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B-Catenin stabilizes the cadherin cell adhesion complex but, as a component of the Wnt/Wg signaling
pathway, also controls gene expression by forming a heterodimer with a transcription factor of the LEF-TCF
family. We demonstrate that the substrate adhesion molecule fibronectin is a direct target of Wnt/Wg signaling.
Nuclear depletion of (3-catenin following cadherin transfection in Xenopus fibroblasts resulted in downregu-
lation of fibronectin expression which was restored by activating the Wnt/Wg signaling cascade via LiCl
treatment or transfection of either Xwnt-8 or (3-catenin. We isolated the Xenopus fibronectin gene (FN)
promoter and found four putative LEF-TCF binding sites. By comparing the activities of different fibronectin
gene reporter constructs in fibroblasts and cadherin transfectants, the LEF-TCF site at position —368 was
identified as a Wnt/Wg response element. LEF-1-related proteins were found in nuclei of the fibroblasts but
were absent in a kidney epithelial cell line. Consistent with the lack of these transcription factors, the FN
promoter was silent in the epithelial cells but was activated upon transfection of LEF-1. Wild-type Xenopus
Tcf-3 (XTcf-3) was unable to activate FN promoter reporter constructs, while a mutant lacking the groucho
binding region behaved like LEF-1. In contrast to XTcf-3, LEF-1 does not interact with groucho proteins, which
turn TCFs into activators or repressors (J. Roose, M. Molenaar, J. Hurenkamp, J. Peterson, H. Brantjes, P.
Moerer, M. van de Wetering, O. Destreé, and H. Clevers, Nature 395:608-612, 1998). Together these data
provide evidence that expressing LEF-1 enables fibroblasts, in contrast to epithelial cells, to respond to the
Wnt/Wg signal via 3-catenin in stimulating fibronectin gene transcription. Our findings further promote the
idea that due to its dual function, 3-catenin regulates the balance between cell-cell and cell-substrate adhesion.

The B-catenin proto-oncogene, the vertebrate homolog to
armadillo, links cell adhesion and cell differentiation; it stabi-
lizes cell-cell adhesion by anchoring cadherins via a-catenin to
the cytosekeleton (28, 55) and transduces the Wnt/Wg signal to
target genes by interacting with transcription factors of the
LEF-TCF family (1, 24, 39). The evolutionarily highly con-
served Wnt/Wg signaling cascade includes a membrane-inte-
grated receptor of the frizzled (fz) family, which activates the
phosphoprotein dishevelled (dsh), which leads to inhibition of
glycogen synthase kinase 3. Because 3-catenin is a substrate
of this serine/threonine kinase, it remains hypophosphorylated
upon Wnt/Wg signaling and accumulates in the cytoplasm.
This promotes its binding to LEF-TCF transcription factors.
The B-catenin—-LEF-TCF heterodimer enters the nucleus and
is able to activate or repress gene transcription (for detailed
reviews, see references 4, 15, and 32). Important developmen-
tal target genes, such as siamois, twin, and nodal-related 3 in
Xenopus as well as Ubx (Ultrabithorax) in Drosophila, were
found to be controlled by direct binding of B-catenin-LEF-
TCF to their promoters (3, 34, 36, 46).

Abnormally high concentrations of B-catenin have been re-
ported in several tumor and carcinoma cell lines caused by
mutations in the adenomatous polyposis coli gene or B-catenin
gene. These mutations prevent the degradation of B-catenin
(41), which then contributes to the formation of a constitu-
tively active B-catenin—-LEF-TCF transcription complex (25,
27, 31, 38, 40, 48, 54). Most recently, He et al. (18) have
identified the proto-oncogene c-myc as a direct target gene of
the B-catenin-Tcf-4 complex in a human colorectal cancer cell
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line. This links upregulation of B-catenin to loss of prolifera-
tion control in tumorigenesis.

The different functions of B-catenin, strengthening of cad-
herin-mediated cell adhesion and regulation of target genes of
the Wnt/Wg signaling pathway, can compete with each other.
When cytosolic or nuclear B-catenin is tethered to the plasma
membrane by cadherin overexpression in Xenopus embryos,
severe developmental defects are observed due to inhibition of
B-catenin’s nuclear function (9, 19). Using a quite similar ap-
proach, we have previously shown that ectopic expression of
cadherins in Xenopus XTC fibroblasts shifted B-catenin to the
plasma membrane and led to downregulation of fibronectin
and o,B, integrin synthesis. Additionally, the transfectants al-
tered their adhesive properties, losing their ability to adhere to
substrate molecules (10). These findings give evidence for a
cross talk between cell-cell and cell-substrate adhesion regu-
lated by B-catenin. Other examples of mutual interference
between the two adhesion systems have been reported for
different cell types. When keratinocytes were treated with cad-
herin antibodies, expression of af, integrin persisted during
terminal differentiation (22), while dominant-negative expres-
sion of E-cadherin resulted in disappearance of o,3, and a5,
integrins (58). Recently, Novak et al. (42) have shown that
overexpression of integrin-linked kinase repressed E-cadherin
synthesis in epithelial cells. These reports emphazise a cross
talk between the cell-cell and the cell-substrate adhesion sys-
tems; however, the underlying regulatory mechanisms remain
to be clarified.

In a first step toward gaining insight into a possible regula-
tory principle, we extended our previous studies on fibroblasts
stably transfected with cadherins (10). We analyzed the mo-
lecular mechanism by which cadherin expression leads to fi-
bronectin gene repression. Here, we present evidence that
B-catenin in its function as a Wnt/Wg signal transducer induces
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the expression of the cell-substrate adhesion molecule fibro-
nectin. Downregulation of fibronectin gene expression in cad-
herin-transfected Xenopus fibroblasts was abolished when the
Wnt/Wg signal pathway was activated. Consistent with these
findings, we demonstrate that the isolated Xenopus fibronectin
gene promoter was upregulated by B-catenin via a LEF-TCF
target site. Furthermore, in epithelial cells the promoter was
silent due to lack of LEF-1 expression, but it was active upon
LEF-1 transfection. These studies assign B-catenin a key role
in coordinating cell-cell and cell-substrate adhesion.

