
European
www.ejconline.com

European Journal of Cancer 41 (2005) 365–379

Journal of

Cancer
Review

Changes in the Wnt signalling pathway in gastrointestinal cancers
and their prognostic significance

H. Doucas a,*, G. Garcea b, C.P. Neal a, M.M. Manson a, D.P. Berry b

a Department of Cancer Biomarkers and Prevention Group, Biocentre, University Road, Leicester LE1 7RH, UK
b Department of Hepatobiliary Surgery, Leicester General Hospital, Gwendolen Road, Leicester LE5 4PW, UK

Received 25 May 2004; received in revised form 8 October 2004; accepted 12 November 2004

Available online 5 January 2005
Abstract

Many steps in the Wnt signalling pathway may be altered during the process of carcinogenesis. This Review focuses on the

changes observed in gastrointestinal cancers. A literature search was undertaken and the currently available data summarised.

Understanding the alterations to this signalling pathway may help to reveal future targets for therapeutic agents. In addition, since

in some tumours, levels of components of the Wnt pathway have been found to correlate with clinical stage, their potential use as

prognostic indicators is highlighted.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Cancer cells are characterised by their ability to pro-

liferate in defiance of normal controls and by the poten-

tial to invade other tissues. A series of mutations are

needed for a cell to become cancerous and different com-

binations of mutations are found in different cancers.
However, certain alterations are encountered frequently.

Changes in concentration, conformation or cellular

location of intracellular molecules can affect signalling

pathways and lead to cancerous change. Identifying

the responsible molecules and defining these sequences

of events are important for understanding the disease

process and may uncover novel targets for future

therapies.
The Wnt pathway (known as the wingless pathway in

Drosophila) has a role in organ development in a num-

ber of species, but when aberrantly activated is associ-

ated with carcinogenesis. For example, over 90% of
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colorectal cancers have a mutation that activates this

pathway [1].

The Wnt family of genes code for a group of glyco-

protein signalling molecules. The pathway these glyco-

proteins then activate has been implicated in a number

of different human cancers. This Review paper will con-

centrate on its role in gastrointestinal tumours. Under-
standing the role of this pathway in carcinogenesis is

important, as some of its components have been shown

to correlate with the clinical stage of some tumours and

may therefore be useful prognostic aids. In addition, tar-

geting inhibitory agents towards steps which are known

to be inappropriately activated in carcinogenesis may be

useful in the development of chemopreventive or chemo-

therapeutic agents.
2. b-Catenin breakdown

b-Catenin, coupled with a-catenin, normally connects

the cell membrane adhesion molecule E-cadherin to the

actin cytoskeleton. Free b-catenin is degraded following

mailto:hd24@leicester.ac.uk 
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binding to a complex consisting of the molecules adeno-

matous polyposis coli (APC), axin, and glycogen syn-

thase kinase-3b (GSK-3b). APC mutation is known to

be of great importance in gastrointestinal carcinogene-

sis. Once bound, b-catenin is phosphorylated. Phos-

phorylated b-catenin binds to the protein b-TrCP,
following which it is tagged by a small protein called

ubiquitin, in preparation for degradation by a proteo-

some (Fig. 1).
3. The effect of Wnt binding on the b-catenin–TCF
pathway (the canonical Wnt pathway)

Wnt binds to one of a family of Wnt receptors, pro-

teins that span the cell membrane seven times. These

receptors are encoded by the Frizzled genes, (FZD1–

10). Binding of Wnt leads to phosphorylation of the

cytoplasmic protein Dishevelled (Dsh), which then binds
Fig. 1. In the absence of a Wnt signal, b-catenin binds the APC/Axin/GSK

causes phosphorylation of Dsh, which leads to dissociation of the APC/A

nucleus, and after binding to TCF it activates transcription of a number of

(MMP-7).
to axin and causes dissociation of the APC/axin/GSK

complex. This in turn means that b-catenin is unable

to bind and free b-catenin accumulates. This translo-

cates to the nucleus where it binds to T-cell factors

and activates transcription of a number of genes, includ-

ing c-Myc, cyclin D1, matrix metalloproteinase-7
(MMP-7), and immunoglobulin transcription factor 2

(ITF-2). Nuclear b-catenin is therefore the hallmark of

an active Wnt pathway.
4. The non-canonical Wnt pathways

Wnt binding may also lead to signal transduction via
two other pathways. First, binding to some FZD recep-

tors leads to intracellular calcium release and activation

of protein kinase C (PKC). Alternatively, Dsh also acti-

vates the jun-N terminal kinase (JNK) pathway. JNK

translocates to the nucleus where it regulates the activity
complex, is phosphorylated, and subsequently degraded. Wnt binding

xin/GSK complex. Free b-catenin can accumulate, translocate to the

target genes, including cyclin D1, c-Myc and matrix metalloproteinase
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of transcription factors such as c-jun, ATF 2, Elk1,

DPC4, and p53.

The role of these non-canonical Wnt pathways in car-

cinogenesis is unclear. However, alteration to steps in

the canonical Wnt pathway has been directly linked to

carcinogenesis. The most important of these changes
will be considered below.
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5. Wnt genes and their products

The Wnt family consists of at least 19 glycoproteins,

which are rich in cysteine. In animal models and tissue

cell lines, Wnts have been shown to have a direct
involvement in neoplastic transformation. For example,

a number of head and neck squamous cell carcinoma

cell lines have increased levels of the mRNA of Wnt 1,

7a, 10b, and 13 [2]. Blocking Wnt 1 signalling has been

shown to lead to reduced cell proliferation and increased

apoptosis. These effects were accompanied by reduced

expression of b-catenin and cyclin D1 [2]. Wnt11, a

polypeptide containing 354 amino acids, whose mRNA
is normally expressed in adult liver, heart, pancreas, and

skeletal muscle, is upregulated in the human gastric can-

cer cell line, MKN45 [3]. Changes in Wnt levels have

been described in some tumours. For example, Wnt 2

mRNA is detectable in colon cancer, but is not found

in normal colonic mucosa [4]. In most human tumours

there is no direct evidence linking the Wnt proteins

themselves to carcinogenesis, but mutations mimicking
Wnt stimulation lead to activation of the pathway dur-

ing carcinogenesis.
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6. Frizzled receptors

Most Wnt proteins can bind to multiple Frizzled

receptors. The co-receptors LRP-5 and LRP-6 are mem-
bers of the single transmembrane low density lipopro-

tein receptor related protein (LRP) family [5].

Disruption in the synthesis of either receptor leads to

a dramatic reduction in signalling [6]. In Drosophila,

LRP (known as arrow) is essential for Wnt signalling.

