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ABSTRACT Mutations in the adenomatous polyposis coli
or b-catenin gene lead to cytosolic accumulation of b-catenin
and, subsequently, to increased transcriptional activity of the
b-catenin–T cell-factor/lymphoid-enhancer-factor complex. This
process seems to play an essential role in the development of most
colorectal carcinomas. To identify genes activated by b-catenin
overexpression, we used colorectal cell lines for transfection with
the b-catenin gene and searched for genes differentially ex-
pressed in the transfectants. There are four genes affected by
b-catenin overexpression; three overexpressed genes code for two
components of the AP-1 transcription complex, c-jun and fra-1,
and for the urokinase-type plasminogen activator receptor
(uPAR), whose transcription is activated by AP-1. The direct
interaction of the b-catenin–T cell-factorylymphoid-enhancer-
factor complex with the promoter region of c-jun and fra-1 was
shown in a gel shift assay. The concomitant increase in b-catenin
expression and the amount of uPAR was confirmed in primary
colon carcinomas and their liver metastases at both the mRNA
and the protein levels. High expression of b-catenin in transfec-
tants, as well as in additionally analyzed colorectal cell lines, was
associated with decreased expression of ZO-1, which is involved
in epithelial polarization. Thus, accumulation of b-catenin in-
directly affects the expression of uPAR in vitro and in vivo.
Together with the other alterations, b-catenin accumulation may
contribute to the development and progression of colon carci-
noma both by dedifferentiation and through proteolytic activity.

In normal colonic mucosa, b-catenin is involved in cell–cell
adhesion. Together with a- and g-catenin, b-catenin binds to the
cytoplasmatic domain of the transmembrane protein E cadherin,
and this complex is necessary for adhesion to occur (1). The
adenomatous polyposis coli protein (APC) competes with E
cadherin for binding to the internal repeats of b-catenin, which
are like those encoded by the armadillo gene in Drosophila (2–4).
In normal epithelial cells, both components of the APCyb-
catenin complex are phosphorylated by a serine–threonine ki-
nase, GSK3b, which results in b-catenin effectively being de-
graded in proteosomes (5, 6). Thus, in healthy colonic cells, levels
of free cytosolic b-catenin are low. During embryogenesis and
activation of the wnt signaling pathway, phosphorylation by
GSK3b is inhibited, and cytosolic b-catenin accumulates (7).
b-Catenin, present in the cytosol at high levels, binds to cytosolic
T cell-factorylymphoid-enhancer-factor (TcfyLef) proteins, and
the resulting complex is shuttled to the nucleus. This bipartite
complex, in which TcfyLef proteins provide a DNA-binding
domain and b-catenin presents a potential transactivation do-
main, plays a key role as a transcription factor in the winglessywnt
signaling pathway (8, 9).

The APC gene is mutated in up to 80% of sporadic colorectal
carcinomas (10, 11), usually resulting in a truncated protein. This

truncated APC protein is unable to form a complex with b-cate-
nin, and eventually the protein becomes unable to trigger b-cate-
nin degradation (5). Indeed, nuclei of APC2y2 colon carcinoma
cells contain a stable, transcriptionally active b-catenin–Tcf4
complex (12). Reintroduction of wild-type APC to these cells
removes b-catenin from this complex and abrogates transcrip-
tional activity (12). In colorectal carcinoma cells with intact APC
genes, CTNNB1 mutations of b-catenin itself were shown to
contribute to the accumulation of b-catenin and the activation of
the winglessywnt pathway (13), although CTNNB1 mutations are
also found in mutant APC carcinomas (14). These data indicate
that either APC or b-catenin mutations may mimic the activation
of the winglessywnt signaling pathway in up to 80% of human
colorectal carcinomas. It was suggested, therefore, that activation
of this pathway is the main initial event in colorectal tumorigen-
esis (11, 15). Recently, c-myc was identified as a target of the APC
pathway in HT 29 cells (16). Other genetic targets of this signaling
pathway and their contribution to the neoplastic process have not
yet been characterized.

The purpose of the present work is to identify target genes of
the b-catenin–TcfyLef complex and to analyze the potential role
of the encoded proteins in the development of human colorectal
carcinomas. We transfected two colorectal cell lines, which have
low endogenous b-catenin and high Tcf4 expression, with a
plasmid containing the complete coding sequence of b-catenin.
We then searched for altered gene expression by differential
hybridization. The expression of these identified target genes was
tested in other colorectal cell lines and in patient tissue samples.