MATERIALS AND METHODS

Cell culture and transfection experiments. The renal epithelial cell line A6
(ATCC CCL 102; American Type Culture Collection), the fibroblastic cell line
XTC, and the cadherin transfectants, XTC-XB (10), were routinely grown in
70% Dulbecco modified Eagle medium supplemented with 10% fetal calf serum
in the presence of 7% CO,. For transfection experiments, 1 to 5 pg of plasmid
DNA was applied either by calcium phosphate precipitation (13) for XTC and
XTC-XB cells or by the use of Lipofectin (Life Technologies, Karlsruhe, Ger-
many) for A6 cells. Xwnt-5A- and Xwnt-8-containing plasmids, kindly provided
by R. T. Moon (Seattle, Wash.), were subcloned by using the HindIII and Xbal
restriction sites of pRc/CMV. pBAT-B-catenin and LEF-1 constructs were gifts
from J. Behrens (1) (MDC, Berlin, Germany). Xenopus Tcf-3 (XTcf-3) was
isolated in our hands from a Xenopus gastrula stage cDNA library and inserted
into pCS2 by using Xhol sites. The mutant XTcf-3Agrg was kindly provided by H.
Clevers (47). For each experiment, cells were seeded 1 day prior to transfection
at 60 to 70% confluency and harvested 2 days after transfection. Lithium treat-
ment was carried out by applying 60 mM LiCl in complete medium for 10 min.
Two days after lithium treatment, cells were harvested.

Immunoblotting. For fibronectin detection, cells were lysed in the presence of
2 M urea. Twenty micrograms of total protein was separated by sodium dodecyl
sulfate—7.5% polyacrylamide gel electrophoresis, transferred onto nitrocellulose,
and incubated with monoclonal antibody 6D9 as described elsewhere (6, 10). For
the detection of LEF-1-related proteins, cells were lysed in radioimmunopre-
cipitation assay buffer containing 10 mM HEPES (pH 7.5), 150 mM NaCl, 2 mM
EGTA, 2 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS,
1 mM phenylmethylsulfonyl fluoride, and 1 pg of leupeptin per ml. Ten micro-
grams of total protein was separated by SDS-7.5% PAGE, transferred onto
nitrocellulose, and stained with a polyclonal antiserum against LEF-1 (a gift from
J. P. von Kries, MDC, Berlin, Germany). As a secondary antibody, either goat
anti-mouse or goat anti-rabbit immunoglobulin G coupled to horseradish per-
oxidase (Dianova, Hamburg, Germany) was used. Visualization was performed
with the ECL detection system (Amersham, Braunschweig, Germany).

Immunostaining. For visualizing the localization of B-catenin or LEF-1 ho-
mologs, cells were seeded on coverslips. At 48 h after transfection or LiCl
treatment cells were fixed with 3% paraformaldehyde in amphibian buffered
saline (APBS) (103 mM NaCl, 2.7 mM KCl, 0.15 mM KH,PO,, 0.7 mM
NaH,PO,), incubated for 8 min with 0.1% Triton X-100 in APBS, and blocked
with 1% bovine serum albumin. Cells were incubated overnight at 4°C with an
affinity-purified polyclonal antiserum against B-catenin (provided by K. Herren-
knecht, Eisai London Research, London, United Kingdom) or a polyclonal
antiserum against LEF-1. Cells were rinsed in APBS before incubation with goat
anti-rabbit immunoglobulin G-Cy3 conjugate (Dianova) at room temperature
for 1 h. After extensive washing in APBS, nuclei were counterstained with DAPI
(4',6-diamidino-2-phenylindole) (Merck, Darmstadt, Germany). Cells were
mounted in elvanol and analyzed by confocal laser scanning microscopy (TCD
Leica).

RT-PCR. RNA was isolated as described by Chirgwin et al. (5). One micro-
gram of total RNA was reverse transcribed by using random hexamer primers
and Moloney murine leukemia virus (MMLV) reverse transcriptase (Life Tech-
nologies). For PCR, 1/25 of the reverse transcription (RT) reaction mixture was
amplified with 28 cycles for fibronectin and histone 4 or 32 cycles for XLEF-1,
XTecfs, and XGrgs. The following primer pairs were designed for detection:
fibronectin, Fnl (5'-TTCCTGCACAAGTGAGGGTC-3') and Fn2 (5'-AGCAT
CGCACTTCCATCTGC-3"); histone 4, H4/1 (5'-CGGGATAACATTCAGG
GTATCACT-3") and H4/2 (5'-ATCCATGGCGGTAACTGTCTTCCT-3");
XTcf-3, XTcf-31 (5'-CAGCGCTCGCGCGTACTTAC-3") and XTcf-32 (5'-GC
CACGTNCGCCCAAGGATCTGGT-3"); XTcf-4, XTcf-41 (5'-AACCCCCCA
CCGCACTTTAC-3') and XTcf-42 (5'-GGCTGCGCTTTCTTTTAACG-3');
XLEF-1, XLEF-11 (5'-GATCTTCGCCGAGATCAGTC-3") and XLEF-12 (5'-
GTGGGATCCCGGAGAAAAGT-3"); XGrg4, XGrgdl (5'-GTCATTCCTT
TCTTGTCCCA-3") and XGrgd2 (5'-CCGAATGGGG TTGGATAAGG-3');
and XGrg5, XgGrg51 (5'-GATGAATTCC AACTGCTGCA-3") and XGrg52
(5'-CTCGTTCAAT CGCTCCCAGG-3"). The XTcf-4-specific primers were de-
signed based on the sequence of a 600-bp PCR fragment showing homology to
human and murine Tcf-4 (unpublished data).

