merge) of vimentin. [5-catenin, or E-
cadherin immunolabeling (in red) and GFP expression (in green) in VP-EGFP MCF10A cells plated in the
migration assay. Bar, 84 um. B, confocal microscopy analyses of f-catenin labeling on MCF10A cells plated in
the migration assay. Serial optical sections were taken from the basal to the apical surface of the cells (section
1-75) and clearly revealed a cytoplasmic [-catenin labeling (in a basal section) and a nuclear labeling (in an
intermediate section) in migratory cells at the periphery of the outgrowth, whereas p-catenin was found mostly
as an intense labeling at the cell surface throughout the sections in stationary cells distant from that periphery.
The corresponding DAPI labeling is also shown. A white line delineates the edge of the outgrowth. Bar, 24 um
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Fig. 3: Vimentin-expressing cell lines display a higher p-catenin/TCF activity than vimentm-negative cell lines.
Different cell lines (BT474, BT20, MCF-7, BT549, Hs578T.and MCF10A cells) were transfected with the TOP-
FLASH or FOP-FLASH firefly luciferase reporter plasmids. Data are expressed as relative light units (RLUs)
normalized to the cotransfected Renilla luciferase-encoding phRG-TK plasmid
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Fig. 4: -Catenin and TCF-4 transactivate the human vimentin promoter. 4, the VimPro or the VimProMut
reporter plasmid was cotransfected with the empty expression vectors (Lane 1), the f-catenin expression vector
(Lane 2), the TCF-4 expression vector (Lane 3), or the ff-catenin and the TCF-4 expression vectors (Lane 4).
Data are presented as fold induction relative to the cotransfection of the reporter plasmid (either VimPro or
VimProMut) with the empty expression vectors (Lane 1). B, representative RT-PCR analysis of vimentin mRNA
(Vim) and 28S in MCF10A cells cotransfected with ff-catenin and TCF-4 (f-cat/TCF-4) or with the
corresponding empty expression vectors (Cont) C, quantification of RT-PCR analyses of vimentin normalized
with the 28S values in three independent transfection experiments as described in B. Data are expressed as fold
induction relative to the control transfection (Cont).
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p-Catenin/TCF Regulates the Vimentin Promoter. To examine the possibility that f-catenin could directly
regulate the transcription of vimentin, we used a luciferase reporter plasmid containing the human vimentin
promoter (VimPro-Luc) in transient transfection experiments in the vimentin-negative MCF-7 cell line and in
three vimentin-expressing cell lines (MCF10A, BT549, and Hs578T). The human vimentin promoter contains a
putative S-catenin/TCF binding site 468 bp upstream of the transcription start site. We also generated a reporter
plasmid containing the vimentin promoter mutated at the putative S-catenin/TCF binding site (VimProMut-Luc).
We thus performed cotransfection experiments using the VimPro-Luc and the VimProMut-Luc with expression
vectors encoding S-catenin and/or a member of the LEF-1/TCF transcription factor family, TCF-4.
Cotransfections of S-catenin and TCF-4 led to a clear activation (between 3.1- and 4.3-fold induction) of the
wild-type vimentin promoter in BT549, Hs578T, and MCF10A cells (Fig. 44). The transfection of f-catenin or
TCF-4 alone did not significantly activate the wild-type vimentin promoter. Interestingly, only a slight activation
of the vimentin promoter was observed in vimentin-negative MCF-7 cells. The use of the mutated promoter
revealed a reduction of the activation obtained with S-catenin and TCF-4. This reduction was particularly
obvious in MCF10A cells, was weak in Hs578T cells, and was not significant in BT549 cells (Fig. 44). In
agreement with our data obtained with the promoter reporter constructs, we also found that co-transfection of -
catenin and TCF-4 generated a 1.95-fold increase of the vimentin mRNA level in MCF10A cells (Fig. 4, B and

0).

Because the induction of the vimentin promoter by f-catenin/ TCF-4 was clearly dependent on the cellular
background (no clear induction in MCF-7 cells), we further examined the influence of this background on the /-
catenin/TCF-4 activation of the TOP-FLASH and FOP-FLASH reporter plasmid. We observed an increase of the
overall f-catenin/TCF activity in all of the cell lines by the f-catenin/ TCF-4 cotransfection that was diminished
with the FOP-FLASH reporter plasmid. Interestingly, this induction was the highest in MCF-7 cells (Fig. 5).