It has been shown that canonical Wnt signalling is only

initiated when Wnt is complexed with both FZD and

LRP [5,7,8]. In Xenopus embryos, LRP activates Wnt
signalling and induces Wnt-responsive genes [5,7].

Mouse embryos mutant for LRP6 show developmental

defects similar to those caused by mutations in Wnt

genes [8]. A number of FZD genes have been character-

ised and shown to be expressed in human cancer cell

lines (Table 1) [2,9–17]. In cell lines, overexpression of

rat FZD 9 induces Dsh to move to the cell membrane

and become hyperphosphorylated. This is associated
with a rise in cytosolic b-catenin. In this experiment,

only Wnt 2 was able to activate FZD 9 [18].



Table 2

Frequency of b-catenin gene mutations in human tumours

Cancer Frequency of

b-catenin gene mutations

Reference

Colorectal 10% [24,29]

Gastric 8–26% [25,26]

Gastrointestinal

carcinoid

38% [27]

Oesophageal 0 [28]

Hepatocellular 17–44% [30,31]

Pancreatic

(non-ductal acinar cell)

6% [32]
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Some data also exist on the expression of Frizzled

receptors in tumour tissues. In colonic tumours, it has

been shown that while FZD 1 and 2 are not expressed in

normal colonic mucosa or in well differentiated tumours,

there is a high degree of expression in poorly differentiated

tumours, especially at the margin of cellular invasion [4].
This would suggest that receptor expression may be asso-

ciated with tumour invasion and may therefore be useful

as a prognosticmarker. FZD10has also been shown to be

upregulated in some cases of colon cancer [15]. Similarly,

FZD 2 and 3 are upregulated in both oesophageal and

gastric tumours, associated with increased nuclear stain-

ing of b-catenin and cyclin D1 expression [16,19]. Other

FZDs that have been shown to be upregulated in gastric
cancer are FZD 7, 8, 9, and 10 [16,17].
7. Glycoproteins similar to Frizzled (Frp)

Frizzled-related proteins (Frp) are soluble forms of

Frizzled that compete with FZD to bind Wnt via its cys-

teine-rich domain and therefore antagonise the Wnt sig-
nalling pathway. Analysis of two homologues of human

Frp shows that Frp1b is exclusively expressed in the

pancreas and Frp2 is found mostly in adipose tissue [20].

The role of Frps in tumour growth is not clearly de-

fined. It would seem logical that increased levels of Frp

should be associated with an anti-tumorigenic effect, as

Wnt signalling is reduced. It has been shown that Frp

is downregulated in some oesophageal and gastric can-
cers suggesting a potential role as a tumour suppressor,

although only a small number of tumours were studied

in this case [19]. However, in some tumours Frp appears

to be upregulated. In breast cancer, Frp increases as tu-

mours progress and this rise is associated with a fall in

Wnt 1 [21]. In addition, Frp seems to promote angiogen-

esis, being expressed in neovessels, but not in fully ma-

ture vasculature [22]. In glioma cells, it promotes
tumour growth [23].
8. b-Catenin

Activating mutations in the b-catenin gene and subse-

quent nuclear accumulation of b-catenin are important

in the development of many cancers. The association
of such mutations with various types of human gastroin-

testinal cancer is illustrated in Table 2 [24–32]. b-Cate-
nin may be activated by mechanisms other than

mutations in its gene, such as alteration to other compo-

nents of the Wnt signalling pathway, which lead to re-

duced b-catenin destruction. Therefore changes in

cellular levels are seen in many cancers even in the ab-

sence of gene mutations. As the results of one study
show, changes in b-catenin are found in a wide range

of cancers [33].
Cancerous cell lines in which b-catenin/TCF signal-

ling is upregulated:

� 100% of colorectal (12 of 12).

� 63% of gastric (5 of 8).

� 29% of hepatic (2 of 7).

Human tumours with increased nuclear expression of
b-catenin:

� 75% of colonic (15 of 20).

� 56% of gastric (14 of 25).

� 269% of hepatocellular (5 of 19).

8.1. b-Catenin and colorectal cancers

It is probably in this group of gastrointestinal tu-

mours that the role of b-catenin is best understood.

Work on colorectal cancer cell lines suggests that for

some b-catenin is a necessary oncogene [34]. If b-catenin
activity is disrupted, then there is a rapid arrest in the

G1 phase of the cell cycle, resulting in apoptosis

[35,36]. In cell lines transfected with small inhibiting
RNAs, which decrease b-catenin expression, there is a

marked decrease in the expression of genes dependent

on b-catenin/TCF activation, leading to a reduction in

cellular proliferation [37].

Evidence of the importance of b-catenin in tumori-

genesis has been shown in both animal and human stud-

ies. In rats, the increase in b-catenin signalling

frequently seems to be due to an activating mutation
in the gene. The majority of established cancers in rats

have such a mutation, which appears to be an early

event, as in one study 39% of early dysplastic lesions al-

ready had a b-catenin mutation [38]. In rats treated with

the carcinogenic agent, azoxymethane, crypts with an

accumulation of b-catenin develop in the mucosa and

seem to be early pre-neoplastic features [39]. The num-

ber and size of crypts overexpressing b-catenin increases
with duration of azoxymethane treatment [40]. In mice,

targeting of the b-catenin pathway leads to reduced tu-

mour growth [41]. By using oligonucleotides directed
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against b-catenin mRNA and downregulating its expres-

sion, there is a dose-dependent inhibition of tumour

growth [42].

b-Catenin has also been implicated in angiogenesis. It

upregulates the gene for the growth promoter vascular

endothelial growth factor A (VEGF A), which has bind-
ing sites for b-catenin/TCF. In addition, the VEGF

receptor, Flk-1, is able to phosphorylate b-catenin [43].

If b-catenin is transfected into normal colon cells,

VEGF A expression increases. In Min mice (which are

mutant for APC), a rise in nuclear b-catenin in colonic

cells is associated with increased VEGF A in the vicinity

of these cells and a corresponding increase in vessel den-

sity [44].
Over 70 b-catenin mutations have been reported in

colorectal cancers, most of which are mis-sense muta-

tions [45]. However, in humans, mutation of the b-cate-
nin gene itself seems to be a less frequent event than in

rodents. One study examined 63 sporadic colorectal can-

cers without finding any b-catenin gene mutations [46].

However, there were altered amounts of b-catenin,
implying that other elements in the Wnt pathway are
responsible for the changed levels of b-catenin.

The change in b-catenin levels in human colorectal

tumours has been fairly well documented. Normal local-

isation of b-catenin at the cell membrane is reduced in

70–84% of established cancers, while nuclear and cyto-

plasmic b-catenin is increased in 66–79% [47,48]. There

is a reciprocal relationship between decreasing membra-

nous and increasing cytoplasmic and nuclear b-catenin
during the progression from adenoma to carcinoma.