Expression of transcription factors fra-1 and c-jun, members of
the AP-1 complex, and of urokinase-type plasminogen activator
receptor (uPAR), known to be activated through AP-1, was
increased after transfection. Simultaneously, the expression of the
zonula occludens-1 (ZO-1) gene, coding for a member of the
MAGUK protein family that is related to b-catenin, was sup-
pressed. We conclude that activation of the b-catenin–TcfyLef
complex might facilitate loss of epithelial polarization and en-
hance proteolytic activity in human colorectal carcinomas.

MATERIALS AND METHODS
Cell Lines. Human colonic adenocarcinoma cell lines HT 29,

COLO 205, SW480, SW620, and LS 174T were obtained from the
American Type Culture Collection, and cell line CCO7 was
obtained from the Imperial Cancer Research Fund (London).
Cell lines CSC-1 and CD-NCM425 were derived from normal
colonocytes as described (17). All cell lines were cultured under
standard conditions.

Patient Tissue. Tissue samples from primary colorectal carci-
nomas, their liver metastases, and specimens of normal colonic
mucosa (taken from tissue 10 cm away from the tumor) were
obtained at the time of surgery from six patients with Interna-
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tional Union Against Cancer stage IV colorectal carcinomas.
Total RNA and whole cell lysates were prepared immediately, as
described (18).

Northern Blotting. Total RNA was extracted from the tissue
samples with guanidinium thiocyanate followed by centrifugation
in CsCl as described (18); total RNA was extracted from cell lines
with RNAzol (Biotex Laboratories, Houston), according to the
recommendations of the manufacturer. Poly(A)-RNA was iso-
lated from 500 mg of total RNA with DynaBeads (Dynal, Oslo),
according to the recommendations of the manufacturer. For
Northern blotting, 25 mg of total RNA was denatured in dimethyl
sulfoxideyglyoxal buffer (18) and run on a 1% agarose gel. The
RNA was transferred onto Nytran membranes (Schleicher and
Schüll, Dassel, Germany) overnight by capillary force. After
prehybridization, hybridization was carried out for 1–2 h at 68°C
in QuickHyb (Stratagene) solution with a 32P-labeled probe.
Membranes were washed at 60°C, according to the background
signal. After autoradiography, the band intensities were evaluated
densitometrically and normalized to b-actin expression on the
same blot. Specific cDNA sequences of b-catenin (base pairs
218–524), Tcf4 (base pairs 600–900), c-jun (base pairs 1,441–
1,622), fra-1 (base pairs 147–888), uPAR (base pairs 776–1,106),
and ZO-1 (base pairs 3,329–4,143) were amplified by reverse
transcription–PCR, isolated, and used as probes. For b-actin
detection, a full-length b-actin cDNA was used as a probe.

Immunobloting. Whole cell lysates were prepared from ap-
proximately 5 3 106 cultured cells in lysis buffer (1% Triton
X-100y20 mM TriszHCly140 mM NaCly1.5 mM MgCl2y1 mM
EGTAy10% glyceroly10 mg/ml DNasey1 mM NaVO3y50 mM
NaFy1 mM phenylmethylsulfonyl fluoridey1 mM benzami-
diney10 mg/ml aprotininy10 mg/ml leupeptiny10 mg/ml pepsta-
tin). Whole cell lysates also were prepared from tissue samples
after pulverization of approximately 1 g (wet weight) of snap-
frozen tissue. After centrifugation, 10–100 mg of the supernatant
protein was separated on an SDSy3–10% polyacrylamide gel and
blotted onto poly(vinylidene difluoride) membranes. Membranes
were incubated overnight with 5% dry milk in 13 PBS at 4°C and
then for 1 h with specific primary antibodies (1 mgyml). The
membranes then were incubated for 1 h with a second antibody
conjugated to peroxidase (Dako), followed by detection with the
enhanced chemiluminescence system (Amersham Pharmacia).
The specific antibodies used were anti-human b-catenin mAb
7D11 (Alexis Deutschland, Grünberg, Germany), anti-human
APC mAb FE-9 (Oncogene Science), anti-human uPAR rabbit
polyclonal antibody 399R (American Diagnostica, Greenwich,
CT), anti-human ZO-1 rabbit polyclonal antibody 61–7300
(Zymed), and anti-human b-actin mouse mAb 5441 (Sigma).

