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b-Catenin Signaling in Biological Control and Cancer
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Abstract A coordinated integration of cell–cell adhesion and the control of gene expression is essential for the
development of multicellular, differentiated organisms. b-Catenin fulfils important regulatory functions in both cell–cell
adhesion by linking cadherin adhesion receptors to the cytoskeleton, and also as a key element in the Wnt signaling
pathway where it acts as cotranscriptional activator of target genes in the cell nucleus. Wnt signaling is involved in
numerous aspects of embryonic development and in the control of tissue self-renewal in a variety of adult tissues.
Hyperactivation of Wnt signaling, mostly by affecting b-catenin functions, is a hallmark of colon cancer and of many other
human cancers. In this prospect, we discuss studies pointing to the molecular mechanisms that govern the integration
between cell–cell adhesion and gene expression, as reflected in the switches between these two functions of b-catenin in
colon cancer cells. J. Cell. Biochem. 102: 820–828, 2007. � 2007 Wiley-Liss, Inc.
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Cellular and tissue morphogenesis are deter-
mined, to a large extent, by the adhesive
interactions of cells with their neighbors and
with the extracellular environment. The coordi-
nation between changes in cell adhesion and the
subsequent changes in the organization of the
cytoskeleton and the regulation of gene expres-
sion are key elements in determining cell shape,
cell proliferation, cell differentiation, and cell
death. Unraveling the molecular basis of this
coordination is central to our understanding of
the principles underlying both normal cell
behavior and the diseased cell state. In the past
10 years, a large number of studies pointed to the
dual role played by b-catenin in cell adhesion, by
its function in linking cadherin cell adhesion
receptors to the cytoskeleton, and also in the
regulation of gene transcription in normal cells

in a variety of biological processes, including
development and differentiation, the regulation
of embryonic and adult stem cells, and also in
the course of cancer development [for reviews see
Conacci-Sorrell et al., 2002a; Logan and Nusse,
2004; Clevers, 2006; Polakis, 2007]. By studying
the role of b-catenin in such diverse biological
regulations, we could learn about the possible
mechanisms that mediate the complex coordina-
tion between events that occur at the cell surface
and the subsequent response in the regulation of
gene expression in the cell nucleus.

A shift, by many researchers, toward study-
ing b-catenin cell biology occurred with the
discovery that in addition to its known role as a
cytoplasmic plaque protein involved in linking
cadherin family receptors to the actin cytoske-
leton [Ozawa et al., 1989; McCrea et al., 1991;
Peifer et al., 1992], b-catenin is also a cotran-
scriptional activator of genes in the nucleus
together with lymphoid enhancer factor (LEF)/
T-cell factor (TCF) [Behrens et al., 1996; Huber
et al., 1996; Molenaar et al., 1996; van de
Wetering et al., 1997], as a central component
of the Wnt signaling pathway [Nusslein-
Volhard and Wieschaus, 1980; Fig. 1]. Since b-
catenin is an abundant protein expressed in
every cell type, and is mostly localized at cell–
cell adherens junctions fulfilling an essential
role in cell adhesion, its additional function as
coactivator of transcription and a key effector
of the Wnt pathway, was initially considered a
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separate and unrelated function of b-catenin.
The notion that these two seemingly different
functions of b-catenin in the cell are in fact well
coordinated is now a more widely accepted
notion [Conacci-Sorrell et al., 2002a; Nelson
and Nusse, 2004; Harris and Peifer, 2005;
Brembeck et al., 2006]. In this prospect, we
discuss studies pointing to the possible coordi-
nation between these different roles ofb-catenin
during invasive tumor development.