Immunohistochemical studies have shown that as the

epithelium changes from normal to dysplastic to cancer-

ous, there is a progressive increase in nuclear b-catenin
staining [48]. As nuclear b-catenin can be found in even

mildly dysplastic adenomas, this suggests that the rise in

its expression is an early event in the tumorigenic pro-

cess [49]. Two studies have shown that nuclear accumu-
lation of b-catenin occurs diffusely throughout the

tumour in 27–44% of colorectal cancers. However, a fur-

ther 9–26% have nuclear accumulation specifically at the

tumour invasion front. This phenomenon is associated

with advanced Dukes� stage, tumour recurrence and

the presence of metastases [50,51].

A relationship has been found between the presence

of cytoplasmic b-catenin and the likelihood of haemat-
ogenous metastases, with b-catenin overexpression cor-

relating with venous invasion, depth of tumour

invasion and focal dedifferentiation [47]. This suggests

that b-catenin expression may prove to be a useful bio-

marker for colorectal cancers and may also provide an

indication of severity.

However, there may be a difference between different

morphological types of cancer. Data suggest that nucle-
ar expression of b-catenin tends to be associated with

ulcerative tumours, with 72% of these having nuclear
expression of b-catenin. This is in contrast to only

27% of polypoid tumours [52]. b-Catenin is overexpres-

sed in ulcerative colitis-related tumours and familial

cancers, as well as in sporadic colorectal cancers [53,54].

Combining the analysis of b-catenin with that of

other markers may increase its usefulness as a prognos-
tic marker. k-ras is mutated in 42% of colorectal cancers.

One study has shown that the majority of tumours

(78%), have activation of either b-catenin or k-ras, and

those with both have a more advanced Dukes stage

and are more likely to develop distant metastases,

although the number of cases studied was fairly small

[50]. Similarly, a lack of p27 expression, when combined

with accumulation of nuclear b-catenin is a marker of
poor prognosis. In a study combining analysis of these

two factors, none of the patients exhibiting both findings

survived more than five years [55].

Having established the existence of deranged b-cate-
nin expression in colorectal cancers, there has been some

effort to target therapies at this area of the Wnt path-

way. Some agents that are known to be chemopreven-

tive (they suppress or reverse the development of
cancer), may exert their effect by inhibiting b-catenin
activity. In cell lines, curcumin has been shown to lead

to cleavage of b-catenin and so to reduced translocation

of b-catenin, and reduced transcription of the target

gene, c-Myc [56]. There has also been much interest in

the use of non-steroidal anti-inflammatory drugs (NSA-

IDs), as these have been shown to have a chemopreven-

tive effect on colorectal cancer formation [57,58]. In cell
lines treated with various metabolites of sulindac, there

is a dose-dependent reduction in b-catenin expression

[59]. Similarly, in rats with colorectal tumours, the rate

of nuclear b-catenin staining decreases with NSAID

treatment, implying an effect on this pathway [60,61].

Various mechanisms by which NSAIDs affect b-catenin
have been suggested. In cell lines, aspirin inhibits the

association of b-catenin with TCF-4 in the nucleus
[62]. In addition, NSAIDs have been shown to cause in-

creased phosphorylation of b-catenin, hence promoting

its destruction and downregulating its signalling [63].

Therefore, there is potential for using b-catenin as

both a prognostic marker and a target for drug interven-

tion in colorectal cancer. However, it also has a role in

other gastrointestinal tumours, although in some cases

this role has not been so clearly defined.

8.2. b-Catenin and oesophageal and gastric cancers

b-Catenin is frequently expressed in gastric cancer

cell lines [64]. There are mutations of the gene in oesoph-

ageal and gastric cancers, although this is not invariably

the case, even when b-catenin expression is altered

[65–68]. In some human tumours, there is alteration in
b-catenin expression similar to that found in colorectal

cancers, namely a loss of membranous expression and
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an increase in nuclear staining [68–71]. In gastric can-

cers, this change becomes more marked as the tumour

progresses from adenoma or dysplasia to carcinoma,

although the percentage of tumours with increased nu-

clear b-catenin (17–44%) is less than in colorectal cancer

[66,71].
b-Catenin expression does seem to differ between dif-

ferent histological types of gastric cancer as some re-

ports suggest that abnormal staining (both reduced

membranous and increased nuclear and cytoplasmic) is

particularly associated with diffuse tumours [67,71].

These studies also found a correlation between

abnormal staining and lymph node metastases [67,71].

However, a large immunohistochemical study failed to
show any correlation between the pattern of b-catenin
staining and tumour progression or prognosis [72], leav-

ing uncertainty surrounding the association between b-
catenin expression and metastatic potential in gastric

cancer.

The role of b-catenin in oesophageal tumours and its

prognostic significance has not been clearly defined. A

study on adenocarcinomas found that patients with in-
creased nuclear b-catenin expression had a better out-

come. In this case, it was superficial rather than more

invasive tumours that were more likely to have abnor-

mal b-catenin expression [73]. This is in contrast to what

is seen in other cancers, suggesting that b-catenin has a

different role to play in this tumour. A study on squa-

mous cell carcinomas has shown reduced b-catenin
expression at the cell membrane, which correlates with
reduced E-cadherin expression, is associated with a

worse prognosis, suggesting that the role of b-catenin
at the cell membrane may be of significance in this type

of tumour [74].

8.3. b-Catenin and pancreatic cancers

There is also evidence that the importance of b-cate-
nin in pancreatic tumours may be due to its role at the

cell membrane. In pancreatic cancer cell lines, b-catenin
expression is often reduced rather than increased [75,76].

It is thought that the resulting disruption to the E-cad-

herin adhesion system may confer a growth advantage

to cells. This theory is supported by studies showing that

transfecting cancer cell lines with both E-cadherin and

b-catenin leads to reduced cell growth, tighter adhesion
and increased apoptosis [76].

In tumours, mutations in the b-catenin gene have

occasionally been described [77], but regardless of these,

b-catenin expression is often abnormal [78]. Reduced

membranous expression is a frequent finding, occurring

in 56–58% of tumours, and has been shown to correlate

with loss of differentiation, liver metastases and shorter

survival time [75,79,80]. Increased expression of cyto-
plasmic and nuclear b-catenin has also been described,

but there are conflicting reports as to the frequency of
this finding, with it varying from 4% to 65% [75,80].

Where increased cytoplasmic b-catenin is found, this

also correlates with reduced survival time [80].