b-Catenin Transfection. Cell lines CCO7 and CD-NCM425
were transfected with full-length b-catenin cDNA containing the
complete coding region and fragments of 59 and 39 untranslated
regions. This cDNA was isolated from the pBAT expression
vector (19) by KpnIySalI restriction and cloned into the pcDNA
3.1 vector. The resulting pcDNAb-415 plasmid, which was kindly
provided by J. Behrens (Max-Dell Brück-Centrium, Berlin), was
transiently transfected into CCO7 and CD-NCM425 cells by
using Lipofectin (Life Technologies, Palo Alto, CA; ref. 20).
Briefly, 5 3 106 cells were cultured until cells were 70% conflu-
ent; 6 mg of DNA was diluted in 100 ml of OPTI-MEM (Life
Technologies), and 24 mg of Lipofectin was diluted in 100 ml of
OPTI-MEM and incubated for 1 h at room temperature before
both solutions were pooled and incubated for 30 min at room
temperature. Next, 5 ml of OPTI-MEM was added, and the
solution was added to the cells and incubated for 5 h at 37°C.
Then, 5 ml of DMEM containing 20% fetal calf serum was added,
and, after 12 h, serum was replaced by DMEM containing 10%

FIG. 1. Analysis of b-catenin expression, APC status, and Tcf4
expression in the cell lines used. (a) Variable expression of b-catenin.
Whole cell lysates were separated on a 6% polyacrylamide gel, blotted,
and developed with anti-b-catenin mAb 7D11 or, for control of the
amount of protein per lane, with anti-b-actin mAb 5441. (b) Cell line
CD-NCM425 and LS 174T have APC with the expected molecular
mass, whereas, in CSC-1 and SW480, the APC is truncated. Immu-
noblots from whole cell lysates were developed with FE9 mAb directed
against the NH2-terminal region of APC. The upper part of the
membrane was exposed 10-fold longer than the lower part. Cell
lines SW480 and LS 174T were blotted in parallel as controls for
truncated and intact APC, respectively. (c) Tcf4 is expresed strongly

in all cell lines except CSC-1; 25 mg of total RNA per lane was
hybridized with probes for Tcf4 or for b-actin for control of amounts
of RNA.
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fetal calf serum. Control cells were treated with Lipofectin alone.
Cells were harvested 48 h after transfection, and whole cell lysates
and RNA were isolated.

cDNA-Array Hybridization. Differential gene expression was
investigated by using Atlas Array membranes (CLONTECH).
Briefly, in the first step, 1 mg of mRNA of each cell line was
reverse-transcribed to [a-32P]dATP-labeled cDNA. The resulting
cDNA probes were hybridized separately overnight to the Atlas
Array membranes, on which 588 human cDNA fragments from
known genes related to different biological processes are applied
in duplicate. Plasmid and bacteriophage DNAs are included as
negative controls to confirm hybridization specificity, along with
nine housekeeping cDNAs as positive controls for normalizing
mRNA abundance. After a high-stringency wash, the hybridiza-
tion patterns were quantified by phosphorimaging and then
analyzed by autoradiography. The signal intensity of each double
spot was scanned and normalized to the expression of all nine
housekeeping genes. Finally, the mean value of these nine
expression ratios was calculated and taken as the actual expres-
sion of the gene. Differences in gene expression in the b-catenin-
transfected cells of more than 2.5-fold were verified by Northern
blot analysis.

Electrophoretic Mobility-Shift Assay. We generated synthetic
duplex oligonucleotides encompassing positions 231–250 of the

human fra-1 promoter (accession no. D16365; 59-AGAATC-
CCTTTAGCTCAGGA-39) and positions 261–280 of the flank-
ing, evolutionarily conserved region of the c-jun promoter (ac-
cession no. X59744; 59-GAGAGCCCTTTGAGACACCT-39)
respectively. Each contained homologous sequence to the re-
ported TcfyLef binding motif (21). Nuclear extracts from SW480
cells, which showed the highest endogenous b-catenin and Tcf4
expression of our cell lines, were prepared as described (22). For
binding reaction, 2 ng of [a-32P]dCTP-labeled oligonucleotide
was incubated with 1.2 mg of nuclear extract, 100 ng of poly(dI-
dC), and 10% glycerol in 20 ml of binding buffer (15 mM Hepes,
pH 7.9y60 mM KCly1 mM DTTy1 mM EDTA). For supershift
analysis, 0.75 mg of anti-human b-catenin murine mAb (Trans-
duction Laboratories, Lexington, KY) was added. The DNA–
protein complexes were separated on a 6% polyacrylamide gel,
and, after drying, the gel was exposed on a phosphorimager plate.

