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An important role for 3-catenin pathways in colorec-
tal carcinogenesis was first suggested by the protein’s
association with adenomatous polyposis coli (APC)
protein, and by evidence of dysregulation of f3-cate-
nin protein expression at all stages of the adenoma-
carcinoma sequence. Recent studies have, however,
shown that yet more components of colorectal carci-
nogenesis are linked to f3-catenin pathways. Pro-onco-
genic factors that also release f-catenin from the ad-
herens complex and/or encourage translocation to
the nucleus include ras, epidermal growth factor
(EGF), c-erbB-2, PKC-BI1, MUC1, and PPAR-y, whereas
anti-oncogenic factors that also inhibit nuclear 3-cate-
nin signaling include transforming growth factor
(IGF)-B, retinoic acid, and vitamin D. Association of
nuclear B-catenin with the T cell factor (TCF)/lym-
phoid enhancer factor (LEF) family of transcription
factors promotes the expression of several com-
pounds that have important roles in the development
and progression of colorectal carcinoma, namely:
cmyc, cyclin D1, gastrin, cyclooxygenase (COX)-2,
matrix metalloproteinase (MMP)-7, urokinase-type
plasminogen activator receptor (aPAR), CD44 pro-
teins, and P-glycoprotein. Finally, genetic aberrations
of several components of the -catenin pathways, eg,
Frizzled (Frz), AXIN, and TCF-4, may potentially con-
tribute to colorectal carcinogenesis. In discussing the
above interactions, this review demonstrates that
B-catenin represents a key molecule in the develop-
ment of colorectal carcinoma. (Am J Pathol 2002,
160:389—-401)

The protein B-catenin was first described in humans as a
member of the cell membrane-bound adherens complex.”
Comparative studies of signaling pathways in Xenopus and

Drosophila subsequently led to the discovery of a second
role for B-catenin in human cells; this cell-signaling role
involves translocation of the protein from the cytoplasm into
the nucleus.®® There have been recent advances in char-
acterizing regulators of B-catenin function in both its cell
adhesion and cell signaling roles. However, the last 4
years have seen, in particular, a revelation of several
important molecular pathways that may serve as down-
stream effectors of p-catenin signaling.

Among all human cancers, the molecular pathogene-
sis of colorectal adenocarcinoma (CRC) has been one of
the most extensively studied. At least three pathways are
thought to exist, namely the adenoma-carcinoma se-
quence (as initially proposed by Fearon and Vogelstein?),
the microsatellite instability pathway, and the ulcerative
colitis dysplasia-carcinoma pathway.* As the first of
these three pathways is accepted as being central to a
majority of CRCs,* it will be the focus of this review and
represents the process referred to by the term “colorectal
carcinogenesis,” unless otherwise indicated.

Although several oncogenes and oncosuppressor
genes are known to be involved in colorectal carcinogen-
esis, mutation of the adenomatous polyposis coli gene
(APC) is regarded as being particularly crucial as an
instigator of this process.*® A potential role for B-catenin
in colorectal carcinogenesis first seemed likely in view of
the importance of disruption of cell to cell adhesion to
cancer invasion and metastasis.® However, a more pri-
mary role in the pathogenesis of CRC soon became
apparent with the discoveries that APC protein binds to
cytosolic B-catenin,” and that APC mutation leads to nu-
clear accumulation of B-catenin,® a feature associated
with progression along the adenoma-carcinoma se-
quence.® The significance of this primary role now seems
to be ever increasing as several of the regulators and
effectors of the B-catenin signaling pathway are being
found to represent molecular pathways that have well-
characterized links with colorectal carcinogenesis. The
following review discusses these regulators and effectors
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Figure 1. Summary of established B-catenin pathways. B-catenin may exist:
1) as part of the cell membrane-bound adherens complex with E-cadherin
and a-catenin; 2) in the cytosol where binding with GSK-38, APC, and AXIN
promotes; 3) ubiquitination and, hence, degradation; or 4) in the nucleus
where binding with a TCF leads to promotion of gene transcription. *, Recent
data suggest an alternative pathway (involving Siah-1 protein) via which
B-catenin may be targeted for ubiquitination without GSK-3B-mediated
phosphorylation. Molecules that bind to B-catenin are shown in bold. The
Wnt-Frz-Dvl regulatory pathway is shown in italics. Black broken arrows
represent the potential subcellular movements of B-catenin. Dvl, disheveled
protein.

and also abnormalities of components of the B-catenin
signaling pathway that are or may potentially be involved
in colorectal carcinogenesis. As a consequence, this
review demonstrates that B-catenin may represent a cru-
cial molecule linking several components of this process.

B-Catenin Pathways

The following summary (see also Figure 1) is intended to
help place into context the following discussions of how
regulators and components of the B-catenin pathways
may relate to colorectal carcinogenesis. More detailed
reviews of the B-catenin pathways are provided else-
where.?3

B-catenin may be regarded as existing in three differ-
ent subcellular forms: membrane-bound (as part of the
adherens complex), cytosolic, and nuclear (Figure 2, a
and e).?*® Binding of the protein to other members of the
adherens complex, ie, E-cadherin and «-catenin, is
thought to be regulated by tyrosine phosphorylation.™®
Indeed, physical association of the complex with tyrosine
kinases and phosphatases™ " is in keeping with tight
regulation of this process. Tyrosine phosphorylation of
B-catenin leads to its dissociation from the adherens
complex'® and probable transfer of the protein to the
cytosol where it exists in a soluble, monomeric state.?®
Cytosolic B-catenin may subsequently be degraded or
be translocated into the nucleus. The degradation of
B-catenin involves binding of the protein to a complex

involving APC protein, and two further proteins, AXIN and
glycogen synthase kinase (GSK)-38.2° The latter serves
to phosphorylate serine and threonine residues on
B-catenin, a crucial step required to target the protein for
ubiquitination and proteosomal degradation. Both APC
and AXIN enhance this phosphorylation and are, there-
fore, promoters of B-catenin degradation. For APC pro-
tein to have this promoting effect, it must bind to B-cate-
nin via two possible binding regions, one of which
contains tandem repeats of 20 amino acids.?'? Phos-
phorylation of B-catenin is important in enabling binding
to the F box protein B-TrCP and hence ubiquitin-medi-
ated proteolysis.?'® However, it has recently been shown
that B-catenin may also be targeted for such degradation
independent of GSK-38-mediated phosphorylation.'®4
This putative alternative pathway requires interaction be-
tween B-catenin, APC, and a complex of proteins includ-
ing the p53-inducible protein, Siah-1.1314