Isolation of the fibronectin gene promoter. A Xenopus genomic \-FIX library
was screened with probes representing the 5’ regions of Xenopus cDNA clones
(8). Four independent clones were isolated. Southern blot analysis indicated that
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a 7.8-kb fragment, named XFN30.1, included the 5’ end of the cDNA probe. This
fragment was subcloned into pUC19 and pBluescript. Sequence analysis was
performed on both DNA strands by using either standard primers binding within
the vectors or synthetic fibronectin oligonucleotides. The transcription start site
was determined by primer extension studies with the primer sequences FN-ext.3
(5'-GGATACAAAAGCGGAGGCGAAAATAACCAG-3', corresponding to
positions +92 to +63) and FN-ext.4 (5'-GAAAGGAAAAGAAAGCGCAAAA
GCTGCGAG-3', corresponding to positions +53 to +24). Gel-purified deoxy-
oligonucleotides were labeled with 150 p.Ci of [y-*P]ATP by using T4 polynu-
cleotide kinase. Each deoxyoligonucleotide (10°> cpm) was annealed to 50 ug of
total cellular RNA isolated from Xenopus XTC fibroblasts (5). Oligonucleotides
were extended by using MMLYV reverse transcriptase (Life Technologies), and
the extension products were analyzed following RNase A digestion on 8% acryl-
amide gels with 7 M urea.

Construction of fibronectin reporter gene constructs. Two constructs for tran-
sient cell transfections (—3403/+20 and —1334/+20) were designed by ligating
restriction fragments of XFN30.1 into pGL3-basic (Promega). This plasmid does
not contain any promoter in front of the luciferase gene. Correct orientation of
the fragments was verified by sequencing. Deletion mutants were constructed by
PCR techniques with the following upstream primer sequences: —908, 5'-GGG
CCCAAGCTTATGTGCTGGAAAAATATGTT-3'; —499, 5'-GGGCCCAAG
CTTGCCTGTTTTTATATGGTCAT-3'; —309, 5'-GGGCCCAAGCTTAGAG
CAAAGTGAACTAATAA-3'; and —199, 5'-GGGCCCAAGCTTAACGCT
ATAAAGACGAACCA-3'. Downstream primers were as follows: for all +20
constructs, 5'-CGCGCGAAGCTTCGCTAAGACAGAGG-3'; and for the
—149 construct, 5'-CGCGCGAAGCTTGATTTGGTGGGGATGTGGGG-3'".
The amplified fragments were inserted into pGL3-basic by using the primer-
inserted HindIlII site and sequenced. To prepare the —499/+20 mt construct, two
PCR fragments were amplified independently by using the following primer sets:
(i) the —499 upstream primer in combination with 5'-AATAAACAAGGGAG
AGGCGCTGTTAATG-3' and (ii) the +20 downstream primer in combination
with 5'-CATTAACAGCGCCTCTCCCTTGTTTATT-3'. Both fragments were
gel purified, combined, and again amplified by using the flanking primers. The
resulting fragment was ligated into pGL3-basic and sequenced.

Reporter gene assays. XTC fibroblasts or epithelial A6 cells at 70% confluency
were transfected with 10 pg of fibronectin-luciferase constructs and 10 pg of
pCMV-Bgal (a gift of H. Steinbeisser, MPI, Tiibingen, Germany). For cotrans-
fection experiments, 5 ng of pRe/Xwnt-8, pRc/Xwnt-5A, pBAT-B-catenin, LEF-
1, or pRc/CMV was transfected. After 48 h, cells were harvested. Luciferase
activity was measured with a commercially available kit (Promega), and B-galac-
tosidase activity was determined as described previously (49). As a negative
control, cells were transfected with pGL3-basic. For positive controls, a cyto-
megalovirus (CMV)-luciferase construct, kindly provided by W. Knochel (Ulm,
Germany), was used. The luciferase activity was subsequently normalized to
B-galactosidase activity to eliminate differences in transfection efficiency.

Fusion proteins, nuclear extracts, and bandshift studies. His-tagged fusion
protein containing the LEF-1 HMG box (a gift of J. P. von Kries, MDC, Berlin,
Germany) was expressed in BL21(DE3) cells and purified under native condi-
tions by using nitrilotriacetic acid-agarose. Proteins were eluted by using an
imidazole step gradient and monitored for homogeneity by SDS-PAGE and
Coomassie blue staining procedures. Nuclear extracts were prepared as de-
scribed previously (50). Prior to binding to labeled oligonucleotides, all protein
solutions were dialyzed against binding buffer (20 mM Tris HCI [pH 8.0], 50 mM
NaCl, 5% glycerol, 0.1 mg of bovine serum albumin per ml, 1 mM dithiothreitol,
1 mM MgCl,). Protein concentrations were measured by the Bradford assay.
Binding reactions were carried out at room temperature for 20 min in a final
volume of 15 ul containing 50 ng of poly[d(I-C)] and 0.1 pmol of labeled
double-stranded deoxyoligonucleotide, and products were separated on 7% non-
denaturing polyacrylamide gels. All oligonucleotides were gel purified prior to
labeling with T4 polynucleotide kinase and [y->?P]ATP. The sequences of the
oligonucleotides and competitors used are indicated in Fig. SA.

RESULTS

Fibronectin expression in cadherin-transfected fibroblasts
is restored by activation of the Wnt/Wg signaling cascade. We
have shown previously that expression of cadherins in Xenopus
fibroblasts downregulates the synthesis of fibronectin and o5f3,
integrin (10). Cadherins bind cytoplasmic -catenin and could
thus interfere with B-catenin’s function in the Wnt/Wg path-
way (9). We therefore wanted to examine whether fibronectin
gene expression is controlled by the Wnt/Wg pathway. Several
clones of stably XB/U-cadherin-transfected Xenopus fibro-
blasts that show downregulated fibronectin synthesis were
transiently transfected with Xwnt-8 or B-catenin cDNA or
were treated with LiCl, which inhibits glycogen synthase kinase
3B (20, 30). Remarkably, we found by immunoblot and RT-
PCR analyses that in all clones strong fibronectin protein and
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FIG. 1. Fibronectin expression is restored in cadherin-transfected cells by transient cotransfection of B-catenin or Xwnt-8 or by lithium treatment. (A) Immunoblot
analyses of fibronectin expression with monoclonal antibody 6D9, specific for Xenopus fibronectin. (B) RT-PCR analyses showing the 550-bp fragment of fibronectin
and, as an internal standard, the 220-bp fragment of histone H4.

mRNA syntheses were restored (Fig. 1). Transfection of Xwnt- pathway is active (4). We were therefore interested in exam-
5A, which belongs to a different Wnt subfamily (53), did not ining the cellular distribution of endogenous B-catenin in our
reactivate fibronectin synthesis. cell lines. Cadherin transfection of Xenopus fibroblasts and