b-CATENIN SIGNALING IN
COLON CANCER TISSUE

While the exact molecular mechanisms by
which b-catenin is involved in various biological
regulations are incompletely understood, these
functions of b-catenin are most probably not
controlled by regulating the transcriptional
level of the b-catenin gene. Rather, a major

regulatory mechanism of b-catenin consists
of controlling the level of its cytoplasmic
pool. In the cytoplasm, b-catenin binds to the
adenomatous polyposis coli (APC) and axin
proteins that is followed by the recruitment of
two kinases, glycogen synthase kinase-3 (GSK)
and casein kinase I, in a destruction complex
that phosphorylates b-catenin on N-terminal
serines and a threonine, leading to its target-
ing to polyubiquitination and degradation by
the proteasome [Aberle et al., 1997; Fig. 1].
Mutations that cause aberrant interactions of
b-catenin with the destruction complex, result-
ing in elevated cytoplasmic pools of b-catenin,
are believed to play a key role in the develop-
ment of a variety of tumors [Polakis, 2000,
2007]. Importantly, the key partners of
b-catenin in the cell, including the cadherin
receptor family, APC and TCF, all bind to
overlapping sequences in the central repeat

Fig. 1. The dual role of b-catenin in Wnt signaling and in cell–
cell adhesion. b-catenin (b) and plakoglobin (Pg) bind to the
cytoplasmic domain of cadherin transmembrane adhesion
receptors and, via a-catenin (a), associate with the actin
cytoskeleton to form adherens junctions (AJ). When the Wnt
signaling pathway is inactive, the cytoplamsic pool of b-catenin
is directed to degradation by a molecular complex including APC
and Axin, and the kinases casein kinase 1 (CK1) and glycogen
synthase kinase 3 (GSK), that phosphorylate b-catenin (PPPP) on
N-terminal residues. Phosphorylated b-catenin is recognized by
the E3 ubiquitin ligase component b-TrCP, which together with

Skp1, Cul1, and the E1 and E2 ubiquitination complexes,
mediates the ubiquitination of b-catenin (Ub) that directs
b-catenin to degradation by the 26S proteasome. The binding
of Wnt to Frizzled (Frz) and the coreceptor LRP activates Wnt
signaling. This induces a disheveled (Dsh)-mediated inhibition of
b-catenin phosphorylation by GSK thereby blocking b-catenin
degradation, and its accumulation and complexing, in the
nucleus, with T-cell factor (TCF). The b-catenin-TCF complex
transactivates target genes such as cyclin D1, L1-CAM (L1), and
Nr-CAM and many other genes [modified from Conacci-Sorrell
et al., 2002a].
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domain of b-catenin (the Armadillo repeats)
[Huber and Weis, 2001]. Competition between
these various b-catenin partners for binding to
this region could tilt the balance between the
different roles played by b-catenin, thereby
determining cell fate [Harris and Peifer,
2005]. Most notably, in the great majority
of colon cancer patients, mutations in either
the b-catenin binding site of APC [Kinzler
and Vogelstein, 1996], or in the N-terminus
of b-catenin that harbors the key phosphoryla-
tion sites that mark it for recognition by
the ubiquitin-proteasome system (Fig. 1), lead
to the accumulation of b-catenin in the cyto-
plasm and in the nucleus. More recent studies
have shown that the tight regulation of Wnt/b-
catenin signaling is essential for maintaining
the balance between stem cells, proliferating
cells and differentiated cells in normal intesti-
nal tissue homeostasis [van de Wetering et al.,
2002]. Disruption of this delicate balance in
such a rapidly and constantly regenerating
tissue is most probably responsible for develop-
ment of colorectal cancer. In colon tumor cells,
transactivation by the b-catenin-TCF/LEF com-
plex of target genes is dramatically elevated
[Korinek et al., 1997; Morin et al., 1997].
Identification of the aberrantly activated
b-catenin-TCF/LEF target genes and under-
standing their contribution to cancer develop-
ment is a very active area in cancer research.