An important regulator of GSK-38 activity is the Wnt
family. Binding of these glycoproteins to their trans-mem-
brane receptor, Frz, leads to increased activity of the
protein Dishevelled (Dvl) that, in turn, inhibits GSK-38
phosphorylating activity. In the presence of increased
cytosolic levels of B-catenin because of, for example, Wnt
signal activation, the protein is translocated into the nu-
cleus. Here, p-catenin binds with a member of the TCF/
LEF family of transcription factors to form a complex that
activates transcription of target genes by binding to their
promoter sequences. Of this family of transcription fac-
tors, TCF-4, LEF-1, and TCF-1 have the most known
relevance to colorectal carcinogenesis, as is discussed
below. It was initially thought that all TCFs bind to B-cate-
nin to promote gene transcription. However, at least two
TCFs, LEF-1 and TCF-1, are now known to exist in trun-
cated forms that repress B-catenin/TCF transcriptional
activity."®1% Little is known about the fate of nuclear
B-catenin. However, recent studies do suggest the pro-
tein may be translocated from the nucleus back to the cell
membrane,'” presumably through a soluble, cytosolic
intermediate state. The regulation of this retrograde
movement has not been extensively studied but is likely
to at least involve E-cadherin, as is discussed later.

B-Catenin Regulators and Colorectal
Carcinogenesis

Most of the regulators of B-catenin function that are linked
to colorectal carcinogenesis may be allocated to one of
three groups according to their modes of action. There
are, however, two molecules (PPAR-y and MUC-1) that
have roles in colorectal carcinogenesis and seem to reg-
ulate B-catenin function but have, as yet, unknown mech-
anisms underlying their relation to the protein; these two
molecules are, therefore, considered separately.

Promoters of Tyrosine Phosphorylation

Colorectal carcinoma cells in vivo have been shown to
express several growth factors, including EGF and plate-
let-derived growth factor, and to express receptors for
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Figure 2. Sections of nonneoplastic colorectal mucosa (a and b) and colorectal carcinoma (c to f) immunostained for B-catenin (a, ¢, and e) and cyclin D1 (b,
d, and f). The colorectal epithelial cells show strong membranous expression of B-catenin (a) and no detectable expression of cyclin D1 (b). The invasive edge
of the carcinoma shows particularly prominent cytoplasmic and nuclear expression of B-catenin (¢) and nuclear overexpression of cyclin D1 (d, arrows). Higher
power views of the carcinoma show diffuse but heterogeneous nuclear expression of both proteins (e and f). The carcinoma cells also show prominent
cytoplasmic B-catenin expression and loss of membranous expression (e). Scale bars: 150 um (a and b); 600 pm (¢ and d); 75 pm (e and f).

these and other growth factors, for example, EGF-R, c-
erbB-2, and c-met (receptor for hepatocyte growth fac-
tor)."®29 Further, it is well known that EGF and hepato-
cyte growth factor treatment leads to transformation of
colonic epithelial cells into a more malignant phenotype
(eg, increased invasive qualities and higher proliferation
rates).?2 This change has been, at least in part, attrib-

uted to the ability of both growth factors to promote
tyrosine phosphorylation of g-catenin and, hence, disrup-
tion of the adherens complex.?®24 It is uncertain whether
this phosphorylation is performed by the growth factor
receptors themselves or via soluble tyrosine kinases.
However, the growth factor receptors, c-met'" and c-
erbB-2,%° have both been shown to bind to B-catenin in
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vitro. Mutations of the ras oncogenes, which lead to over-
expression of their gene products, are found in at least
50% of sporadic CRCs.?® Cytoplasmic expression of the
trefoil peptide TFF-3 (previously known as ITF), which has
mitogenic and prokinetic properties, is significantly
higher in CRC tissue compared with normal colonic mu-
cosa.?” Inducing overexpression of ras oncogenes in cell
lines®® or treatment with TFF-32° both have a similar effect
in promoting tyrosine phosphorylation of B-catenin. From
what is known of B-catenin pathways, release of B-cate-
nin from its membrane-bound pool by tyrosine phosphor-
ylation might be expected to increase nuclear transloca-
tion. However, in the case of TFF-3 treatment, increased
tyrosine phosphorylation of B-catenin was seen without
demonstrable nuclear accumulation of the protein.?® It is
possible that additional factors, eg, GSK-38 inhibition or
loss of functioning APC protein (see below), are needed
to transfer membrane-released B-catenin into the nu-
cleus, although the studies that failed to show increased
nuclear B-catenin with TFF-3 treatment had been per-
formed in an APC mutated colorectal epithelial cell line.?°
Unfortunately, the aforementioned studies on growth fac-
tors, their receptors, or ras and B-catenin had not men-
tioned whether or not nuclear accumulation of the latter
protein was seen.