Fig. 5: f-Catenin and TCF-4 activate the TOP-FLASH reporter plasmid. The TOP-FLASH or FOP-FLASH
reporter plasmid was cotransfected with the empty expression vectors (Lane 1) or with the p-catenin and TCF-4
expression vectors (Lane 2). Data are presented as fold induction relative to the cotransfection of the reporter
plasmid (either TOP-FLASH or FOP-FLASH) with the empty expression vectors
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DISCUSSION

In the present study, we demonstrate that vimentin is a target of the S-catenin/TCF pathway and emphasize the
implication of such a regulation during epithelial cell migration. We indeed showed that (a) a cytoplasmic and
nuclear localization of f-catenin in mammary human epithelial cell lines is associated with vimentin expression
and a high invasive/migratory potential, (b) vimentin-positive invasive cell lines display a high f-catenin/TCF
transactivating ability, and (c) the vimentin promoter contains a putative f-catenin/TCF binding site and is a
direct target of S-catenin/TCF transcriptional regulation.
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Examining several human breast cancer cell lines, we indeed showed that the invasive cell lines expressing
vimentin displayed a cytoplasmic and nuclear f-catenin labeling. In contrast, the vimentin-negative, noninvasive
cell lines showed membrane-associated S-catenin. Such an overlap between vimentin expression and fS-catenin
redistribution from the cell membrane was even better emphasized in the migration assay with the MCF10A
cells. Indeed, this dynamic model clearly allowed us to discriminate a subpopulation of migratory, vimentin-
positive cells within the same cell line. We were thus able to demonstrate that a diminution of the membrane-
localized E-cadherin/ f-catenin and a cytoplasmic and nuclear distribution of f-catenin specifically in the
migratory subpopulation of cells at the periphery of the outgrowth coincide with the transactivation of the
vimentin promoter and vimentin expression. In support of our findings, a cytoplasmic accumulation and/or a
nuclear translocation of f-catenin has been associated with an EMT and enhanced migration or invasion in
several in vitro systems. For instance, a cytoplasmic accumulation and/or a nuclear translocation of S-catenin has
been described during the EMT and/or migration induced by various means in NBTII or Madin-Darby canine
kidney cells (46-49), two cell lines in which an EMT has been associated with vimentin expression in
independent studies. Taken together with these data, our findings therefore clearly emphasize an overlap between
a cytoplasmic and/or nuclear redistribution of S-catenin and vimentin expression in invasive and migratory
epithelial cells.

We have also shown that the vimentin-expressing cells displayed a higher fS-catenin/TCF activity than the
vimentin-negative cells using the TOP-FLASH reporter plasmid. Similarly, Murakami ef al. (50), comparing
highly and poorly migratory melanoma cell lines, also showed a nuclear accumulation and an enhanced /-
catenin/TCF activity in the highly migratory cell lines. It should be noted that van de Wetering et al. (51)
reported a weak f-catenin/TCF activity in some of the breast cell lines we used when compared with colon
cancer SW480 cells. Nevertheless, our results showing a difference of f-catenin/TCF activity in the invasive
versus the noninvasive cell lines and a reduction of this activity using the FOP-FLASH reporter plasmid
containing mutated f-catenin/TCF binding sites strongly support a role of the S-catenin/TCF pathway in the
invasive vimentin-expressing breast cell lines.