Statistical Evaluation. The differences in b-catenin and uPAR
expression in patient tissue samples were analyzed with the t test,
and the correlation between b-catenin and uPAR expression was
calculated by using the standard correlation coefficient (r).

RESULTS
We selected seven cell lines with strong differences in their
endogenous b-catenin protein expression (Fig. 1a). Of these, five

FIG. 2. Effect of b-catenin transfection on target
gene expression. (a) Total RNA (25 mg per lane) from
CD-NCM425 and CCO7 cells transfected with
pcDNAb-415 (1) or from CD-NCM425 and CCO7
cells that were mock transfected (2) was hybridized
with probes for the genes that were found to be
expressed differentially by the Atlas Array. Hybridiza-
tion with the b-actin probe was performed to control
the amounts of RNA applied per lane. (b) Expression
of the uPAR and ZO-1 protein in the transfected cell
lines. Immunoblots from whole cell lysates were devel-
oped with anti-b-catenin mAb 7D11, anti-uPAR rabbit
IgG 399R, anti-ZO-1 rabbit IgG 61–7300, or, for con-
trol of the amount of protein per lane, anti-b-actin mAb
5441. (Expression differences in a and b are indicated
as the percentage of expression in transfected cells
related to mock transfected cells after normalization to
the b-actin expression on the same blot.)
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cell lines are known to have mutated APC (14). APC from the
two remaining cell lines was analyzed by Western blotting and
found to be truncated in the CSC-1 cell line and apparently
normal in the CD-NCM425 cell line (Fig. 1b). All cell lines, except
for CSC-1, strongly expressed Tcf4 mRNA (Fig. 1c). Cell lines
CD-NCM425 (apparently wild-type APC) and CCO7 (APC
mutated; ref. 14), both expressing high levels of Tcf4 and low
levels of b-catenin, were chosen for transfection.

Gene-Expression Analysis. Transfection of both cell lines with
pcDNAb-415 containing the coding region of the b-catenin gene
resulted in overexpression of both b-catenin mRNA and protein
(Fig. 2). Hybridization of Atlas Array membranes with radioac-
tively labeled cDNA of both b-catenin-transfected and mock-
transfected cells identified four differentially expressed genes.
These differences in gene expression were confirmed in both cell
lines by Northern blot analyses of control and transfected cells
(Fig. 2a). The expression of the protooncogenes c-jun and fra-1
and, additionally, of uPAR mRNA increased 2- to 4-fold in the
transfectants. On the other hand, mRNA expression of the
tight-junction-associated ZO-1 was lowered 2- to 10-fold in the
two cell lines after transfection with b-catenin. These data clearly
show that b-catenin overexpression is directly or indirectly af-
fecting transcription of the four identified genes. The expression
of uPAR protein (23), determined by Western blotting, was
increased 10-fold, and the expression of ZO-1 protein (24)
decreased substantially in both cell lines after b-catenin trans-
fection (Fig. 2b).

Electrophoretic Mobility-Shift Assay. By comparing se-
quences, we recognized potential TcfyLef binding sites in the
promoter regions of fra-1 and c-jun, with homologies to the
reported TcfyLef binding motif (21). To prove directly whether
the b-catenin–TcfyLef complex interacts with the promoter of
fra-1 and c-jun genes, the binding of the complex to each
promoter region was tested in an electrophoretic mobility-shift
assay by using nuclear extracts from SW480 cells. The observed
supershift indicates that the promoter regions of c-jun and fra-1
are the direct targets of the b-catenin–TcfyLef complex (Fig. 3).

To examine whether the accumulation of b-catenin protein
contributes to the suppression of ZO-1 in colorectal carcinoma
cells and not only in the transfected lines, we analyzed the ZO-1
expression in five additional cell lines with significant differences
in endogenous b-catenin levels. These cell lines showed an inverse
relationship between b-catenin and ZO-1 protein expression

(Fig. 4). Thus, expression of ZO-1 in colorectal cancer cell lines
is decreased not only after exogenous induction of b-catenin but
also seems to depend on endogenous b-catenin expression levels.

The expression of uPAR, a proteinase receptor that has been
reported to contribute to invasive growth of carcinomas of
different organs (25–27), was analyzed at mRNA and protein
levels in tissue samples from six patients with International Union
Against Cancer stage IV colorectal carcinomas. In the same
samples, b-catenin mRNA levels were also determined. The
expression of the b-catenin-specific bands at 3.1 and 3.3 kb (28)
was increased significantly in primary carcinomas and their liver
metastases, as shown previously (29). Correspondingly, uPAR
was overexpressed in the same neoplastic tissue samples (Fig. 5).
The significant increase of uPAR expression at the transcriptional
(r 5 0.8; P , 0.001) and the translational (r 5 0.5; P , 0.05) level
correlated with the increase in b-catenin mRNA expression in the
analyzed tissue samples.