Inhibitors of GSK-33

The growth factor EGF and ras gene product are similar
in having a second effect on B-catenin regulation. Both
activate the proto-oncogene Akt, whose gene product
has been shown to inactivate GSK-3B and, therefore,
suppress degradation of cytosolic B-catenin.3° Interest-
ingly, this effect of ras gene product is mediated via the
insulin-like growth factor receptor,® levels of which are
overexpressed in CRC.2' Two other molecules that have
more recently been found to inhibit GSK-3B are the BII
isoform of protein kinase C (PKC-gII)3*? and polycystin-
1.3 Intracellular PKC-BII levels are raised after exposure
to secondary bile acids, which are thought to be carci-
nogenic in the large bowel,?* and higher levels of the
isoform are found in CRC tissue compared with normal
colorectal mucosa.®® Murray and colleagues®® have re-
cently described transgenic mice that overexpress PKC-
BII and, when treated with azoxymethane, develop a
greater number of aberrant crypt foci (the earliest mor-
phologically recognizable stage in the adenoma-carci-
noma sequence) than their similarly treated nontrans-
genic litter mates. Further, the colonic epithelium of the
transgenic mice showed an expansion of the crypt pro-
liferative compartment and increased levels of B-catenin,
measured by Western blotting.3? Polycystin-1 is the pro-
tein product of the gene whose mutation underlies type |
adult polycystic kidney disease.®® In vitro studies have
shown that polycystin-1 inhibits GSK-3,3 forms a com-
plex with B-catenin,®” and also increases expression of
target genes of the B-catenin/TCF complex.3® In contrast
to adult polycystic kidney disease, there are, as yet, no
known human hereditary diseases that are characterized
by overexpression of polycystin-1 and that could be stud-

ied for an increased risk of CRC. The existence of anti-
bodies to the protein®” will, however, permit an informa-
tive study of whether the protein is overexpressed in
CRCs.

Inhibitors of B-Catenin/TCF Activity

Molecular pathways that interfere with g-catenin/TCF ac-
tivity in the nucleus would be predicted to have an anti-
oncogenic effect. Although TGF-B may have opposing
effects in different cell types,®® its main effects on colonic
epithelial cells are to reduce proliferation and to induce
differentiation.® One of the effector pathways of TGF-8
involves TAK-1, which is a member of the MAP-kinase 3
family®8° and which promotes the activity of a second
kinase, NLK.*' NLK has been shown, in embryonic kid-
ney cells, to co-localize with and to phosphorylate TCF-
4,*" which is the only TCF isoform consistently found in
normal colorectal epithelium and every CRC cell line
examined so far.? Phosphorylation of TCF-4 was subse-
quently associated with impaired binding of the B-cate-
nin/TCF-4 complex to DNA.*" In sharp contrast, smad4,
another effector of TGF-B, has been shown to form a
complex with B-catenin and LEF-1 and to increase
B-catenin/LEF-1 transcriptional activity in a hepatoma cell
line.** These dichotomous effects of TGF-B on the
B-catenin signaling pathway may explain, at least in part,
its differing effects in different cell types. We are aware of
only one previous study of the effects of TGF-B treatment
on B-catenin expression in a colorectal cell line. llyas and
colleagues*® reported an increase in B-catenin protein
levels in the HCA46 cell line that also showed growth
inhibition. Unfortunately, as B-catenin had only been
studied using an enzyme-linked immunosorbent assay,
shifts in the subcellular localization of the protein could
not be assessed for.

Like TGF-B, both retinoic acid and vitamin D have been
shown to have growth-inhibitory effects on colonic epi-
thelial cells.***® For these reasons, both compounds
have been suggested as potential candidates for chemo-
prevention of CRC.**** In a mutant APC colorectal can-
cer cell line, both retinoic acid and vitamin D reduced
TCF reporter activity.*® In the case of retinoic acid, its
receptor was thought to compete with B-catenin for a
common binding site on TCF-4.#6 Although retinoic acid
did not seem to interfere with B-catenin ubiquitination or
proteosomal degradation, the vitamin has been shown in
breast carcinoma cells to increase cadherin expression,
thereby decreasing cytosolic B-catenin and down-regu-
lating B-catenin signaling by a second route.*®

Uncertain Mechanism

The mucin, MUC-1, is expressed at higher levels in CRC
tissue than normal colorectal mucosa, and the quantity of
MUC-1 expressed correlates positively with tumor
stage.”” This transmembrane molecule has a cytoplas-
mic tail with tyrosine phosphorylation sites.*® MUC-1,
through an as yet unknown mechanism, reduces the
binding of B-catenin to E-cadherin, but this effect is ab-



rogated by phosphorylation of its tail by GSK-38.4° In-
creasing MUC-1 expression alone failed to alter total
levels or the subcellular location of B-catenin in an em-
bryonic kidney epithelial cell line that expresses wild-type
APC.*® However, inhibition of GSK-38, as may occur in
vivo (for reasons discussed above), could allow for a
stronger effect of MUC-1 in liberating membrane-bound
B-catenin to enter the cytoplasmic-nuclear signaling
pathway.

Much interest has recently focused on the role of per-
oxisome proliferative activated receptor (PPAR)-y in colo-
rectal carcinogenesis, especially because the molecule
is activated by prostaglandins and, hence, increased
COX-2 activity.®® PPAR-vy is also activated by fatty ac-
ids®° and a high-fat diet is recognized as a potential risk
factor for CRC.**"52 When transgenic mice heteroge-
neous for APC mutation (APC™"/+ mice) were treated
with synthetic PPAR-y activators, they showed greater
numbers of colonic tumors, many of which were adeno-
carcinomas.®® Further, colonic B-catenin levels, mea-
sured by immunoblot, were higher in the treated mice
compared with untreated controls.®® Unfortunately, no
immunohistochemical studies were performed to deter-
mine whether this increase was associated with a shift in
subcellular location. Although this and possible mecha-
nisms linking PPAR-y to B-catenin remain to be eluci-
dated, it is of interest that treatment of APC™"/+ mice
with the COX-2 inhibitor, sulindac, reduces both the num-
ber of intestinal tumors as well as nuclear B-catenin ac-
cumulation in the tumors.>*

Further, treatment of CRC cell lines with indomethacin,
another inhibitor of COX-2, is associated with reduced
nuclear B-catenin expression.®®

Components of B-Catenin Pathways and
Colorectal Carcinogenesis

The following section discusses predominantly genetic
abnormalities of components of the B-catenin pathways
that have been shown to or may relate to colorectal
carcinogenesis. Although the Wnt-Frz-Dvl pathway is, in
essence, a regulator of B-catenin function, it is classically
described as part of the p-catenin signaling pathway and
is, therefore, included in this section.