8.4. b-Catenin and hepatocellular carcinoma

b-Catenin gene mutations have been described in

hepatocellular carcinomas [30,31,81]. Many tumours

(62–70%) have increased nuclear and cytoplasmic b-
catenin [31,82]. Abnormal expression is seen even in well

differentiated tumours, implying it is an early change,

although in large or poorly differentiated tumours there

is increased accumulation of nuclear and cytoplasmic b-
catenin [82,83]. Some studies have also found a correla-
tion between nuclear b-catenin and high expression of

cyclin D1 and c-myc, which are two of its target genes

[31,84].
9. APC

As APC forms part of the complex involved in b-
catenin destruction, mutations prevent b-catenin bind-

ing and subsequent degradation. In cancers where there

is a rise in nuclear or cytoplasmic b-catenin without a

mutation in the b-catenin gene, APC mutation may be

responsible. The APC gene (Fig. 2), which is located

on chromosome five, includes regions containing three

15-amino acid (aa) repeats and seven 20-amino acid re-

peats. Both of these regions bind b-catenin. In colorectal
cancer, most mutations are clustered in the central do-

main of the gene. These mutations result in a protein

that is truncated at the c-terminus, eliminating five or

more of the 20-aa repeats. As at least three of the 20-

aa repeats are needed in order to downregulate b-cate-
nin, so these mutations ensure that b-catenin is able to

accumulate.

Within the 20-aa repeat region, there are three SAMP
motifs (Ser-Ala-Met-Pro). It is these that mediate APC

binding to axin and they are also missing from mutated

gene products. In mice with truncating APC lesions, co-

lon cancer will develop. However, if an axin binding site

is restored, then cancer development is inhibited, show-

ing that it is not only the loss of b-catenin binding sites

that is important in tumour growth following APC

mutation [85].
APC is well established as an important gene in the

development of colorectal cancers. Its mutation is

responsible for familial adenomatous polyposis coli

(FAP). In this case, there is a germline mutation such

that when a mutation occurs on the remaining allele,

adenomas can develop. Further genetic events then al-

low an adenoma to transform into a carcinoma. APC

mutation is also found in the majority (60–70%) of spo-
radic colorectal cancers [86,87]. Most have associated

changes in b-catenin levels [88,89]. Patients who have



Fig. 2. Structure of the APC gene, showing regions encoding binding sites for components of the Wnt pathway. aa, amino acid; SAMP, Ser-Ala-

Met-Pro.
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lost all b-catenin binding sites on the APC gene have

been shown to have a shorter survival time than those

who retained some binding sites [90].

Only a small number of tumours show altered b-cate-
nin levels in the absence of APC gene mutation, suggest-

ing that APC dysfunction may be the most important

cause of this phenomenon in colorectal cancers. Some

colorectal tumours with an intact APC gene have been
found to have a mutation in b-catenin [29,54,91]. The ef-

fect of these mutations is functionally equivalent,

namely a rise in b-catenin levels.

APC may have a role in other gastrointestinal tu-

mours. Intestinal type gastric tumours may exhibit

APC gene mutations, although the frequency (20–33%)

is much lower than that seen in colorectal carcinoma,

with even fewer mutations being seen in diffuse cancers
[92–94]. Interestingly, this contrasts with the studies

mentioned earlier, which show that b-catenin is more

commonly dysregulated in diffuse type cancers.

Although the number of cases involved in some of the

above studies is quite small, this nevertheless suggests

that APC mutation is less likely to be responsible for al-

tered b-catenin levels in gastric cancers. When there is an

APC mutation, the reduction in APC expression does
correlate with abnormal nuclear and cytoplasmic b-cate-
nin staining [69]. However, no direct link between APC

mutation and tumour size, differentiation, or clinical

stage has been shown [94]. APC mutation has frequently

been described in adenomatous polyps, with one study

finding a mutation in 76% of adenomas, which is much

higher than the rate found in carcinomas [95]. This sug-

gests that while APC mutation may have an early role to
play in adenoma formation, other factors may be more

important in the progression to malignancy.

APC mutations have been described in some pancre-

atic tumours, such as the rare pancreatoblastoma and
acinar cell carcinomas [32]. However, this has not been

demonstrated in adenocarcinomas [96].

In hepatic neoplasms, hepatoblastoma is known to be

an extra-colonic manifestation of FAP. A case report of

a patient with FAP who developed a hepatocellular car-

cinoma has shown that in the tumour, there was a muta-

tion of the remaining allele [97]. However, in most

sporadic hepatocellular carcinomas, no APC mutation
has been found [98].

Therefore, in some types of cancer, there is not such a

clear role for APC as there is in colorectal cancer, sug-

gesting that tumour development may be more affected

by other factors.
10. Axin

Axin acts as the scaffold of the APC/axin/GSK com-

plex, binding to all of the other components [99]. It is,

therefore, closely linked with the role of each of the

other members of the complex and has also been shown

to be involved in oncogenesis. Axin (Fig. 3) contains a

binding site for APC at its N-terminal region, while its

central region binds GSK and b-catenin. At the C-termi-
nal end, Dsh can bind and this interaction reduces b-
catenin binding.

Some colon cancer cell lines have an axin mutation,

as do some colorectal cancers without APC or b-catenin
mutations [100]. These mutations result in the elimina-

tion of either the Dsh or the GSK-3b-binding site and

therefore lead to a rise in nuclear b-catenin [101]. In

some cell lines with increased b-catenin expression,
transfection with axin leads to reduced cell growth and

apoptosis [102]. Axin overexpression results in reduced

b-catenin levels and suppression of TCF-dependent gene

transcription.



Fig. 3. Structure of the axin gene, showing regions encoding binding sites for other components of the Wnt pathway.
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Work on oesophageal squamous cell carcinoma has

revealed that axin expression is reduced in tumours,

and this correlates with depth of invasion, and lymph

node metastasis. However, although some cell lines have

a mutation in their axin gene, the tumours themselves do
not, so the mechanism for axin downregulation is un-

clear [103].

As previously described, in hepatocellular carcinoma

there is frequently a rise in b-catenin levels. This is not

necessarily accompanied by b-catenin mutation, and as

APC mutations do not seem to play a role in these tu-

mours, there must be another explanation for the rise

in b-catenin. Studies on hepatocellular carcinoma cell
lines without b-catenin mutation have shown that half

have an axin mutation, associated with nuclear b-cate-
nin [102]. The mutations produce truncated proteins

lacking the b-catenin binding site. These same mutations

have also been found in hepatocellular tumours.
11. GSK-3b

GSK is an important protein kinase in many biolog-

ical processes, including regulation of glycogen by insu-

lin, and cell survival. It is implicated in many diseases,

including Alzheimer�s, psychiatric disorders, and diabe-

tes. GSK-3b has an important role to play in the Wnt

pathway, as it phosphorylates and activates several of

the other key components. In the absence of Wnt signal-
ling, GSK-3b sequentially phosphorylates b-catenin at

the serine and threonine residues Thr41, Ser37, Ser33

[104]. Before this can occur, there first has to be a prim-

ing phosphorylation of b-catenin. This occurs at Ser45

by casein kinase 1 (CK1), which acts to switch on the

ensuing steps in b-catenin degradation [105,106]. Once

all four residues are phosphorylated, the binding site

for b-TrCP is created. Many b-catenin mutations occur
in the region of the gene that codes for the interaction

site with GSK-3b (Fig. 4) [107].