Nuclear localization of B-catenin indicates that the Wnt/Wg stimulation of the Wnt/Wg signaling pathway in these trans-
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FIG. 2. Subcellular localization of endogenous B-catenin in fibroblasts and cadherin transfectants, prior to and after stimulation of the Wnt/Wg signaling cascade.
In the parental fibroblastic cell line, B-catenin is found in nuclei (arrow) and the cell membrane (arrowhead). In the cadherin transfectants, the B-catenin signal is
restricted to the cell membrane (arrowheads). Nuclear staining of B-catenin in the cadherin transfectants (arrows) was observed only following cotransfection with

B-catenin or Xwnt-8 or LiCl treatment and not after cotransfection with Xwnt-5A. Bar, 10 pm.

fectants resulted in a marked alteration of B-catenin distribu-
tion. In the parental cells (Fig. 2), B-catenin was localized at
the cell membrane, in the cytoplasm, and also significantly in
the nucleus. Membrane localization of B-catenin in these fi-
broblasts may be explained by the presence of endogenous
N-cadherin and Xcadherin-11, which was detected by RT-PCR
(data not shown). As expected, the cadherin transfectants
showed enhanced membrane staining of B-catenin and some
cytoplasmic staining surrounding the nucleus, while their nu-
clei were depleted (Fig. 2). However, additional transfection of
either B-catenin or Xwnt-8 as well as LiCl treatment resulted
in a reappearance of the nuclear B-catenin staining. Xwnt-5A

expression did not alter the distribution of B-catenin (Fig. 2).
As previously reported by others (20, 33), we also observed an
increase in the amount of endogenous B-catenin upon Xwnt-8
transfection or LiCl treatment (data not shown). Thus, con-
comitant with the reactivation of fibronectin expression in the
cadherin transfectants following cotransfection of B-catenin or
Xwnt-8 or LiCl treatment, B-catenin was translocated to the
nuclei.

Identification of a LEF-TCF target site and Wnt/Wg re-
sponse element in the Xenopus fibronectin promoter. To inves-
tigate whether the fibronectin gene is a direct target gene of
the Wnt/Wg signal, we isolated the Xenopus fibronectin gene
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AAAACACTCT CTTCGGCCTG TTTTTATATG GTCATGAAAC TCCCCGGTAA CTTATAATAT — -454
CCTTATATTT TACAAGAGGG GGTACTTTAT TCACTATATA TTTTCGGGGE TGGAGGCTCA -394
LEF-TCF
GTGGACGCTG TCTAACAATA AAAAAGTTTG AAGCHCTGTT AATGAAAAAA GTTTTCAAAT  -334
AGTTTAGGTT AATCCAGAGC AAAGTGAACT AATAAGAGCG TTGAAAACAC GCCGGAGCCA  -274
AP-1
CGGTTATACA COTGAGTCAIl TGCTTTGCCT TCTATARAGG GGGCTGCTCG TGTGTCTATG  -214
TGTATGCCTG ACTGGAGGAA TCTCAAACGC TATAAAGACG AACCACCCCA CATCCCCACC — -154
AP-2 Sp1
AAATCGCACT crccaTcThe cccacacdsa afecceacee]cerarrraTa TacegacseT -94
AP-2
GTAGCCAATC ACACACTCGC CAAACAGTTT GCGTEGCGCC CCCGITCCCOT CGTTTTGTAG -24
TGCCATATA TAACTGCGC TGCCAGACTT CCTCTGT CTTAGCGAAG CTTCGTCTCG +26
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(FN) promoter. We screened a Xenopus genomic library by
using as a probe the 5’ region of the Xenopus fibronectin
cDNA. We obtained a 3,400-bp genomic fragment that repre-
sents the 5’ flanking region of the fibronectin gene (EMBL
accession no. Y13284). The transcription start site was mapped
by primer extension with RNA isolated from XTC cells. The
primer sequences used (FN-ext.3 and FN-ext.4) are described
in Materials and Methods. While primer FN-ext.3 was ex-
tended to 92 nucleotides, the FN-ext.4 extension product was
53 nucleotides in length after the reverse transcriptase reaction
(Fig. 3B). From this data one transcription start can be defined
(Fig. 3A). Also in other organisms (rat and human) only one
transcription start was found in the 5’ flanking region of the
fibronectin gene. The distance between the transcription and
translation start sites is in the same range as was found for the
rat or human homolog (7, 43).

Several putative binding motifs for transcription factors
were found in the —3403/+20 fragment: two canonical TATA

FIG. 3. Determination of the transcription start site of the FN promoter. (A)
Partial nucleotide sequence (—533/+27) of the genomic fibronectin clone
XFN30.1. Numbering is with respect to the transcription start site (arrow).
Conserved transcription factor binding sites are boxed. (B) Primer extension
mapping of the 5" termini of fibronectin transcripts. For primer extension, oli-
gonucleotide FN-ext.3 (lane 1) or FN-ext.4 (lane 2), each 30 nucleotides in size,
was labeled with T4 polynucleotide kinase. For size standards, either an unre-
lated oligonucleotide of 60 nucleotides was labeled (lane 3) or Sanger sequencing
of an unrelated sequence of known composition was performed (lanes A, C, G,
and T). Oligonucleotides were annealed to total CsCl-purified RNA from XTC
cells and extended with MMLYV reverse transcriptase. Two independent exper-
iments are shown in lanes 4 and 5 and in lanes 6 and 7. Extension products of
FN-ext.3 are shown in lanes 4 and 6, and those of FN-ext.4 are shown in lanes 5
and 7. RNA from lanes 6 and 7 was digested with DNase I prior to hybridization
to exclude contamination with genomic DNA. No differences between the two
experiments were detectable. In both cases, the extension product of FN-ext.3
was 92 nucleotides long, and that of FN-ext.4 was 53 nucleotides. None of the
oligonucleotides annealed with tRNA (not shown).

boxes at positions —29 and —27, a CCAAT box at —89, a
potential SP-1 binding site at —122 (16), and two AP-1 sites at
—268 and —628 (35) (Fig. 3A). Two binding sites for AP-2
surround the CCAAT and Spl boxes at positions —59 and
—135 (26), and an element that strongly resembles CRE is
located at —647. In addition, four putative LEF-TCF bind-
ing sites were found, at positions —2454, —1122, —1054, and
—368.