B-Catenin

The most common mutations that have been found in the
human gene encoding B-catenin (CTNNBT) effect the
protein’s serine and threonine residues that are targeted
by GSK-38.%¢ As a result, the mutant protein is resistant
to phosphorylation and escapes the B-TrCP-mediated
ubiquitination/proteosomal degradation pathway;*® such
changes seem to be effected by the CTNNBT mutations
in a dominant manner.®>” Because APC mutations are
thought to instigate colorectal carcinogenesis via their
suppression of p-catenin degradation,®®'? it may be
speculated that CTNNBT mutations have particular im-
portance in the relatively small proportion of CRCs that
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lack APC mutations. This is, indeed, borne out by recent
studies demonstrating that 50% of such CRCs show CT-
NNB1 mutations.®® Sparks and colleagues®® also found
that APC and CTNNB1 mutations were mutually exclusive
among 30 colorectal neoplasms, although the two have
periodically been described in the same CRC cell line.®®
Further support for the importance of CTNNB71 mutations
to intestinal carcinogenesis and how they substitute for
APC mutation comes from two independent studies of
transgenic mice that are similar in producing B-catenin
that lacks binding sites for GSK-38.59¢° Both types of
mice develop dysplastic lesions and polyps in the small
intestine as are seen in APC™"/+ mice.®" Although nei-
ther transgenic B-catenin mouse developed colorectal
polyps,®€° this too is a recognized feature of APC™"/+
mice.%"

APC, GSK-3B, and AXIN

The occurrence and nature of APC mutations in CRCs are
well described elsewhere®¢% and will not, therefore, be
discussed in detail here. In brief, the APC mutations
found in these cancers almost always cause truncation of
the central region of the protein containing the 20-amino
acid B-catenin-binding site.'® Subsequent loss of APC
protein binding to B-catenin is thought to significantly
reduce phosphorylation of B-catenin by GSK-38, thereby
leading to accumulation of cytosolic p-catenin.?3'? The
central role of GSK-38 in the regulation of B-catenin func-
tion would suggest mutations of the gene encoding the
kinase might have a significant role in colorectal carcino-
genesis. No mutations of the GSK-3B gene were found in
three colorectal cancer cell lines®® but, obviously, study
of more cell lines and of CRCs in vivo is needed to
comprehensively test this hypothesis. As described
above, the protein AXIN functions by promoting degra-
dation of B-catenin. Satoh and colleagues® have re-
cently described nonsense mutations of the AXIN gene in
hepatocellular carcinomas. These mutations produce
truncated AXIN protein that shows reduced binding to
B-catenin, and were associated with nuclear accumula-
tion of B-catenin and increased B-catenin/TCF transcrip-
tional activity.®* Since then, two sequence variants of the
AXIN gene have been reported in 4 out of 34 CRC cell
lines tested.®® Further, one of these variants (a leucine to
methionine substitution at residue 396) interferes with
binding of AXIN to GSK-38 protein® and could, there-
fore, promote B-catenin nuclear signaling. Finally, having
first cloned the human homologue of AXIN (called
AXIN2),%6 Liu and colleagues®’ recently demonstrated
frameshift mutations of AXIN2 in 11 out of 45 CRCs show-
ing microsatellite instability, compared with none of 60
microsatellite stable tumors. None of the 11 CRCs with
AXIN2 mutations showed mutations of APC or CTNNB1.%”
Instead, AXIN2 mutations, a type of which was shown to
activate TCF-dependent transcription in vitro, were sug-
gested to explain the nuclear B-catenin accumulation
seen in 10 of the 11 tumors.®”
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Wnt, Frz, and TCF-4

Little is known about the role of the human Wnt-Frz-Dvl
signaling pathway in adulthood. Aberrant activation of
this pathway would, however, be predicted to have on-
cogenic effects through reduced degradation of cytoso-
lic B-catenin and increased B-catenin nuclear transloca-
tion. Higher levels of Wnt2 mRNA are found in CRC tissue
compared with normal colorectal mucosa,®®®° but in-
creased Wnt2 expression is not seen in colorectal cancer
cell lines.®® This discrepancy may, however, be ex-
plained by the recent, intriguing findings of Smith and
colleagues.®® Using in situ hybridization probes for Wnt2
and immunohistochemical markers for macrophages,
this research group found that stromal macrophages
were the source of the elevated Wnt2 mRNA levels in
CRC tissue. A concentration of Wnt2 at the tumor/stromal
interface, for the above reasons, would then provide at
least one explanation for the prominence of nuclear
B-catenin expression found at the invading front of CRC
(Figure 2¢).7°

There are, thus far, seven known members of the Frz
family.”""2 Tanaka and colleagues’? recently identified a
novel Frz gene (FzE3) in 60% of esophageal squamous
cell carcinomas and also in 21% (3 out of 14) of CRCs.
Further, transfecting cells with the FzZE3 gene led to in-
creased nuclear accumulation of B-catenin, an effect that
was potentiated by co-transfection with LEF-1.72 Clarify-
ing the role of FzZE3 gene expression in colorectal carci-
nogenesis will be aided by much needed study of the
roles of the different Frz proteins in normal and malignant
colorectal epithelium.