In addition, GSK-3b regulates other components of

the Wnt pathway. It phosphorylates axin, which en-

hances b-catenin binding. When Dsh binds to axin, this

phosphorylation is inhibited, and b-catenin binding is
reduced [108]. GSK-3 also directly regulates the degra-

dation of cyclin D1, one of the b-catenin target genes

[109].

In theory, because GSK-3b is involved in b-catenin
destruction, it may act as a tumour suppressor and be
downregulated during oncogenesis. In some cancers,

such as oral squamous cell carcinoma, this does appear

to be the case and reduced levels of GSK-3b correlate

with increased cyclin D1 expression and with poor sur-

vival [110]. In hepatocellular cancer cell lines and tu-

mours, the activity of GSK-3b is often inhibited, as it

is persistently phosphorylated. In tumours, this is re-

lated to b-catenin accumulation [111,112]. The role of
GSK-3b as a tumour suppressor has been investigated

by giving lithium, an inhibitor of GSK-3b, to APC-mu-

tant mice. This treatment caused no increase in the num-

ber of tumours, although there was a small increase in

tumour size [113]. No mutation of the GSK-3b gene it-

self has yet been found in any human tumours

[31,107]. This may mean that the importance of GSK-

3b in intracellular signalling is such that its absence
would not be compatible with cell viability [114].
12. TCF

TCF is involved in the final step of the Wnt signalling

cascade. Once b-catenin has entered the nucleus, it must

bind to TCF in order to initiate transcription of its tar-
get genes. Whilst b-catenin has a potent transcription

activation domain, it does not have a DNA binding do-

main. This is provided by TCF, so together they form an

effective transcription regulatory complex. The TCF

family consists of four different proteins, TCF-1,

TCF-3, TCF-4, and LEF. These are normally expressed

during embryogenesis, but in most tissues are downreg-

ulated once the tissues become terminally differentiated.
However, in sites of continual cell growth, such as the

bone marrow, skin, and intestinal mucosa, some mem-

bers of the family continue to be expressed. The N-ter-

minal region of the TCFs contains a binding site for

b-catenin. At the C-terminal end, it is possible for each

member of the family to have alternative tails. These



Fig. 4. b-Catenin gene, showing GSK binding site and sites of mutations found in cancers.
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different forms of TCF may be able to preferentially

activate different target genes. In the absence of Wnt sig-
nalling, TCFs seem to function to repress transcription

of target genes. The genes encoding some of the TCFs

(TCF-1 and LEF-1) contain two different promoters

(Fig. 5). From one promoter, a full-length protein is

produced, but from the other a truncated protein lack-

ing the b-catenin binding domain is formed. These trun-

cated proteins, with the help of other repressor proteins,

can occupy regulatory sites and inhibit transcription
[115,116]. Therefore, it is possible that cancers may be

able to progress if the truncated form of TCF is down-

regulated and the full-length form is upregulated. In

colon cancer cell lines and tumours, it appears that only

full-length LEF-1 is expressed [117]. The promoter

encoding the full-length protein is activated by TCF-4.

With so many isoforms of the TCF family, and such a

wide range of activities, it is not surprising that their ex-
act role in tumour development remains unclear. How-

ever, there do appear to be TCF alterations in some

cancers. A mutated TCF-4 gene, which is found in some

colorectal tumours and cell lines is associated with

microsatellite instability [118–120]. Approximately 15%
of sporadic colorectal cancers show microsatellite insta-

bility, mostly due to inactivation of mismatch repair
genes, and are less likely to have APC mutations

[90,121]. Tumours without microsatellite instability

rarely have TCF mutations [118]. In gastric cancers with

microsatellite instability, similar mutations have been

described by some authors, but have not been found

by all [119]. In some hepatocellular carcinomas, there

is also mutation of the TCF-4 gene, resulting in its over-

expression [31,122]. One study has shown this overex-
pression to be associated with increased likelihood of

intrahepatic metastasis [122].
13. Target genes of the canonical Wnt pathway

The result of overactive Wnt signalling in cancers is

the inappropriate transcription of one or more target
genes, many of which are involved in control of the cell

cycle. Within the same group of cancers, different target

genes may be upregulated. In some tumours, the expres-

sion of these genes seems to have prognostic signifi-

cance. The proportion of different types of tumours



Fig. 5. Different forms of TCFs. Transcription starting at alternate promoters on TCF genes can produce either full-length or truncated proteins.

The full-length proteins tend to activate transcription of target genes, whereas truncated proteins will block transcription. TCF-4 bound to b-catenin
activates transcription of the full-length protein.
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which have altered expression of various target genes is

shown in Table 3 [68,108,123–138].

13.1. c-Myc

c-Myc regulates transcription, and when overexpres-

sed, prevents apoptosis [108]. Its transcription is acti-

vated by the b-catenin/TCF complex and is inhibited

by APC [139]. c-Myc is known to be overexpressed in
Table 3

Human tumours which show alterations in target genes of the Wnt

signalling pathway

Tumour % of tumours in which gene product is

inappropriately expressed [Ref]

c-Myc Cyclin D1 MMP-7

Colorectal 44% [123] 33–64% [128,129] 90% [108]

Oesophageal 90% [124] 38–71% [130,131] 21–65% [68,136]

Gastric 26% [125] 22–47% [128,132,133] 71% [137]

Pancreatic 43% [126] 62–68% [134,135] 98% [138]

Hepatocellular 65% [127] 54% [127]
adenomas from FAP patients and in sporadic colorectal

tumours [140,141]. In colorectal cancer cells, the rate of
c-Myc expression is inversely related to apoptosis [142].

It is expressed in gastric cancer cell lines and antisense

oligonucleotides directed against c-Myc will inhibit

growth and induce apoptosis in cell lines [143–145]. c-

Myc is overexpressed in gastric and oesophageal tu-

mours and is associated with the presence of metastases

from gastric tumours [124,125]. It is expressed in pancre-

atic cancer cell lines and tumours [126,146], and has
been linked to advanced tumour grade, although expres-

sion has not been found to correlate with survival

[126,147]. Overexpression is also found in hepatocellular

carcinomas, particularly metastatic or recurrent tu-

mours [148].