In order to test the effect of the Wnt/Wg signal on the
fibronectin gene promoter, various deletion constructs in front
of the luciferase gene (Fig. 4A) were examined in different
cells and in the presence of several Wnt/Wg effectors. We
found that the —3403/+20 promoter construct had a higher
activity in parental Xenopus fibroblasts than in cadherin trans-
fectants (Fig. 4B) (significant by the Student ¢ test; P < 0.005).
This difference persisted in the constructs that were truncated
from their 5" end and that lacked the putative LEF-TCF bind-
ing sites at positions —2454, —1122, and —1054 (Fig. 4A).
These findings make it unlikely that the three distal LEF-TCF
target sites are regulated by Wnt/Wg signaling in XTC cells.
However, the difference in FN promoter activity between the
cell lines was abolished when the promoter was deleted from
position —499 to —319. This deletion resulted in loss of the
putative LEF-TCF binding site at position —368, suggesting
that this binding site may be responsible for activation by
Wnt/Wg. We then mutated this LEF-TCF binding site in the
—499/+20 mt construct by exchange of conserved nucleotides
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(Fig. SA). This mutant construct had the same activity in both
cell lines (Fig. 4B). Thus, our results demonstrate that the
difference in the activity of the FN promoter in parental and
cadherin-transfected fibroblasts is due to the proximal LEF-
TCEF binding site. To determine whether the isolated FN pro-
moter indeed responds to the Wnt/Wg signaling pathway, we
measured promoter activity in cadherin-expressing fibroblasts
after transfection of different members of the Wnt/Wg signal
cascade. Transfection of B-catenin or Xwnt-8, but not Xwnt-
5A, together with the —3403/+20 reporter gene construct re-
sulted in a significant increase of promoter activity (P < 0.005
by the Student ¢ test) (Fig. 4C). Similar results were obtained
when the promoter construct —499/+20 containing the proxi-
mal-most LEF-TCF binding site was used. Neither the —319/
+20 construct lacking this site nor the mutated promoter
(—499/+20 mt) was sensitive to Wnt/Wg signaling. These data
show that the Xenopus fibronectin gene promoter is regulated
through the most proximal LEF-TCF binding site, which we
hereafter refer to as the Wnt/Wg response element. In all
assays we found that the single LEF-TCF binding site at posi-
tion —368 conferred an approximately twofold increase in ac-
tivity to the FN promoter. A similar responsiveness has been
reported for a single Wnt/Wg response element on the siamois
and c-myc promoters, although in these cases the presence of
several inducible LEF-TCEF target sites results in stronger total
activation (3, 18).

FIG. 4. Identification of a Wnt/Wg response element in the Xenopus fibro-
nectin promoter. (A) Luciferase reporter gene constructs used in this study.
Putative LEF-TCF binding sites are indicated as filled boxes. The asterisk marks
a mutated LEF-TCEF site (for sequence comparison, see Fig. 5A). (B) Promoter
activities of different constructs in parental fibroblasts (open bars) and cadherin-
transfected fibroblasts (filled bars). Promoter activities were normalized to ac-
count for differences in transfection efficiency. The activities of the different
constructs are shown as percentages relative to that of the CMV promoter. n,
number of independent transfections; asterisks, significant differences by the
Student ¢ test (P < 0.005). (C) Influence of B-catenin (B-cat), Xwnt-8, and
Xwnt-5A on fibronectin promoter activity in cadherin-transfected fibroblasts. n,
number of experiments; asterisks, significant differences by the Student ¢ test
(P < 0.005). The activity of the corresponding reporter gene construct was set to
100%. (D) Influence of LEF-1 and LEF-1 deletion mutants, lacking either the
B-catenin binding site (LEF-1 ABBD) or the DNA binding site (LEF-1 AHMG),
on the fibronectin promoter in parental fibroblasts. The activity of the reporter
was set as 100%. The number of experiments is shown below each bar.
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XFN CAATAAAAAA GTTTGAAGCG CTGTTAATGA
RFN CCTCCCAARA GTTTGACGAC CGCAAAGGAA
hFN CCCCTAAAAA GTTTGATGAC CGCAAAGGAA
TCR GTAGGGCACC CTTTGAAGCT CTCCC
Ubx GCC GTTTGATGTT TTCTGGACTG
Xtwin2 CCA CTTTGATGTC TCT
Xtwin3 TCT CTTTGTTCCC CAA
Xsia 1 GTC CTTTGATGAT TCT
Xsia 3 AAATA CTTTGATGTA CTG
mutl/2 CAATAAAAAA GGGATCTCGC CTGTTAATGA
mut3/4 CAATACCCCA GGGATCTCGC CTGTTAATGA
XFN mt CAATAAACAA GGGAGAGGCG CTGTTAATGA
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FIG. 5. Interaction of the identified Wnt/Wg response element with HMG box fusion protein and nuclear extracts. (A) Comparison of putative Wnt/Wg response
elements with the LEF-TCF consensus binding sequence in different promoters. XFN, Xenopus fibronectin gene promoter; RFN, rat fibronectin gene promoter (43);
HFN, human fibronectin gene promoter (7); TCRa, T-cell receptor a (12), Ubx, ultrabithorax (46); Xtwin2 and -3, Xenopus twin (34); and Xsia 1 and 3, Xenopus siamois
(3). mut 1/2 and mut 3/4, two mutated XFN sequences used for competition experiments; mt, mutated LEF-TCF target site in the —499/+20 mt construct. (B)
Electrophoretic mobility shift assay with the XFN oligonucleotide and a fusion protein consisting of the LEF-1 HMG box. Amounts of HMG box protein are indicated.
For competition studies, oligonucleotide mut 3/4 was used. F, free oligonucleotides; C, complex of oligonucleotide and protein. (C) Electrophoretic mobility shift assay
with the XFN oligonucleotide and nuclear extracts of Xenopus fibroblasts (XTC). Amounts of nuclear extracts are indicated. For competition studies, oligonucleotide
mut 1/2 was used. Two slower-migrating bands were identified. (D) Electrophoretic mobility shift assay with the XFN oligonucleotide and nuclear extracts of a Xenopus
kidney epithelial cell line (A6). Amounts of nuclear extracts are indicated. For competition studies, oligonucleotide mut 1/2 was used. The band marked with an asterisk
was specific in both XTC and A6 cells, whereas the slower-migrating band was specific only in XTC cells.