DISCUSSION
The activation of the wnt-pathway and its immediate triggering—
the increase of cytosolic concentration of b-catenin—can be
caused by alterations at the mRNA, protein, or signal-
transduction levels. b-Catenin mRNA is overexpressed in many
colorectal carcinoma cells and tissues (29), indicating that its
transcription is enhanced in neoplastic tissue. At the protein level,

FIG. 3. Promoter regions of fra-1 and c-jun are direct targets of the
b-catenin–TcfyLef complex. Gel retardation assays were performed on
nuclear extracts from SW480 cells with radioactively labeled oligonucle-
otides from the indicated promoter regions containing TcfyLef binding
motifs. Anti-b-catenin mAb (0.75 mg) was added to the samples in lanes
3 and 6. No nuclear extracts were added in lanes 1 and 4.

FIG. 4. Suppression of ZO-1 protein expression in cell lines with high
endogenous b-catenin expression. (a) Immunoblots from whole cell
lysates developed with anti-ZO-1 rabbit IgG 61–7300, anti-b-catenin mAb
7D11, or, for control of the amount of protein per lane, anti-b-actin mAb
5441. (b) Expression of ZO-1 and b-catenin protein in the analyzed cell
lines, after normalization to b-actin expression (a.u., arbitrary units). The
expression of ZO-1 was inversely related to b-catenin expression.
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it is likely that the inhibition of b-catenin degradation is caused
mostly by mutations in the APC or the b-catenin genes them-
selves. It is also possible that mutations in other regulatory
proteins, such as conductin, are involved (30). APC is mutated
both in patients with familial adenomatous polyposis and in up to
80% of sporadic colorectal carcinomas (10, 11). The mutations in
this gene are probably the initial step in this pathway (31) of
colorectal tumorigenesis (10, 11, 31). The triggering of the
accumulation of cytosolic b-catenin by mutations of the APC
gene can be replaced by b-catenin CTNNB1 mutations, detect-
able in several colorectal carcinoma cell lines and in about 50%
of sporadic colorectal carcinomas with wild-type APC (11, 13, 14,
32). Another potential target protein whose mutations may affect
cytosolic levels of b-catenin is conductin, the recently character-
ized protein that seems to regulate b-catenin degradation inde-
pendently of APC (30). Finally, E cadherin and a-catenin have
been shown to antagonize the wnt-signal (33, 34). The loss of
these two proteins during the progression of colorectal cancer
(35–38) may enhance the b-catenin signal further in neoplastic
cells.

Collectively, these data suggest that b-catenin–TcfyLef signal-
ing underlies this pathway of colorectal carcinogenesis and can be
triggered by a variety of cellular alterations. Cytosolic b-catenin
can bind to different members of the TcfyLef family in neoplastic
colorectal epithelial cells; complexes with Tcf4 (10), Tcf1 (39),
and Lef-1 (40) have been shown to be transcriptionally active.
Their target genes, however, were known only in Xenopus em-
bryos. These targets are the homeobox genes siamois (41), nr3
(42), and Xtwn (43), which encode proteins involved in Xenopus
dorsal-axis formation. Recently, one target gene was identified in
HT 29 cells by using serial analysis of gene expression. The
expression of the protooncogene c-myc was shown to be repressed
by the reintroduction of wild-type APC and activated by the
accumulation of b-catenin through Tcf4 binding sites in the c-myc
promoter (16).

For this study, we applied a different approach and identified
four other target genes of the b-catenin–TcfyLef complex in
human colorectal carcinoma cells. Expression of the protoonco-
genes c-jun and fra-1, both of which are components of the AP-1
transcription factor complex (44), was increased severalfold after
transfection. It has been reported that GSK3b activation, which
antagonizes winglessywnt signaling, inhibits c-jun activity in vitro
(45). We show here the direct interaction of the b-catenin–Tcfy
Lef complex with the promoter regions of both components of the
AP-1 complex. AP-1, which is known to be activated also by the
Jun-amino-terminal kinaseystress-activated protein kinase mito-
gen-activated protein kinase pathway (46), has been shown to
increase the expression of uPAR in the colorectal cancer cell line
RKO (47). The present work elaborates on this observation in
terms of upstream and downstream events. Indeed, the overex-
pression of uPAR as a consequence of b-catenin accumulation
may have important biological effects. uPAR is known to facil-
itate extracellular-matrix proteolysis by accelerating plasmin for-
mation at the cell surface (48). Both the proteolytic activity and
the motility-enhancing role (49) of uPAR may be responsible for
its potential roles in physiological processes, such as wound
healing (50) and invasive growth, as well as metastasis formation

FIG. 6. Genes targeted by the b-catenin–TcfyLef complex and the
related upstream and downstream cellular processes.