Although different regulators of TCF-4 function have
been well-studied (see above), only recently has informa-
tion emerged regarding aberrations of the TCF-4 gene
itself. From mutation screening of the entire TCF-4 gene
in 24 colorectal cancer cell lines, Duval and colleagues”®
found DNA variants in 12 cases.”® Of particular interest
are mutations of the 3’ end of the gene found in half these
cases. The mutant gene products were predicted to
show reduced binding for c-terminal-binding protein,
which is thought to repress TCF transcriptional activity.”®
Although these 3’ end TCF-4 mutations, therefore, pro-
vide a plausible explanation for increased B-catenin/TCF
transcriptional activity, their relative contribution to colo-
rectal carcinogenesis in vivo remains to be determined.
The same group had earlier demonstrated a single base
pair deletion in exon 4 in 39% and 50% of microsatellite
unstable CRCs and cell lines, respectively, but in none of
the microsatellite stable CRCs and cell lines studied.”™
However, this exon 4 mutation was thought unlikely to
interfere with the binding regions of TCF-4.74

B-Catenin Effectors and Colorectal
Carcinogenesis

The effector pathways described below share, in com-
mon, induction by B-catenin/TCF activity and recognized
involvement in colorectal carcinogenesis. Further, in all
but two cases (UPAR and CD44), TCF-binding sites have

been demonstrated in the promoter sequences of the
genes encoding these effector molecules.

C-myc

C-myc was the first target gene of the p-catenin signaling
pathway to be demonstrated in humans.”® This discovery
has helped to clarify two previously unexplained obser-
vations concerning the transcription factor. First, c-myc
expression is suppressed by an extra copy of chromo-
some 5,76 which, in turn, is known to contain the APC
gene locus.”® Second, overexpression of c-myc mRNA
and protein is well-described in CRCs but rearrangement
and/or amplification of the c-myc gene have rarely been
found to explain these observations.”” The relationship
between B-catenin and c-myc was first clarified in vitro by
demonstrating that expression of a mutant B-catenin pro-
tein resistant to the down-regulatory effects of APC pro-
tein increased c-myc expression via TCF-4 binding to the
c-myc promoter.”® Since then, the existence of this rela-
tionship has been demonstrated in vivo by Brabletz and
colleagues,”® who have reported a strong correlation
between nuclear B-catenin and c-myc immunostaining
among CRCs. There are also, however, recent data sug-
gesting that y-catenin may be equally if not more impor-
tant in mediating the association between APC mutation
and c-myc up-regulation in CRC.”®

Cyclin D1

As with c-myc, cyclin D1 protein had been known, for
some time, to be overexpressed in CRC®° yet, unlike in
breast and esophageal carcinomas, genetic aberration
of the cyclin D1 gene is rarely found in CRCs.2%®" In
1999, two independent research groups published in vitro
findings demonstrating that g-catenin regulates cyclin D1
expression.®28% Tetsu and McCormick® showed that
both wild-type and mutant B-catenin increases transcrip-
tion of the cell cycle protein, and that treatment with
dominant-negative TCF-4 suppresses this effect. Further,
Shtutman and colleagues®® demonstrated that the
B-catenin/LEF-1 complex binds to the cyclin D1 pro-
moter, and the promotion of cyclin D1 expression by
B-catenin is inhibited by transfection with wild-type APC
and/or AXIN. Since then, p-catenin gene mutations have
been shown to induce cyclin D1 overexpression in the
azoxymethane rat model of CRC.%* Finally, we have re-
cently shown that, in human CRC in vivo, cyclin D1 over-
expression always and only takes place in association
with nuclear B-catenin expression (submitted for publica-
tion; Figure 2; a to f).

Gastrin

Like cyclin D1, the gastrointestinal hormone gastrin is
thought to have a role in driving cell proliferation in
CRC.®® Up-regulation of gastrin gene expression is seen
in colorectal adenomas®® and CRCs,®” and the likelihood
that this up-regulation is mediated by B-catenin nuclear
signaling is supported by recent data from Koh and



colleagues.®® In keeping with TCF-4-binding sites on the
gastrin gene promoter, co-transfection of Hela cells with
an active B-catenin expression construct leads to in-
creased gastrin promoter activity, whereas induction of
wild-type APC in CRC cell lines reduces gastrin mRNA
levels.®® Further, compared with control APC™"/+ mice,
transgenic mice that overexpress glycine-extended gas-
trin show increased numbers of polyps whereas their
gastrin-deficient counterparts show reduced numbers.®°
Confirmation that B-catenin nuclear signaling represents
the primary mediator of gastrin up-regulation in CRC in
vivo is awaited.

COX-2

The recent attention paid to the role of prostaglandin and
COX-2 overexpression in colorectal carcinogenesis has
particularly been fuelled by interest in using aspirin or
more specific COX-2 inhibitors to reduce the risk of de-
veloping CRC.#® Although COX-2 had been demon-
strated at higher levels in human CRCs than in normal
colonic mucosa,®® the first indication of an interaction
between COX-2 and pB-catenin pathways came from
studies on mutant APC mice: intestinal polyps from such
mice show elevated levels of COX-2 whereas introducing
a null mutation of the COX-2 gene to the animals reduces
the number and size of intestinal tumors.®° As discussed
earlier, COX-2 may regulate B-catenin function via
PPAR-y activation. However, there are also recent data
showing that B-catenin signaling pathways may, in turn,
regulate the expression of COX-2. Addition of wild-type
APC to mutant APC colorectal cell lines reduces COX-2
protein expression,®! overexpression of B-catenin in mu-
rine mammary cell lines increases basal COX-2 protein
and mRNA,®2 and both basal and inducible levels of
COX-2 protein and mRNA are higher in mutant APC
murine cell lines.®® The changes in COX-2 described in
the latter study model are also associated with increased
B-catenin/LEF-1 complex formation.®® Although these
data suggest B-catenin/TCF transcriptional activity may
directly induce COX-2 expression, evidence to confirm
this is still awaited. The human COX-2 gene promoter has
two potential TCF-binding sites but no increase in COX-2
promoter reporter activity has yet been demonstrated
after overexpression of B-catenin in vitro.®? It is possible,
therefore, that B-catenin signaling and COX-2 regulation
may be linked via an, as yet unidentified, intermediary.