COORDINATION BETWEEN CELL ADHESION
AND b-CATENIN SIGNALING IN COLON

CANCER CELLS

Since hyperactivation of b-catenin signaling,
by mutations in APC or b-catenin, is considered
one of the earliest events in the sequence
of genetic changes that lead to colon cancer
development [Kinzler and Vogelstein, 1996],
one would expect to see an increase in the
transcription of b-catenin-TCF target genes
that contribute to uncontrolled cell proliferation
characteristic to these early tumor stages.
Identification of c-myc [He et al., 1998] and
cyclin D1 [Shtutman et al., 1999; Tetsu and
McCormick, 1999] as targets of b-catenin-TCF
signaling are in support of this notion. However,
a dramatic elevation in the cytoplasmic and
nuclear pools of b-catenin, at these initial
stages of colon cancer development, is usually
not observed in colon tumor tissue. Rather, the
majority of well-differentiated areas of the

tumor tissue only display membranal b-catenin,
similar to its distribution in the normal colon
epithelium [Brabletz et al., 1998]. b-catenin
could only be detected in the nuclei of small
clusters of invasive cancer cells that have
already invaded the surrounding stroma. Such
cells also often display a much-reduced level
of the E-cadherin transmembrane adhesion
receptor [Brabletz et al., 2001], and induce
the expression of the mesenchymal marker
fibronectin [Kirchner and Brabletz, 2000]. This
behavior of tumor cells is considered similar to
what is defined as an epithelial to mesenchymal
transition (EMT), a property that cells display
during embryonic development, when tightly
adherent epithelial cells transform into single
and motile mesenchymal cells, after dismantl-
ing their intercellular adhesive structures
[Savagner, 2001; Thiery and Sleeman, 2006].
A challenge to our understanding of this process
in colon cancer cells is further presented by
the fact that in distant metastases, that
develop from the primary tumor in patients
(which often takes many years to occur), these
two different morphological characteristics
are again displayed [Brabletz et al., 2001].
This suggests that a reciprocal transition from
mesenchymal to an epithelial phenotype (MET)
also occurs in tumors. While during the very
long time period required for the formation of
such distal metastases numerous changes in
gene expression obviously occur (including
alterations in the expression of tumor suppres-
sors and oncogenes), by studying the mecha-
nisms that govern such plasticity in the colon
cancer cell phenotype, it should be possible in
the future to interfere with EMT and confer a
more differentiated, non-invasive behavior by
forcing tumor cells into MET.

To address the molecular mechanisms
involved in this phenotypic plasticity of colon
cancer cells, a model cell culture system was
employed in which human colon cancer cells
were grown either as sparse, or dense cultures.
Sparse cell cultures displayed many of the
characteristics of colon cancer cells at the
invasive front of tumor tissue: they showed
extensive nuclear accumulation of b-catenin
and high levels of b-catenin-TCF signaling
activity, but very low levels of E-cadherin
expression [Conacci-Sorrell et al., 2003]. In
contrast, dense cultures of such cells had mostly
submembranal localization of b-catenin together
with elevated E-cadherin in adherens junctions,
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and showed very little nuclear b-catenin
and much reduced b-catenin-TCF signaling
(Fig. 2). This apparent link between E-cadherin
organization and expression and b-catenin
localization and signaling was further supported
by experiments demonstrating that Slug, a
major transcription factor regulating EMT by
suppressing the promoter of the E-cadherin
gene [Nieto, 2002], is also a target gene of
b-catenin-TCF signaling [Conacci-Sorrell et al.,
2003]. Slug expression is high in sparse cultures,
but Slug is absent from dense cultures of colon
cancer cells (Fig. 2). The switch between the
sparse, more motile phenotype displaying
high levels of nuclear b-catenin-TCF signaling
and target gene expression, and low E-cadherin
expression, to a more differentiated phenotype
consisting of E-cadherin and b-catenin in
adherens junctions, is suggested to involve an
autoregulatory loop. When E-cadherin-mediated
cell–cell contact formation is favored (when cell
cultures become more dense), the initial low
amount of cell surface localized E-cadherin is
engaging in cell–cell contact adherens junction
construction that results in a reduction in the
nuclear b-catenin pool and consequently, also in
b-catenin-TCF signaling. This leads to reduced
transcription of Slug and Slug protein levels, a
relief from transcriptional suppression of the
E-cadherin gene, and further engaging of more