13.2. Cyclin D1

Cyclin D1 regulates the G1/S transition phase of the

cell cycle. There is a TCF binding site within the cyclin

D1 promoter region and transcription is activated by
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the b-catenin/TCF complex [149]. Adenomas from FAP

patients have significantly increased cyclin D1 levels

[140]. In sporadic colorectal tumours showing nuclear

accumulation of b-catenin, there is also cyclin D1 over-

expression, which correlates with advanced Dukes stage

and poor survival [128]. Oesophageal cancers, both
squamous and adenocarcinomas, show upregulation of

cyclin D1 [133]. In gastric cancer cell lines, antisense oli-

gonucleotides directed against cyclin D1 inhibit cell

growth and cause loss of tumorigenicity in nude mice

[150,151]. Although cyclin D1 is overexpressed in gastric

tumours, particularly those of intestinal type, it does not

appear to predict survival [132,133]. Pancreatic adeno-

carcinomas overexpress cyclin D1 and, in this case, there
is an association with poor prognosis [135,152,153].

Inhibiting cyclin D1 in pancreatic cancer cell lines leads

to growth suppression and loss of tumorigenicity in

nude mice [154]. Cyclin D1 has also been demonstrated

in hepatocellular carcinomas, although here its expres-

sion does not necessarily correlate with the presence of

nuclear b-catenin [30,84,127].

13.3. MMP-7

Members of the matrix metalloproteinase family de-

grade extracellular matrix proteins and are involved in

tissue remodelling and angiogenesis. They are impli-

cated in metastasis in a number of cancers. The b-cate-
nin/TCF complex activates the expression of MMP-7

[155], which is frequently upregulated in colorectal can-
cers [108]. It is also expressed in colorectal liver metasta-

ses [156]. In oesophageal cancers, the aberrant nuclear

expression of b-catenin correlates with MMP-7 expres-

sion and there is an association with tumour invasion

and lymph node metastases [68,136]. Similarly, gastric

cancers expressing MMP-7 are more likely to be invasive

and to have a worse prognosis [137,157–159]. Helicobac-

ter pylori,which has been implicated in gastric carcino-
genesis, has been shown to increase MMP-7 expression

[160–162]. MMP-7 is also expressed in the majority of

human pancreatic adenocarcinomas [138].
14. Conclusion

A great deal of research interest is focused on different
areas of the Wnt pathway and its role in carcinogenesis.

Many alterations to the pathway have been described,

but b-catenin would appear to be one of the most impor-

tant proteins associated with oncogenesis. Generally, the

result of any alteration is a rise in nuclear b-catenin. This
then results in the inappropriate transcription of various

target genes. Occasionally, mutations of the b-catenin
gene itself result in the observed rise in nuclear b-catenin,
but more often it is other components of the pathway,

such as APC, which are mutated. These mutations affect
the binding or phosphorylation of b-catenin and act to

increase its stability.

The mechanisms by which alterations in this pathway

are linked to carcinogenesis are not always clear. For

some cancers, in particular, uncertainty surrounds the

implications of the observed changes in Wnt pathway
components. In addition, other factors can interact with

members of the pathway and affect their stability and

actions.

The Wnt pathway has clinical relevance, which lies in

its potential first for predicting clinical outcome and sec-

ond as a target for therapeutic agents. Importantly, in

some cancers, the aberrant expression of components

of the Wnt pathway correlate with advanced tumours,
the probability of metastasis, and survival rate. There-

fore, analysis of these components, either alone or in

parallel, may offer important prognostic information

and therefore also help to direct treatment appropri-

ately. In addition, as this pathway is so important in tu-

mour development, targeting inhibitory agents towards

it may help to prevent tumour growth. Some substances

which are known to have chemopreventive effects have
been shown to act on the Wnt pathway. Therefore, there

is much potential to be explored in further uncovering

the role of the Wnt pathway in carcinogenesis and util-

ising it for tumour prevention or treatment.
Conflict of interest statement

None declared.
References

1. Giles RH, van Es JH, Clevers H. Caught up in a Wnt storm: Wnt

signaling in cancer. Biochim Biophys Acta – Rev Cancer 2003,

1653(1), 1–24.

2. Rhee CS, Sen M, Lu DS, et al. Wnt and frizzled receptors as

potential targets for immunotherapy in head and neck squamous

cell carcinomas. Oncogene 2002, 21(43), 6598–6605.

3. Kirikoshi H, Sekihara H, Katoh M. Molecular cloning and

characterization of human WNT11. Int J Mol Med 2001, 8(6),

651–656.

4. Holcombe RF, Marsh JL, Waterman ML, et al. Expression of

Wnt ligands and Frizzled receptors in colonic mucosa and in

colon carcinoma. J Clin Pathol – Mol Pathol 2002, 55(4),

220–226.

5. Wehrli M, Dougan ST, Caldwell K, et al. Arrow encodes an

LDL-receptor-related protein essential for wingless signalling.

Nature 2000, 407(6803), 527–530.

6. Schweizer L, Varmus H. Wnt/Wingless signaling through beta-

catenin requires the function of both LRP/arrow and frizzled

classes of receptors. BMC Cell Biol 2003, 4(1), 4.

7. Tamai K, Semenov M, Kato Y, et al. LDL-receptor-related

proteins in Wnt signal transduction. Nature 2000, 407(6803),

530–535.

8. Pinson KI, Brennan J, Monkley S, et al. An LDL-receptor-

related protein mediates Wnt signalling in mice. Nature 2000,

407(6803), 535–538.



376 H. Doucas et al. / European Journal of Cancer 41 (2005) 365–379
9. Sagara N, Toda G, Hirai M, et al. Molecular cloning, differen-

tial expression, and chromosomal localization of human Friz-

zled-1, Frizzled-2 and Frizzled-7. Biochem Biophys Res Commun

1998, 252(1), 117–122.

10. Kirikoshi H, Koike J, Sagara N, et al. Molecular cloning and

genomic structure of human Frizzled-3 at chromosome 8p21.

Biochem Biophys Res Commun 2000, 271(1), 8–14.

11. Sala CF, Formenti E, Terstappen GC, et al. Identification, gene

structure, and expression of human Frizzled-3 (FZD3). Biochem

Biophys Res Commun 2000, 273(1), 27–34.

12. Saitoh T, Hirai M, Katoh M. Molecular cloning and character-

ization of human Frizzled-5 gene on chromosome 2q33.3-q34

region. Int J Oncol 2001, 19(1), 105–110.

13. Saitoh T, Hirai M, Katoh M. Molecular cloning and character-

ization of human Frizzled-8 gene on chromosome 10p11.2. Int J

Oncol 2001, 18(5), 991–996.