To show that the Wnt/Wg response element is used in the
parental cell line, we measured the activities of the FN pro-
moter constructs in Xenopus fibroblasts upon transfection of
LEF-1 mutants. Two different dominant-negative mutants,

lacking either the B-catenin binding site (LEF-1 ABBD) (1) or
the HMG box responsible for DNA binding (LEF-1 AHMG)
(1), reduced the activity of the —3403/+20 FN promoter frag-
ment (Fig. 4D), while transfection of wild-type LEF-1 had no
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influence. Similar results were obtained when the activity of the
—499/+20 FN reporter construct was tested (data not shown).
Constructs lacking the LEF-TCF target site (—319/+20) or
containing the mutated Wnt/Wg response element (—499/+20
mt) were insensitive to the expression of either LEF-1 mutant
(data not shown).

We next asked whether the identified Wnt/Wg response
element of the Xenopus fibronectin gene promoter binds pro-
teins of the LEF-TCF family. We used the bacterially ex-
pressed HMG box of LEF-1 in electrophoretic mobility shift
assays with double-stranded *?P-labeled deoxyoligonucleotides
containing the Wnt/Wg response element (XFN in Fig. 5A). A
specifically retarded band was observed in the presence of the
HMG box (Fig. 5B). Unlabeled oligonucleotide in 100-fold
excess served as a competitor, whereas two control deoxyoli-
gonucleotides (mut 1/2 and mut 3/4 [Fig. 5A]) did not compete.
Crude nuclear extracts of Xenopus fibroblasts also interacted
with the specific XFN deoxyoligonucleotide (Fig. 5C). Two
complexes of different sizes, probably formed by different
members of the LEF-TCF family, were found. Both protein-
DNA complexes were competed by specific unlabeled oligo-
nucleotides and not by mutant sequence motifs. In contrast,
nuclear extracts isolated from a kidney epithelial cell line (A6)
that does not express fibronectin showed only a weak binding
with the specific oligonucleotide (Fig. 5D). In addition, we
observed only one band (Fig. 5D) specifically interacting with
the XFN oligonucleotide, while the upper band was also com-
peted by the mutant sequence motifs. This prompted us to
examine whether fibroblasts and epithelial cells differ in their
content of LEF-TCF homologs.

LEF-1-related proteins were identified in the parental and
the cadherin-transfected fibroblasts but not in the kidney epi-
thelial cell line (Fig. 6A). Only extracts from fibroblasts showed
a distinct band at approximately 55 kDa, the size of murine
LEF-1, in immunoblots stained with LEF-1 antiserum. The
additional larger protein band may represent another LEF-1-
related protein or an alternative splice product. The amounts
of both proteins did not change in fibroblasts upon transfection
with XB-cadherin. Immunostaining confirmed our immuno-
blot data, showing nuclear staining by LEF-1 antiserum in fi-
broblasts but not in epithelial cells (Fig. 6B). The protein re-
sults were verified by RT-PCR studies with primers specific for
XLEF-1, XTcf-3, and XTcf-4. Remarkably, XTcf-3 and XTcf-4
are expressed in equal amounts in the fibroblasts and epithelial
cells. In contrast, XLEF-1 expression was restricted to the fibro-
blasts (Fig. 6A). Taken together, these data suggest that the
FN promoter contains a Wnt/Wg response element that binds
to the HMG box of the LEF-TCF family. As demonstrated by
the LEF-1 mutants, this LEF-TCF binding site is used to en-
hance FN promoter activity in fibroblasts.

The FN promoter is inducible by LEF-1 in the kidney epi-
thelial cell line. We next asked whether the lack of LEF-1-re-
lated proteins is responsible for the inactivity of the fibronectin
gene in the epithelial cell line. Reporter gene assays revealed
that none of the tested FN promoter fragments showed signif-
icant transcriptional activity in these cells (Fig. 6C). However,
some differences in promoter activity between fibroblasts and
epithelial cells persisted when the construct lacking the Wnt/
Wg response element (—319/+20) was tested in both cell lines.
This indicates that within the —319/+20 fragment, a further
cell-type-specific regulatory element may exist.

To prove that a shortage of LEF-1 homologs indeed con-
tributes to the failure to express the fibronectin gene in epi-
thelial cells, promoter activity was measured upon transfection
of LEF-1 or B-catenin. Transfection of LEF-1 activated the
—3403/+20 promoter fragment threefold (Fig. 6D), while B-
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catenin had no effect. However, transfection of LEF-1 com-
bined with B-catenin led to a further increase in activity (Fig.
6D). The activating effect of LEF-1 was restricted to those con-
structs containing the Wnt/Wg response element. Constructs
lacking the LEF-TCF binding site or containing the mutated
motif were unable to respond to LEF-1 expression (Fig. 6D).

LEF-1 was also essential for nuclear localization of endog-
enous B-catenin in kidney epithelial cells. In mock-transfected
or parental cells, B-catenin distribution was restricted to the
plasma membrane (Fig. 7). This localization was not altered
following transfection of B-catenin (Fig. 7). In contrast, B-cate-
nin was found in the nuclei when either LEF-1 or LEF-1
together with B-catenin was transfected (Fig. 7). XTcf-3 be-
haved differently. Although it is endogenously expressed in the
epithelial cell line, we proved its ability to influence FN pro-
moter activity by exogenous overexpression. None of the tested
constructs revealed an increase in promoter activity upon
transfection (Fig. 6D). In contrast to LEF-1, XTcf-3 can bind
groucho proteins (XGrg4 and XGrg5) (47), which we found
expressed in the fibroblasts and the epithelial cells (Fig. 6A).
Association with XGrg4 alters the role of XTcf-3 from an
activator to a repressor, while XGrg5 enhances the XTcf-3
mediated gene activation (47). Therefore, we measured the FN
promoter activity in the epithelial cell line after transfection
of a mutant (XTcf-3Agrg) lacking the Grg binding region. As
shown in Fig. 6D, this mutant, in contrast to the wild-type
XTecf-3, strongly activates the FN promoter, indicating that the
inhibitory effect of XGrg4 dominates the putative enhancer
XGrgS. Based on these data, we assume that the presence of
XGrg4 prevents XTcf-3 from activating the FN promoter,
giving this role to LEF-1. Thus, the observed difference in
XLEF-1 expression between fibroblasts and epithelial cells, but
not the lack of B-catenin, contributes to the low activity of the
FN promoter in epithelial cells, indicating that B-catenin in a
context with LEF-1 promotes fibroblast-specific fibronectin
gene expression.