In addition to the overlap between f-catenin redistribution, enhanced /S-catenin/TCF activity, and vimentin
expression, the human vimentin promoter was found to be directly activated by f-catenin/ TCF-4 transfections.
We indeed reported an up to 4-fold induction of the vimentin promoter by cotransfection of f-catenin and TCF-
4, but not by transfection of S-catenin or TCF-4 alone, in the vimentin-expressing cells. Similarly, a synergistic
activation by fS-catenin and TCF-4 of the human promoters of MMP-7 and of the y2 chain of laminin-5 have
been reported, whereas S-catenin or TCF-4 alone had weaker effects (9, 19). Furthermore, a repressive effect of
TCF/LEF-1 factors has also been described as shown on the mouse MMP-7 promoter and the human myc
promoter, suggesting that f-catenin could act as a transcriptional coactivator by abrogating TCF-mediated
repression (10, 14). Other studies have also shown that the induction of the mouse or human MMP-7 promoters
by f-catenin varies in different cellular backgrounds, also emphasizing that f-catenin over-expression is not
always sufficient (10, 11). In addition, we also showed that the mutation of the putative f-catenin/TCF binding
site identified in the human vimentin promoter diminished the induction of the promoter by f-catenin and TCF-
4, particularly in MCF10A cells. Nevertheless, the mutation of the putative f-catenin/TCF binding site in the
human vimentin promoter did not completely suppress the S-catenin/TCF-4-mediated induction of the vimentin
promoter. In addition to the contribution of the putative S-catenin/TCF binding site, the implication of other
binding sites similar in sequence cannot be excluded. It is also possible that other S-catenin/TCF targets could in
turn regulate the vimentin promoter. Together with our findings that vimentin mRNA level is increased in
MCF10A cells cotransfected with S-catenin and TCF-4, these data therefore demonstrate that the human
vimentin promoter can be a direct target of the S-catenin/ TCF-4 pathway and suggest a partial contribution of
the putative S-catenin-TCF/LEF binding site in this regulation.

Our results showing the transactivation of the vimentin promoter by S-catenin/TCF-4 in vimentin-expressing
cells but not in MCF-7 cells also emphasize the influence of the cellular context on the S-catenin/TCF
transcriptional regulation. Together with our findings that the TOP-FLASH vector responds to S-catenin/TCF-4
in MCF-7 cells but not the vimentin promoter, these data emphasize the importance of the level of endogenous
transcriptional activators or repressors on the regulation of a given promoter. Also in agreement with this
concept are our findings that the diminution of S-catenin/TCF-4-induced activation with the mutated vimentin
promoter varies from one cell line to another. Accordingly, multiple positive but also negative regulatory
elements and factors have been shown to influence the regulation of the vimentin promoter (39,

52-60). For instance, a member of the efs transcription factor family (PEA3) and AP-1 have been directly shown
to contribute to the differential regulation of the human vimentin promoter in invasive, vimentin-positive cells
versus noninvasive, vimentin-negative cells (57, 61, 62). Also, a synergy between f-catenin-TCF/LEF
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complexes and other transcription factors (including AP-1 and PEA-3) has been described in the regulation of
the human MMP-7 promoter and the promoter of the y2 chain of laminin-5 (11, 19). Adding to that complexity,
TCF proteins have also been shown to bind the corepressor groucho (63, 64). The responsiveness of the human
vimentin promoter to the S-catenin/TCF pathway therefore clearly depends not only on the structure of the
promoter itself, but also on the cellular context. This context is defined by the levels of endogenous f-catenin
and TCF/LEF factors but also by the levels of other transcriptional activators or repressors that could directly or
indirectly interact with this complex. Nevertheless, if the cellular context obviously modulates the S-catenin/TCF
regulation of the human vimentin promoter, our data showing an induction of vimentin promoter activity by -
catenin/TCF-4 indicate that the human vimentin promoter can be a direct target of the f-catenin/TCF pathway.

In conclusion, our results clearly demonstrate the regulation of the vimentin promoter by the f-catenin/TCF
pathway. Our findings that the accumulation of cytoplasmic/nuclear f-catenin localization and vimentin
expression coincide and are restricted to invasive or effectively migrating cells suggest a functional contribution
of this regulation in epithelial cell migration.

Because of the functional role of vimentin in cell migration, the regulation of vimentin by the S-catenin/TCF
pathway has implications in all processes requiring epithelial cell migration, including tumor invasion. It is of
particular interest to note that an increasing number of S-catenin target genes [such as MMP-7 (9, 11), CD44
(13), uPAR (12), slug (18) or the y2 chain of laminin-5 (19)] have been largely involved in the acquisition of
migratory/invasive properties by epithelial cells. Together with these data, our present findings that S-catenin can
directly regulate vimentin support a more general role of f-catenin as a regulator of EMT-associated events
occurring during cell migration.
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