E-cadherin in adherens junction formation and
recruitment of b-catenin into cell–cell junctions.
The end result of this autoregulatory loop in
dense cultures of colon cancer cells is the
acquisition of a more differentiated phenotype
consisting of high E-cadherin levels and
b-catenin in adherens junctions, and very low
levels of nuclear b-catenin signaling (Fig. 2).
Consistent with this view, disruption of
adherens junctions in dense cultures of colon
cancer cells by an antibody to the ectodomain of
E-cadherin resulted in the release and nuclear
localization of b-catenin, enhanced transactiva-
tion of b-catenin target genes, including
Slug, followed by reduced E-cadherin levels
[Conacci-Sorrell et al., 2003]. This, and similar
cell model systems that partially mimic the
EMT-like process at the invasive front of tumors,
could be helpful in dissecting the molecular
mechanisms that govern such regulatory loops,
thereby providing means to interfere with their
occurrence.

RECEPTOR TYROSINE KINASES AND
b-CATENIN SIGNALING IN CANCER

The early activation of b-catenin signaling in
the course of colon cancer development is often
followed by activation of oncogenic mutations in
Ras [Kinzler and Vogelstein, 1996; Zhang et al.,

Fig. 2. Mechanisms of E-cadherin autoregulation in sparse
and dense cultures of colon cancer cells. In sparse cultures,
E-cadherin expression is suppressed by two different mecha-
nisms: One involves activation of ERK (P-ERK) by tyrosine kinase
receptors (RTK), such as ErbB-1 and ErbB-2. ERK activation
induces Slug that inhibits E-cadherin expression by binding to the
E-box of the E-cadherin gene promoter. Another pathway
includes Slug gene induction by the b-catenin-TCF pathway. In
addition, the b-catenin-TCF complex can also activate the EGFR

gene promoter, thus further contributing to Slug induction. In
dense cultures, the ERK pathway is inactive; the levels of ErbB-1,
ErbB-2, and Slug are repressed, and E-cadherin expression
increases. This leads to recruitment of nuclear b-catenin to
adherens junctions, together with E-cadherin, and a reduction in
b-catenin signaling thus inhibiting Slug expression. This relieves
the inhibition on E-cadherin transcription resulting in elevated
E-cadherin expression [modified from Conacci-Sorrell et al.,
2003].
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2003]. Activated Ras is responsible for inducing
tyrosine phosphorylation of b-catenin that
usually results in the release of b-catenin from
its association with E-cadherin in adherens
junctions. A variety of activated growth factor
receptors were shown to mediate tyrosine
phosphorylation of b-catenin in colon cancer
and other tumor cells, including the EGF
receptor [Roura et al., 1999], oncogenic RON,
the hepatocyte growth factor receptor cMET
[Wielenga et al., 2000; Danilkovitch-Miagkova
et al., 2001], and the IGF type II receptor
[Morali et al., 2001]. Such tyrosine phosphory-
lation brings about an increase in the cyto-
plasmic pool of b-catenin, often leading to
enhanced b-catenin/TCF signaling in the
nucleus. Moreover, among the b-catenin-TCF
target genes activated in cancer cells, there are
genes coding for growth factor receptors such as
cMET [Boon et al., 2002] and the EGF receptor
[Tan et al., 2005] that can further reinforce an
autoregulatory loop to confer a more motile and
invasive phenotype (Fig. 2).

The tyrosine kinase growth factor receptors
FGFR and EGFR also promote the acquisition of
a motile phenotype by inducing the expression
of Slug/Snail family members of transcription
factors [Ciruna and Rossant, 2001; Conacci-
Sorrell et al., 2003] that repress the trans-
cription of the E-cadherin gene [Batlle et al.,
2000; Cano et al., 2000]. In the cell culture model
of colon cancer cells (Fig. 2), sparse cultures
displaying high levels of Slug and reduced
E-cadherin also showed high levels of ErbB1
and ErbB2, unlike dense cultures where both
Slug and ErbB receptor levels were reduced
[Conacci-Sorrell et al., 2003]. b-catenin-TCF
signaling that induces the transcription of both
theEGFR andSlug genes in sparse cultures can
therefore act cooperatively to confer the motile/
invasive phenotype characteristic of carcinoma
cells that invade the stroma.