14. Saitoh T, Mine T, Katoh M. Up-regulation of Frizzled-10

(FZD10) by beta-estradiol in MCF-7 cells and by retinoic acid in

NT2 cells. Int J Oncol 2002, 20(1), 117–120.

15. Terasaki H, Saitoh T, Shiokawa K, et al. Frizzled-10, up-

regulated in primary colorectal cancer, is a positive regulator of

the WNT – beta-catenin – TCF signaling pathway. Int J Mol

Med 2002, 9(2), 107–112.

16. Kirikoshi H, Sekihara H, Katoh M. Expression profiles of 10

members of Frizzled gene family in human gastric cancer. Int J

Oncol 2001, 19(4), 767–771.

17. Kirikoshi H, Sekihara H, Katoh M. Up-regulation of Frizzled-7

(FZD7) in human gastric cancer. Int J Oncol 2001, 19(1),

111–115.

18. Karasawa T, Yokokura H, Kitajewski J, et al. Frizzled-9 is

activated by Wnt-2 and functions in Wnt/beta-catenin signaling.

J Biol Chem 2002, 277(40), 37479–37486.

19. To KF, Chan MW, Leung WK, et al. Alterations of frizzled

(FzE3) and secreted frizzled related protein (hsFRP) expression

in gastric cancer. Life Sci 2001, 70(4), 483–489.

20. Hu E, Zhu Y, Fredrickson T, et al. Tissue restricted expression

of two human Frzbs in preadipocytes and pancreas. Biochem

Biophys Res Commun 1998, 247(2), 287–293.

21. Wong SC, Lo SF, Lee KC, et al. Expression of frizzled-related

protein and Wnt-signalling molecules in invasive human breast

tumours. J Pathol 2002, 196(2), 145–153.

22. Dufourcq P, Couffinhal T, Ezan J, et al. FrzA, a secreted frizzled

related protein, induced angiogenic response. Circulation 2002,

106(24), 3097–3103.

23. Roth W, Wild-Bode C, Platten M, et al. Secreted Frizzled-

related proteins inhibit motility and promote growth of human

malignant glioma cells. Oncogene 2000, 19(37), 4210–4220.

24. Ilyas M, Tomlinson IP, Rowan A, et al. Beta-catenin mutations

in cell lines established from human colorectal cancers. Proc Natl

Acad Sci USA 1997, 94(19), 10330–10334.

25. Clements WM, Wang J, Sarnaik A, et al. Beta-Catenin mutation

is a frequent cause of Wnt pathway activation in gastric cancer.

Cancer Res 2002, 62(12), 3503–3506.

26. Woo DK, Kim HS, Lee HS, et al. Altered expression and

mutation of beta-catenin gene in gastric carcinomas and cell

lines. Int J Cancer 2001, 95(2), 108–113.

27. Fujimori M, Ikeda S, Shimizu Y, et al. Accumulation of beta-

catenin protein and mutations in exon 3 of beta-catenin gene in

gastrointestinal carcinoid tumor. Cancer Res 2001, 61(18),

6656–6659.

28. Wijnhoven BP, Nollet F, De Both NJ, et al. Genetic alterations

involving exon 3 of the beta-catenin gene do not play a role in

adenocarcinomas of the esophagus. Int J Cancer 2000, 86(4),

533–537.

29. Morin PJ, Sparks AB, Korinek V, et al. Activation of beta-

catenin-Tcf signaling in colon cancer by mutations in beta-

catenin or APC. Science 1997, 275(5307), 1787–1790.
30. Ueta T, Ikeguchi M, Hirooka Y, et al. Beta-catenin and cyclin

D1 expression in human hepatocellular carcinoma. Oncol Rep

2002, 9(6), 1197–1203.

31. Cui J, Zhou X, Liu Y, et al. Wnt signaling in hepatocellular

carcinoma: analysis of mutation and expression of beta-catenin,

T-cell factor-4 and glycogen synthase kinase 3-beta genes.

J Gastroenterol Hepatol 2003, 18(3), 280–287.

32. Abraham SC, Wu TT, Hruban RH, et al. Genetic and immu-

nohistochemical analysis of pancreatic acinar cell carcinoma:

frequent allelic loss on chromosome 11p and alterations in the

APC/beta-catenin pathway. Am J Pathol 2002, 160(3), 953–962.

33. Ikenoue T, Ijichi H, Kato N, et al. Analysis of the beta-catenin/T

cell factor signaling pathway in 36 gastrointestinal and liver

cancer cells. Jpn J Cancer Res 2002, 93(11), 1213–1220.

34. Kim JS, Crooks H, Foxworth A, et al. Proof-of-principle:

oncogenic beta-catenin is a valid molecular target for the

development of pharmacological inhibitors. Mol Cancer Ther

2002, 1(14), 1355–1359.

35. Pierce M, Wang C, Stump M, et al. Overexpression of the beta-

catenin binding domain of cadherin selectively kills colorectal

cancer cells. Int J Cancer 2003, 107(2), 229–237.

36. van de Wetering M, Sancho E, Verweij C, et al. The beta-

catenin/TCF-4 complex imposes a crypt progenitor phenotype on

colorectal cancer cells. Cell 2002, 111(2), 241–250.

37. Verma UN, Surabhi RM, Schmaltieg A, et al. Small interfering

RNAs directed against beta-catenin inhibit the in vitro and in

vivo growth of colon cancer cells. Clin Cancer Res 2003, 9(4),

1291–1300.

38. Yamada Y, Oyama T, Hirose Y, et al. Beta-Catenin mutation is

selected during malignant transformation in colon carcinogene-

sis. Carcinogenesis 2003, 24(1), 91–97.

39. Hirose Y, Kuno T, Yamada Y, et al. Azoxymethane-induced

beta-catenin-accumulated crypts in colonic mucosa of rodents as

an intermediate biomarker for colon carcinogenesis. Carcinogen-

esis 2003, 24(1), 107–111.

40. Yamada Y, Yoshimi N, Hirose Y, et al. Sequential analysis of

morphological and biological properties of beta-catenin-accu-

mulated crypts, provable premalignant lesions independent of

aberrant crypt foci in rat colon carcinogenesis. Cancer Res 2001,

61(5), 1874–1878.

41. Kwong KY, Zou Y, Day CP, et al. The suppression of colon

cancer cell growth in nude mice by targeting beta-catenin/TCF

pathway. Oncogene 2002, 21(54), 8340–8346.

42. Green DW, Roh H, Pippin JA, et al. Beta-catenin antisense

treatment decreases beta-catenin expression and tumor growth

rate in colon carcinomaxenografts. JSurgRes 2001, 101(1), 16–20.