FIG. 5. uPAR and b-catenin expression levels are increased concom-
itantly in primary carcinomas and their liver metastases. (a) Total RNA
(25 mg per lane) from tissue samples of normal colonic mucosa (N),
primary tumor (T), and metastases (M) were hybridized with probes for
uPAR, b-catenin, or b-actin. (b) Immunoblot of whole cell lysates,
developed with anti-uPAR rabbit polyclonal antibody 399R or with
anti-b-actin mAb 5441. Representative blots from three of six analyzed
patients are shown in a and b. (c) Expression of b-catenin mRNA, uPAR
mRNA, and uPAR protein in tissue samples from N, T, and M of six
analyzed patients after normalization to b-actin expression on the same
blots. Bars indicate two standard deviations.

Medical Sciences: Mann et al. Proc. Natl. Acad. Sci. USA 96 (1999) 1607



of human carcinomas of different organs, including the colorec-
tum (25–27, 51). In agreement with these roles, we observed a
concomitant increase in b-catenin and uPAR expression in
tumors and metastases. This increase in uPAR expression in
colorectal carcinoma cells after b-catenin–TcfyLef activation
might enhance their proteolytic activity and thus be instrumental
in invasive growth and metastasis formation. It is perhaps sur-
prising that APC mutations, which are known to be an early event
in colorectal carcinogenesis, may trigger indirectly the expression
of a proteinase receptor, relevant for tumor progression. Because
the level of free cytosolic b-catenin is in a dynamic equilibrium,
regulated by a number of factors (see ref. 52 for a review), an
alteration in only one of these might be necessary, but not
sufficient, to activate the oncogenic properties of the b-catenin–
TcfyLef complex.

In addition to uPAR overexpression, we found low ZO-1
expression after b-catenin transfection. The tight-junction-
associated protein ZO-1 has been reported to colocalize with E
cadherin at the lateral plasma membrane and to coimmunopre-
cipitate with b-catenin (53). Catenins participate in the mobili-
zation of ZO-1 from the cytosol to the cell surface early in the
development of tight junctions (53), which are structural markers
of polarized epithelial cells. Neoplastic transformation may block
tight-junction assembly (54). Indeed, in well differentiated gas-
trointestinal adenocarcinomas, ZO-1 is expressed at the apical
cell border as in the normal epithelium, whereas in poorly
differentiated adenocarcinomas, ZO-1 is frequently lost (55). The
present data suggest that activation of the b-catenin–TcfyLef
pathway in colorectal epithelial cells suppresses the expression of
ZO-1 through a hitherto unknown mechanism, which may con-
tribute to a loss of epithelial polarization in neoplastic cells. This
suppression of an ‘‘adhesive partner’’ after activation of b-catenin
signaling suggests that these two functions of b-catenin might be
intertwined in epithelial cells.

We have identified four target genes of the b-catenin–TcfyLef
complex in human colorectal carcinomas. The expression of
ZO-1, which is known to interact with b-catenin in tight-junction
assembly, was decreased in the b-catenin transfectants. The
transcription of c-jun and fra-1, members of the AP-1 transcrip-
tion factor complex, was increased through direct interaction of
the b-catenin–TcfyLef complex with the promoters of these
genes. We have also shown that the transcription of uPAR, a
proteinase that is known to contribute to invasive tumor growth
in several carcinomas, is up-regulated indirectly by the accumu-
lation of b-catenin (Fig. 6). The in vivo data presented here
provide a direct link between b-catenin expression and the
overproduction of the uPAR protein in human colon carcinomas
and their metastases, thus supporting the in vitro data. Activation
of the b-catenin–TcfyLef pathway in colorectal carcinoma cells is
assumed to be an early event in carcinogenesis. Our results
establish a molecular link between this major signaling pathway
and the expression of proteins potentially facilitating subsequent
tumor progression and metastasis.
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