MMP-7

MMP-7 (matrilysin) is expressed in up to 90% of CRCs
and is thought to be important in mediating stromal inva-
sion?* but may also have a role in earlier stages of car-
cinogenesis. In support of the latter, ablation of MMP-7
expression reduces the number of intestinal adenomas in
APC™"/+ mice.®® Co-localization of nuclear B-catenin
and MMP-7 protein®® and mRNA®’ has been demon-
strated in human CRCs®® and tumors from APC™"/+
mice,®’ respectively. The human MMP-7 gene promoter
has at least two TCF-binding sites®® but, unlike with
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COX-2, the B-catenin/TCF complex has been shown to
increase MMP-7 promoter activity in vitro.®” Further, this
effect is abrogated by mutating a TCF-binding site on the
MMP-7 promoter or by introducing a dominant-negative
TCF mutant.®®

uPAR

Another factor that may mediate stromal invasion by CRC
is the proteolytic protein plasmin, which is produced by
cleavage of plasminogen.®® Plasminogen is cleaved by
the soluble factor urokinase-type plasminogen activator
(uPA) but the transmembrane protein, uPAR, is also func-
tionally involved in cleavage of plasminogen at the cell
surface.®® uPAR is overexpressed in CRCs'%%"°" and, as
might be expected, is particularly localized to the inva-
sion fronts of these cancers;'®° incidentally, as men-
tioned earlier, Wnt2 production and B-catenin nuclear
expression are also most prominent at these invasion
fronts. The identification of uPAR as a target gene of the
B-catenin signaling pathway resulted from a differential
hybridization-based search for altered gene expression
in colorectal cells after induction of B-catenin expres-
sion.’°2 A subsequent in vivo study showed good corre-
lation between B-catenin mMRNA and uPAR protein and
mRNA expression among CRCs.'%? The mechanism by
which B-catenin induces UPAR expression is unclear but
it has been suggested that the oncoproteins c-jun and
fra-1, whose promoters bear TCF binding sites, may me-
diate this interaction.'%?

CD44

CD44 represents a group of frans-membrane glycopro-
teins that are thought to function primarily as cell adhe-
sion molecules.'®® The usual gene product of the CD44
gene is termed CD44s (standard), but differential splicing
of the gene produces a variety of splice variants (CD44v),
more than 1000 variants being theoretically possible. '3
CD44s and CD44v6 are expressed in 56% and 99% of
CRCs, respectively, and the association of such expres-
sion with poorer prognosis suggests a possible pro-on-
cogenic role for these molecules.'®* %% The fact that
aberrant expression of CD44 molecules occurs at as
early a stage in colorectal carcinogenesis as APC muta-
tions'®® led Wielenga and colleagues'®” to study the
relationship between the two phenomena and the B-cate-
nin signaling pathway. The tumors that develop in
APC™"/+ mice were found to show increased expression
of CD44s and CD44v6 protein and mRNA, whereas, in
patients with familial adenomatous polyposis, increased ex-
pression of CD44s protein was seen in aberrant crypt foci.
The above findings together with the fact that TCF-4 —/—
mice show no evidence of gastrointestinal CD44 expres-
sion'” were interpreted as suggesting B-catenin may
regulate expression of CD44. Clearly, the in vitro and in
vivo methods used to investigate other effector molecules
of B-catenin will need to be applied to further test this
hypothesis.
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MDR-1/P-Glycoprotein (Pgp)

Increased transcription of the multidrug resistance-1
gene, MDR-1 and its product, Pgp, have been demon-
strated in CRCs.'°® Pgp is thought to have a generic
anti-apoptotic function and, in keeping with this, Pgp
expression in CRC has been shown to correlate with
markers of a more aggressive phenotype, namely vascu-
lar invasion, lymph node metastases and shorter dis-
ease-free survival.’® Further, high expression of Pgp
may mediate resistance of CRC to chemotherapeutic
drugs based on naturally occurring compounds. '°® Anal-
ysis of cDNA expression profiles of a CRC cell line with
suppressed TCF-4 activity has recently shown MDR-17 to
be yet another target of nuclear B-catenin signaling.'°®
MDR-1 promoter activity could be directly regulated by
TCF-4 and close correlation between Pgp expression
and cellular accumulation of B-catenin was demonstrated
immunohistochemically in colorectal adenomas and
CRCs from patients with familial adenomatous polypo-
sis.’®® A particular significance of this interaction be-
tween B-catenin and MDR-1 is that it represents at least
one possible explanation for the anti-apoptotic effects of
nuclear B-catenin signaling (see below).

B-Catenin and Colorectal
Carcinogenesis— Other Potential Links

This last, more heterogeneous group discusses compo-
nents of B-catenin pathways and colorectal carcinogen-
esis that may be linked on more theoretical grounds.
Further studies in these areas are, however, awaited to
support or refute these suggested relationships.

B-Catenin and Regulators of Apoptosis

Dysregulation of apoptosis plays an important role in
colorectal carcinogenesis.''® Nuclear p-catenin signal-
ing seems to have an anti-apoptotic effect in that mech-
anisms that reduce such signaling, eg, introduction of
functioning APC or AXIN protein,®* also induce apopto-
sis. Aside from regulation of MDR-1 expression, no plau-
sible mechanisms have yet been suggested to underlie
this effect of B-catenin. Although p53 is recognized as
having an important oncosuppressor function with re-
gards to colorectal carcinogenesis, there have been sur-
prisingly few studies of the relationship between regula-
tion of this protein and B-catenin. One such study showed
that overexpression of nuclear p-catenin, in lung adeno-
carcinoma cells, led to accumulation of transcriptionally
active p53 probably through inhibition of its degrada-
tion.”™" These findings seem, however, to contradict the
aforementioned anti-apoptotic effect of nuclear B-catenin
signaling. It will, therefore, be important to see whether
the findings of Damalas and colleagues''" are tissue-
specific and, in particular, whether they can be repro-
duced in colorectal cell lines. There have been more
recent data suggesting that p53 may in turn reduce ex-
pression of B-catenin by inducing Siah-1-mediated deg-
radation of B-catenin.'®'* These exciting findings pro-

vide at least a second explanation (ie, aside from
reduced apoptosis) for why mutational loss of p53 func-
tion may promote colorectal carcinogenesis. Low levels
of Siah-1 have been observed in SW480,'* a CRC cell
line known to express mutant p53.""? Future studies,
however, will be needed to quantify the exact contri-
bution of loss of p53 and Siah-1 functions to B-catenin
signaling in CRCs in vivo.