DISCUSSION

Here we report that B-catenin, which was initially character-
ized as a component of the cadherin adhesion complex, con-
trols the expression of the cell-substrate adhesion molecule
fibronectin. This regulation occurs at the level of gene tran-
scription and requires the presence of transcription factors of
the LEF-TCF family. We obtained the following findings: (i)
cadherin transfection of fibroblasts downregulates fibronectin
expression on the protein and mRNA levels and diminishes
fibronectin promoter activity, (ii) promoter activity and fi-
bronectin expression are restored following upregulation of
nuclear 3-catenin by stimulation of the Wnt/Wg signaling path-
way, (iii) the activity of the fibronectin promoter depends on
the presence of a functional LEF-TCF binding site, and (iv)
the fibronectin promoter can be activated in epithelial cells by
exogenous expression of LEF-1 but not of XTcf-3. The last
effect seems to be blocked by binding to groucho proteins,
because the XTcf-3Agrg mutant, lacking the binding site for
groucho proteins, strongly activates the FN promoter.

Most importantly, our findings suggest a novel mechanism
by which the inverse relationship between cell-cell and cell-
substrate adhesion is coordinated: the dual function of B-cate-
nin. As a component of the cadherin adhesion complex,
B-catenin is required to link cadherins to the cytoskeleton
confering adhesiveness to the cells (28, 55). In association with
E-cadherin, B-catenin is also responsible for basolateral polar-
ity of epithelial cells, which was shown by E-cadherin transfec-
tions in murine fibroblasts (37). Not surprisingly, the loss of
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FIG. 6. Correlation between fibronectin promoter activity and presence of LEF-1-related proteins in kidney epithelial cells (A6). (A) LEF-1 immunoblot and
RT-PCR of fibroblasts, cadherin-transfected fibroblasts, and epithelial cells. In transfected and untransfected fibroblasts a protein band of approximately 55 kDa which
corresponds to the size of murine LEF-1 was detectable, while lysates of epithelial cells gave no signal. The protein of 90 kDa might represent a LEF-1-related HMG
box-containing protein. The RT-PCR showed XTcf-3 and XTcf-4 expression in both fibroblasts and epithelial cells, whereas XLEF-1 was detected only in the fibroblasts.
Both cell lines also express XGrgd and XGrg5. As an internal standard, histone H4 was used. (B) Subcellular localization of LEF-TCF-related proteins in
immunostaining with LEF-1 antiserum. In the fibroblasts the signal was found concentrated in the nuclei, while epithelial cells were negative in staining. (C) The
fibronectin promoter was inactive in epithelial cells compared to fibroblasts. The activity of the promoter is shown in relation to that of the CMV promoter. The reporter
gene constructs used are indicated. n, number of independent transfections. (D) The fibronectin promoter containing the Wnt/Wg response element was activated by
LEF-1 alone or by the combination of LEF-1 and B-catenin, while B-catenin alone was not able to enhance promoter activity. Wild-type XTcf-3 does not influence FN
promoter activity, either alone or in combination with B-catenin, while the mutant XTcf-3Agrg upregulates the promoter activity. n, number of independent
transfections; asterisks, significant differences by the Student ¢ test (P < 0.005). Activity of the corresponding promoter construct was set at 100%.

AlUN 31eIS uuad Aq 9T0Z ‘ST Jequialdas uo /Bio wse gow//:dny woiy papeojumod


http://mcb.asm.org/

VoL. 19, 1999

C

% [l fibroblast g
[ epithelial cells =
300 1 2 57
S
«©
o 44
L
200+
3-1
1004 2 4
1-
n 58712 12/5 23/5 11/5
o o o o
o N N ~
+ + + +
5 3 2
< Y <+ ™
o -— ' '

B-CATENIN CONTROLS FIBRONECTIN EXPRESSION

-3403/+20

5585

reporter

+ B-catenin
+LEF-1

+B-Catenin + LEF-1
+XTct-3
+B-Catenin + XTcf-3
+XTcf-3Agrg

NEE N OER0

+B-Catenin + XTcf-3Agrg

RAAARSN SIS SI

R AAAAARAA LR

-499/+20

-—

£
(=2
o

+
-~
D
D
v

FIG. 6—Continued.

E-cadherin or presence of mutants in carcinoma cells and
tumors correlates with increased invasive potential, which is
abolished by introducing wild-type E-cadherin (11, 44, 56).
With our observation that B-catenin as a component of the
Wnt/Wg signaling cascade controls the expression of the fibro-
nectin gene, a mesenchymal gene, a new aspect of tumorigen-
esis is brought up, i.e., the enforcement of cell transformation
and cell motility caused by induction of mesenchymal genes.
The first identified target genes of the Wnt/Wg signaling
cascade were developmental genes important for the forma-
tion of the dorsoventral axis in Xenopus (siamois [3] and twin
[34]) and the differentiation of visceral mesoderm in Drosoph-
ila (ultrabithorax [46]). Their promoters possess a typical LEF-
TCF binding site which was initially characterized in lympho-
cytes (12, 14). We found in the Xenopus fibronectin gene
promoter a LEF-TCF binding motif and confirmed by gel
retardation assays that it interacts with the HMG box of mu-
rine LEF-1. Analyzing the activities of FN promoter reporter
constructs in Xenopus fibroblasts and their derivatives, the cad-
herin transfectants, we demonstrated that this promoter re-
sponds to the Wnt/Wg signal via a LEF-TCF binding site at
position —368 (Fig. 3A). Consistent with the promoter data are
our previous findings (10) that fibronectin expression is down-
regulated in fibroblasts when B-catenin is shifted to the plasma
membrane following overexpression of cadherins. In this study,
we present the direct molecular link between subcellular local-
ization of B-catenin and regulation of fibronectin expression,
as follows. Depletion of the Wnt/Wg signal transducer B-cate-
nin from the cytosolic-nuclear pool reduces FN promoter ac-
tivity and fibronectin expression. Refilling of the B-catenin
pool by activation of the Wnt/Wg signaling cascade restores
promoter activity and fibronectin synthesis (Fig. 1). LEF-TCF