Recent studies unraveled some of the mole-
cular mechanisms that control the interactions
of b-catenin with its various partners (mostly by
affecting protein–protein interactions), thereby
affecting cell fate. One study suggests that
the cytoplasmic pool of b-catenin has pre-
ferential binding capacity with TCF in cells
treated with Wnt factors. This specificity is
apparently regulated by a conformational
change in b-catenin that is localized in the
cytoplasmic pool and involves an interaction of
the C-terminus of the b-catenin molecule with

its central repeat domain. This reduces its
binding to cadherin receptors while allowing
the selective binding of b-catenin to TCF
[Gottardi and Gumbiner, 2004]. What controls
such special interaction of the C-terminus with
the central repeat domain of b-catenin [Cox
et al., 1999; Zhurinsky et al., 2000; Piedra et al.,
2001], which allows blocking of the cadherin-
binding domain, remains to be determined.
Another relevant aspect of this regulation is
the preferential formation of a complex between
b-catenin and cadherin, when b-catenin is
already associated with a-catenin in a hetero-
dimer, while the b-catenin monomer has a
higher affinity to TCF binding [Gottardi and
Gumbiner, 2004]. The mechanisms by which
such specific associations are established and
what regulates their specificity await further
investigations.

Tyrosine phosphorylation of b-catenin as a
mechanism controlling the release of b-catenin
from adherens junctions has been suggested by
numerous early studies [Behrens et al., 1993;
Roura et al., 1999], but the underlying mecha-
nisms are largely unknown. In a recent study
aimed to identify novel partners of tyrosine
phosphorylated b-catenin, by a yeast two hybrid
screening, BCL9-2 was identified as a preferred
binding partner of b-catenin when it is phos-
phorylated on tyrosine 142 (Y142) [Brembeck
et al., 2004]. This tyrosine residue appears to
be very important for the binding of a-catenin
to b-catenin [Aberle et al., 1996], while Y142
phosphorylation weakens the interaction of b-
catenin with the adherens junction complex and
apparently, also with the destruction complex
[Danilkovitch-Miagkova et al., 2001; Piedra
et al., 2003; Rasola et al., 2007]. The studies by
Brembeck et al. [2004] confirmed that BCL9-2
overexpression enhances tyrosine phosphoryla-
tion of b-catenin on Y142, causes the release of
b-catenin from cell–cell junctions and enhances
its nuclear transcriptional activity. Moreover,
activation of the tyrosine kinase receptor MET,
together with BCL9-2 overexpression, brings
about the shift in b-catenin localization from its
function in adherens junctions to the nucleus,
where it acts together with LEF/TCF in trans-
activation. The importance of BCL9-2 in the
aberrant activation of b-catenin-TCF signaling
in colon cancer cells is suggested by the findings
that BCL9-2 is overexpressed in human colon
cancer cells and also in human colon cancer
tissue [Adachi et al., 2004]. Suppression of
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BCL9-2 levels resulted in relocalization of
b-catenin to adherens junctions and a reversion
of the more mesenchymal phenotype to an
epithelial morphology. In contrast, overexpres-
sion of BCL9-2 in normal epithelial cells caused
scattering and an EMT-like behavior in
MDCK cells [Brembeck et al., 2004]. These
studies demonstrate the therapeutic potential
of regulating b-catenin by unraveling the
molecular basis of the decisions leading to the
shifts between b-catenin’s different functions.