Another regulator of apoptosis whose dysregulation
may be important to colorectal carcinogenesis is bcl-
2110113 We are unaware of any studies that have directly
investigated the relationship between B-catenin and
bcl-2, which is known to inhibit apoptosis.’'® However,
COX-2 is known to induce bcl-2 expression’* so it is
possible that nuclear B-catenin signaling indirectly pro-
tects against apoptosis by promoting COX-2 expression,
as described earlier. Although not directly supporting this
hypothesis, it is also interesting that transgenic mutant
B-catenin mice®® share some similar, unexpected pheno-
typic changes with bcl-2 null mice,"'® eg, formation of
polycystic kidneys.

B-Catenin and CDX1/CDX2

There has been recent interest in possible roles for the
two homeobox proteins CDX1 and CDX2 in colorectal
carcinogenesis. There are some data suggesting that, in
relation to this process, CDX1 has oncogenic activity
whereas CDX2 has a tumor suppressor function. Lorentz
and colleagues’'® have recently shown increased ras
expression leads to up-regulation of CDX7 but down-
regulation of CDX2 in a CRC cell line. Further, CDX1
overexpression increases cell proliferation and inhibits
apoptosis in vitro''” whereas transgenic mice heterozy-
gous for a null CDX2 mutation develop multiple gastroin-
testinal adenomatous polyps, particularly in the proximal
colon.""® These opposite effects of CDX1 and CDX2 are
supported, in part, by recent data showing how the two
proteins may interact with APC/B-catenin pathways. Wnt
signaling has been shown to promote CDX1 expression
in vitro, the CDX1 promoter has a binding site for the
B-catenin/TCF complex, and TCF-4 knockout mice show
reduced intestinal expression of CDX1."'® By contrast,
wild-type APC expression, and hence reduced nuclear
B-catenin signaling, has been shown to increase CDX2
RNA levels in a colorectal cancer cell line.'?° There are
also, however, data that contradict and complicate the
suggested relationships between the two homeobox pro-
teins and APC/B-catenin pathways in colorectal carcino-
genesis. Immunohistochemical studies have shown that
expression of CDX2'?" but also CDX1'22 is progressively
reduced along the adenoma-carcinoma sequence. Fur-
ther, an inactivating mutation of CDX2 is associated with
reduced pB-catenin/TCF transcriptional activity in the
presence of intact APC and B-catenin genes, '?° suggest-
ing that CDX2 may function to maintain nuclear B-catenin
signaling. It is clear that further work will be required to
characterize the exact interactions between CDX1,
CDX2, and B-catenin pathways and to determine exactly
how they relate to colorectal carcinogenesis.



Other Components of B-Catenin Pathways

In parallel with the discovery that nuclear B-catenin sig-
naling has pro-oncogenic effects, greater insight has only
recently been gained into the regulation of B-catenin
activity and movement within and around the nucleus.

There is increasing evidence that B-catenin/TCF tran-
scriptional activity may be regulated by differential ex-
pressions of different isoforms of TCF-1 and LEF-1. The
genes encoding these proteins each have two promot-
ers.'® 23 Whereas full length TCF-1 and LEF-1 can both
activate gene transcription, their shorter/truncated iso-
forms both lack B-catenin-binding sites and seem to re-
press B-catenin/TCF transcriptional activity, as men-
tioned earlier in this review.'®'® Although transcription of
both TCF-1 and LEF-1 is up-regulated by B-catenin nu-
clear signaling,® '€ it is not yet clear how the differential
expression of their isoforms is controlled. There are, how-
ever, recent data suggesting dysregulation of these pu-
tative positive and negative feedback loops may contrib-
ute to colorectal carcinogenesis. LEF-1, for example, is
not found in any cell in normal colorectal tissue but is
aberrantly expressed in CRC and always in its full-length,
transcriptionally active, isoform."® By contrast, truncated
TCF-1 seems to be the predominant isoform found in
human cells.’® A potential role for TCF-1 as a tumor
suppressor gene is supported by the fact that TCF-1-
deficient mice develop intestinal neoplasms akin to those
seen in mutant APC mice, and crossbreeding these two
strains leads to a greater number of neoplasms as well as
the formation of colonic tumors.'® Study of a handful of
CRC cell lines has shown, if anything, overexpression of
TCF-1 protein and mRNA, this being attributed to in-
creased B-catenin nuclear signaling secondary to APC
mutations or oncogenic mutations of B-catenin.’® How-
ever, CRCs in vivo and more CRC cell lines will have to be
studied before the possibility that TCF-1 down-regulation
contributes to increased B-catenin transcriptional activity
in colorectal carcinogenesis can be refuted.