binding sites were also found in fibronectin promoters of other
species (Fig. 5A), suggesting that the regulation of this extra-
cellular matrix protein by Wnt/Wg signaling is a general phe-
nomenon. In addition to fibronectin, some integrins and cad-
herins may also be direct targets of Wnt/Wg signaling. We
found that o,B, integrin expression was downregulated in our
cadherin transfectants (10), and we also observed restored B,
integrin expression after activation of the Wnt/Wg signaling
cascade (data not shown). Moreover, Xcadherin-11 is induc-
ible by Xwnt-8 but not by siamois expression (17), which argues
for a LEF-TCF binding motif in the promoter of this cadherin,
which is expressed in mesenchymal tissues (23, 29). In the
murine E-cadherin promoter a LEF-TCF binding site that is
able to bind the heterodimer LEF-1-B-catenin has been iden-
tified (24). However, only an inverse relationship between
LEF-1 and E-cadherin expression (24) or E-cadherin upregu-
lation and Wnt-1 signaling (52) was observed in mice, leading
to the speculation that E-cadherin might be repressed by LEF-
TCF family members, which has to be verified.

Strengthening of calcium-dependent cell-cell adhesion by
increased cadherin-catenin complex formation following Wnt
expression was shown for different cell lines (2, 21). Accumu-
lation of B-catenin due to its stabilization via Wnt/Wg signaling
resulted in elevated amounts of N- or E-cadherin. Transcrip-
tion of these cadherins remained unaltered; instead, their turn-
over decreased (2, 21). We also did not observe an induction of
fibronectin expression or an activation of the FN promoter in
a kidney epithelial cell line after B-catenin transfection (Fig. 6).
However, we found that LEF-1-related proteins were lacking
in these cells. Introduction of LEF-1 in the epithelial cell line
resulted in translocalization of B-catenin into the nucleus and
activation of the FN promoter (Fig. 6 and 7). XTcf-Agrg also
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FIG. 7. Nuclear localization of B-catenin in epithelial cells (A6) upon transfection with LEF-1 alone or LEF-1 combined with B-catenin. In epithelial cells B-catenin
was detected exclusively at the plasma membrane (arrowheads). After introduction of LEF-1, either alone or in combination with B-catenin, a subpopulation of the
cells revealed nuclear staining (arrows), whereas transfection with B-catenin gave no additional signal in the nuclei. Bar, 10 pm.

enhanced promoter activity, indicating that the presence of
XGrg4 prevents XTcf-3 from activating the FN promoter. Al-
though we cannot confirm that XTcf-4 behaves like XTcf-3,
because XTcf-4 has not been cloned yet, it seems obvious that
a lack of XLef is the limiting factor for nuclear function of
B-catenin in the A6 epithelial cell line. In contrast, we did not
detect a further increase in FN promoter activity or fibronectin
synthesis upon activation of the Wnt/Wg pathway in the XTC
fibroblasts. However, we observed a reduction in activity upon
transfection of LEF-1 mutants (Fig. 4D), indicating that the
signaling cascade is active in Xenopus fibroblasts. Therefore,
decreasing the amount of cytosolic or nuclear B-catenin via
exogenous expression of epithelial cadherins affects gene ex-
pression in these cells. These findings emphasize the idea that
the transactivating function of B-catenin is specified by the
subtype of the HMG box transcription factor. This might ex-
plain why rat fibroblasts (57) and PC12 cells (51) alter mor-
phology and gene expression upon Wnt-1 transfection,
whereas epithelial cells respond only with increased cell-cell
adhesion (21).

The function of B-catenin described here, i.e., driving, to-
gether with transcription factors of the LEF-TCF family, ex-
pression of fibronectin and probably that of other mesenchy-
mal adhesion molecules, addresses the question of whether
accumulation of B-catenin in presence of LEF-TCF transcrip-
tion factors is sufficient to induce the epithelial-mesenchymal
transition in epithelial tumors. Recently, mutations in B-cate-
nin have been observed in several carcinoma and melanoma
cell lines, revealing a constitutive active B-catenin-LEF-TCF
complex demonstrated by the activity of synthethic LEF-TCF
reporter constructs (TOPFLASH and TOPGAL) (31, 40, 48).
In a first attempt, we therefore investigated the activity of the
FN promoter in SW480 colocarcinoma cells, which are char-
acterized by stable B-catenin and Tcf-4 expression and which
show high activity of the synthetic LEF-TCF promoters (31).
However, these cells are unable to activate the FN promoter.
As in the case of Xenopus epithelial cells (Fig. 6 and 7), addi-

tional LEF-1 transfection was required (data not shown). Im-
portantly, an FN promoter fragment lacking the Wnt/Wg re-
sponse element (—319/+20) had different activities in Xenopus
fibroblasts and epithelial cells (Fig. 6C). This indicates that
additional elements regulating the cell-type-specific activity
may be present in the —319/+20 fragment. For example, this
fragment contains a binding site for AP-1, which was shown to
trigger loss of polarity in mammary epithelial cell lines (45).
Independently of this observation, our results show that the
FN promoter is indeed regulated by the Wnt/Wg signaling
cascade and that its activity is restricted to cells endowed with
all components of this signal pathway as known from Xenopus
fibroblasts. In epithelial cells, the lack of LEF-1 transcription
factor and not B-catenin limits FN promoter activity. Thus,
overexpression of 3-catenin is not sufficient to induce the ep-
ithelial-mesenchymal transition. However, in cells that express
LEF-1 homologs, Wnt/Wg signaling may promote this process.
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