b-CATENIN SIGNALING AT THE INVASIVE
FRONT OF TUMORS

As mentioned above, aberrant b-catenin
signaling is considered a very early step in colon
cancer development, but significant nuclear
accumulation of b-catenin is only observed
in colon cancer cells that already invaded into
the stroma, which is a more advanced stage
in cancer progression. This raised the question
of whether b-catenin-TCF signaling is also
involved in transactivation of target genes
that contribute to latter stages of tumorigene-
sis.b-catenin-TCF target genes characteristic of
these stages, promoting tumor cell motility and
invasion, have been identified and include
metalloproteases [Brabletz et al., 1999; Craw-
ford et al., 1999; Takahashi et al., 2002], ECM
components [Gradl et al., 1999; Hlubek et al.,
2001, 2004], and cell adhesion receptors such as
CD44 [Wielenga et al., 1999] and uPAR [Mann
et al., 1999]. Recently, members of the immu-
noglobulin-like cell adhesion receptors of the
L1-CAM family (Nr-CAM and L1-CAM) were
also identified as target genes of b-catenin-
TCF signaling [Conacci-Sorrell et al., 2002b;
Gavert et al., 2005]. The expression of these
proteins (previously detected only in nerve cells)
in cultured fibroblasts, or in colon cancer cells,
induced cell motility and enhanced tumori-
genesis. Moreover, L1-CAM was detected ex-
clusively at the invasive front of colon cancer
tissue, in a subpopulation of invasive cells
also displaying extensive nuclear b-catenin
staining [Gavert et al., 2005]. ADAM10, a
metalloprotease that cleaves the ectodomain of
L1-CAM [Mechtersheimer et al., 2001], and
of other cell adhesion receptors, including
E-cadherin [Maretzky et al., 2005], was also
identified recently as a b-catenin-TCF target
gene [Gavert et al., 2007]. In colon cancer tissue
ADAM10 is colocalized at the invasive front

of the cancer tissue together with L1-CAM
[Gavert et al., 2005]. Furthermore, forced
expression of L1-CAM in colon cancer cells
conferred metastasis to the liver, in a mouse
model for liver metastasis, and ADAM10 over-
expression enhanced this metastatic capacity
induced by L1-CAM [Gavert et al., 2007]. This
implies that ectodomain shedding of these cell
adhesion receptors may play an important role
in colon cancer cell invasion [Conacci-Sorrell
et al., 2005]. Interestingly, the expression of
several b-catenin-TCF target genes that can
promote tumor cell motility and invasion is only
detected in the invasive areas of the primary
tumor, but not in distal metastases that develop
several years later. These genes include, in
addition to L1-CAM, also the recently dis-
covered b-catenin-TCF target gene fascin, that
induces filopodia formation [Vignjevic et al.,
2007], and the EphB/EphrinB cell sorting
receptors and their ligands [Batlle et al.,
2005]. Expression of these b-catenin-TCF target
genes is clearly absent from distal metastases of
colon cancer cells, while they are abundantly
expressed in the primary tumor. It remains to
be determined how their expression is pre-
ferentially silenced in colon cancer cells
displaying extensive nuclear b-catenin localiza-
tion and signaling.

SUMMARY AND CONCLUSIONS

b-Catenin-mediated regulation of various
embryonic developmental stages, EMT, embry-
onal and adult stem cell biology, and the
formation of malignant tumors, is executed,
in most cases, through the dual function of
b-catenin in cell adhesion and transcriptional
activation of target genes. In recent years, this
close link between the role of b-catenin in
cadherin-mediated adhesion and its function
in gene transcription is gaining increasing
appreciation and recognition. The b-catenin
network of protein interactions remains a
highly regulated and complex network at the
center of key decision points, by its capacity
to integrate signals from the extracellular
environment, by regulating the adhesive inter-
actions of cells, with programs of gene regula-
tion via its capacity to regulate target gene
transcription. How these programs that control
cell and tissue specific biological processes
(involving b-catenin-TCF target gene regula-
tion) are executed, remains to be determined.
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The dissection of such gene programs using
gene array technologies in cells and tissues will
undoubtedly shed more light on the molecular
details governing these processes, and the
causes for their disruption in the diseased state.
Insights into the molecular details will also
provide the basis for developing therapies, via
small molecules and other means, especially
against malignant cancer development.
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