Another means of reducing nuclear B-catenin activity
involves the relocation of free protein from the cytosol to
the cell membrane. Ben-Ze'ev'®* showed that transfec-
tion with N-cadherin can induce such retrograde move-
ment and reduce B-catenin-directed transactivation while
producing a better differentiated phenotype in colorectal
carcinoma cells. Like TCF-1, however, it is unclear to
what extent disorders of N-cadherin expression occur in
CRCs in vivo. Regardless of the answer to the question,
cadherin derivatives may still have a potential therapeutic
and/or prophylactic role in suppressing nuclear p-catenin
activity and, therefore, oncogenesis. Interestingly, an-
other compound that promotes movement of B-catenin
back to the cell membrane'®® is also thought to be the
primary mediator of the CRC preventative effects of a
high-fiber diet, ie, butyrate.’*® Colonocyte butyrate levels
are elevated by such a diet and the compound increases
apoptosis, induces differentiation, and promotes cell to
cell adhesion in colorectal cancer cell lings.'?%127 Al-
though butyrate has also been shown to reduce tran-
scription of B-catenin,'® its reduction of nuclear B-cate-
nin levels is thought to be primarily because of
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encouraging movement of B-catenin to the cell mem-
brane through promoting expression of E-cadherin.’®®
The abilities of N- and E-cadherin to recruit p-catenin
back to the cell membrane are most certainly related to
both proteins sharing overlapping binding sites on
B-catenin with APC protein and TCFs."® It has been
known for some time now that the B-catenin/TCF complex
binds to the 5’ end of the murine gene encoding E-
cadherin."®° Although we are unaware that such binding
has been demonstrated in human cells, if B-catenin is
found to induce E-cadherin transcription in these cells,
this may represent yet another negative feedback loop.
Therefore, the oncogenic effects of loss of E-cadherin in
CRCs, for example, because of gene mutation'3° may not
only relate to loss of cell to cell adhesion but also to loss
of suppression of nuclear B-catenin activity.

As with E-cadherin, loss of a-catenin is frequently de-
scribed in CRC and may be important in releasing
B-catenin from a membrane-bound state.'®' However,
recent studies in CRC cell lines have shown that «a-cate-
nin may have a second role in regulating B-catenin path-
ways. Having demonstrated ectopic expression of
a-catenin in nuclei, Giannini and colleagues'? pro-
ceeded to show that at this site, the protein may repress
TCF transcriptional activity and inhibit the binding of the
B-catenin/TCF complex to DNA.

A final component of the B-catenin pathways that de-
serves future study for potential roles in colorectal carci-
nogenesis is the cytosolic degradation of the protein.
Inhibition of such degradation could be predicted to en-
courage nuclear translocation. Searches for epigenetic
and genetic anomalies of the B-TrCP and the newly de-
scribed Siah-1'3"* degradation pathways in CRC would,
therefore, be particularly informative.

Conclusions and Further Areas for Study

This review has shown that the protein B-catenin interacts
with components of almost all stages and aspects of
colorectal carcinogenesis via the adenoma-carcinoma
sequence (Figure 3). Nuclear B-catenin accumulation is
seen in aberrant crypt foci and adenomas and, in the
latter case, may explain, for example, the up-regulation of
cyclin D1 and gastrin expression seen at this early stage
of colorectal carcinogenesis.?%#® This nuclear accumu-
lation is retained through the sequence to primary ade-
nocarcinoma and secondary deposits of CRC, where it
may then play a role in stromal invasion by promoting
MMP-7 and uPAR expression. In this way and by linking
several components of colorectal carcinogenesis,
B-catenin seems to act as a key and central molecule to
this process (Figure 3). Whether increased nuclear
B-catenin signaling is de riguer for the development of
CRC is uncertain as at least 20% of these cancers show
no immunohistochemical evidence of nuclear accumula-
tion of the protein.® 3% Although different components of
the B-catenin pathways may be deranged in microsatel-
lite unstable CRCs (eg, less APC mutations,’®* more
TCF-4 mutations,”* more AXIN2 mutations®’), the rate of
this nuclear accumulation is no higher in these cancers
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compared to their microsatellite-stable counterparts.
Finally, we (unpublished observations) and others
have recently found that dysregulation of B-catenin pro-
tein expression is less commonly observed in ulcerative
colitis-related CRCs than in their sporadic counterparts.
These observations have, however, all been based on
semiquantitative analyses using immunohistochemical
techniques and the sensitivity of these techniques in
detecting activation of the B-catenin signaling pathway
needs to be considered. Regardless of the extent to
which CRCs may show abnormalities of the B-catenin
pathways, it seems clear that their common pathway and
the key to the protein’s oncogenic effects is the translo-
cation of B-catenin into the nucleus and its interaction
with DNA. If our current knowledge of B-catenin’s role in
colorectal carcinogenesis is to be translated into thera-
peutic and/or preventative interventions, an obvious aim
would, therefore, be to block this common pathway. De-
ciding how to target this pathway is being aided by
emerging knowledge about B-catenin’s nuclear interac-
tions. For example, the protein is now known to enter the
nucleus by binding directly to the nuclear pore machin-
ery, a process that is inhibited by an as yet unidentified
but potentially therapeutically useful cytosolic factor.3”

If B-catenin-directed interventions are to be devel-
oped, much more, however, needs to be learned about

the physiological role of nuclear B-catenin signaling in
human tissues, particularly if side effects are to be
avoided. Learning more about B-catenin’s functions in
other tissues may, in turn, further expand our understand-
ing of colorectal carcinogenesis. For example, B-catenin
pathways are thought to play an important role in main-
taining endothelial cell survival as is required for angio-
genesis.'®® Further, nuclear B-catenin signaling has re-
cently been shown, in fibroblasts, to increase production
of fibronectin,’™® an extracellular compound to which
colorectal cancer cells adhere during invasion.'° A final
area for future study is the regulation of B-catenin gene
transcription. Aside from the rare example of butyrate, '2°
little is known about molecules and mechanisms that may
influence the actual synthesis of B-catenin. Exploring
whether and, if so, how B-catenin gene transcription in-
teracts with its subcellular movements and its degrada-
tion is likely to further complicate what we know of the
protein in colorectal carcinogenesis, but may eventually
reveal other possible targets for therapeutic and/or pre-
ventative intervention.
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