43. Ilan N, Tucker A, Madri JA. Vascular endothelial growth factor

expression, beta-catenin tyrosine phosphorylation, and endothe-

lial proliferative behavior: a pathway for transformation? Lab

Invest 2003, 83(8), 1105–1115.

44. Easwaran V, Lee SH, Inge L, et al. Beta-Catenin regulates

vascular endothelial growth factor expression in colon cancer.

Cancer Res 2003, 63(12), 3145–3153.

45. Kim IJ, Kang HC, Park JH, et al. Development and applications

of a beta-catenin oligonucleotide microarray: beta-catenin muta-

tions are dominantly found in the proximal colon cancers with

microsatellite instability. Clin Cancer Res 2003, 9(8), 2920–2925.

46. Garinis GA, Spanakis NE, Menounos PG, et al. Transcriptional

impairment of beta-catenin/E-cadherin complex is not associated

with beta-catenin mutations in colorectal carcinomas. Br J

Cancer 2003, 88(2), 206–209.

47. Maruyama K, Ochiai A, Akimoto S, et al. Cytoplasmic beta-

catenin accumulation as a predictor of hematogenous metastasis

in human colorectal cancer. Oncology 2000, 59(4), 302–309.

48. Hao X, Tomlinson I, Ilyas M, et al. Reciprocity between

membranous and nuclear expression of beta-catenin in colorectal

tumours. Virchows Arch 1997, 431(3), 167–172.



H. Doucas et al. / European Journal of Cancer 41 (2005) 365–379 377
49. Lifschitz-Mercer B, Amitai R, Maymon BB, et al. Nuclear

localization of beta-catenin and plakoglobin in primary and

metastatic human colonic carcinomas, colonic adenomas, and

normal colon. Int J Surg Pathol 2001, 9(4), 273–279.

50. Zhang B, Ougolkov A, Yamashita K, et al. beta-Catenin and ras

oncogenes detect most human colorectal cancer. Clin Cancer Res

2003, 9(8), 3073–3079.

51. Ougolkov AV, Yamashita K, Mai M, et al. Oncogenic beta-

catenin and MMP-7 (matrilysin) cosegregate in late-stage clinical

colon cancer. Gastroenterology 2002, 122(1), 60–71.

52. Chiang JM, Chou YH, Chen TC, et al. Nuclear beta-catenin

expression is closely related to ulcerative growth of colorectal

carcinoma. Br J Cancer 2002, 86(7), 1124–1129.

53. Aust DE, Terdiman JP, Willenbucher RF, et al. Altered

distribution of beta-catenin, and its binding proteins E-cadherin

and APC, in ulcerative colitis-related colorectal cancers. Mod

Pathol 2001, 14(1), 29–39.

54. Akiyama Y, Nagasaki H, Yagi KO, et al. Beta-catenin and

adenomatous polyposis coli (APC) mutations in adenomas from

hereditary non-polyposis colorectal cancer patients. Cancer Lett

2000, 157(2), 185–191.

55. Cheah PY, Choo PH, Yao J, et al. A survival-stratification

model of human colorectal carcinomas with beta-catenin and

p27kip1. Cancer 2002, 95(12), 2479–2486.

56. Jaiswal AS, Marlow BP, Gupta N, et al. Beta-catenin-mediated

transactivation and cell-cell adhesion pathways are important in

curcumin (diferuylmethane)-induced growth arrest and apoptosis

in colon cancer cells. Oncogene 2002, 21(55), 8414–8427.

57. Sandler RS, Halabi S, Baron JA, et al. A randomized trial of

aspirin to prevent colorectal adenomas in patients with previous

colorectal cancer. N Engl J Med 2003, 348(10), 883–890.

58. Baron JA, Cole BF, Sandler RS, et al. A randomized trial of

aspirin to prevent colorectal adenomas. N Engl J Med 2003,

348(10), 891–899.

59. Rice PL, Kelloff J, Sullivan H, et al. Sulindac metabolites induce

caspase- and proteasome-dependent degradation of beta-catenin

protein in human colon cancer cells. Mol Cancer Ther 2003, 2(9),

885–892.

60. Brown WA, Skinner SA, Vogiagis D, et al. Inhibition of beta-

catenin translocation in rodent colorectal tumors: a novel

explanation for the protective effect of nonsteroidal antiinflam-

matory drugs in colorectal cancer. Dig Dis Sci 2001, 46(11),

2314–2321.

61. Yamada Y, Yoshimi N, Hirose Y, et al. Suppression of

occurrence and advancement of beta-catenin-accumulated

crypts, possible premalignant lesions of colon cancer, by selective

cyclooxygenase-2 inhibitor, celecoxib. Jpn J Cancer Res 2001,

92(6), 617–623.

62. Nath N, Kashfi K, Chen J, et al. Nitric oxide-donating aspirin

inhibits beta-catenin/T cell factor (TCF) signaling in SW480

colon cancer cells by disrupting the nuclear beta-catenin-TCF

association. Proc Natl Acad Sci USA 2003, 100(22),

12584–12589.

63. Dihlmann S, Klein S, Doeberitz Mv MK. Reduction of beta-

catenin/T-cell transcription factor signaling by aspirin and

indomethacin is caused by an increased stabilization of

phosphorylated beta-catenin. Mol Cancer Ther 2003, 2(6),

509–516.

64. Ebert MP, Yu J, Hoffmann J, et al. Loss of beta-catenin

expression in metastatic gastric cancer. J Clin Oncol 2003, 21(9),

1708–1714.

65. Hourihan RN, O�Sullivan GC, Morgan JG. Transcriptional gene

expression profiles of oesophageal adenocarcinoma and normal

oesophageal tissues. Anticancer Res 2003, 23(1A), 161–165.

66. Kim HS, Hong EK, Park SY, et al. Expression of beta-catenin

and E-cadherin in the adenoma-carcinoma sequence of the

stomach. Anticancer Res 2003, 23(3C), 2863–2868.
67. Nabais S, Machado JC, Lopes C, et al. Patterns of beta-catenin

expression in gastric carcinoma: clinicopathological relevance

and mutation analysis. Int J Surg Pathol 2003, 11(1), 1–9.

68. Saeki H, Tanaka S, Sugimachi K, et al. Interrelation between

expression of matrix metalloproteinase 7 and beta-catenin in

esophageal cancer. Dig Dis Sci 2002, 47(12), 2738–2742.

69. Gulmann C, Grace A, Leader M, et al. Adenomatous polyposis

coli gene, beta-catenin, and E-cadherin expression in proximal

and distal gastric cancers and precursor lesions: an immunohis-

tochemical study using tissue microarrays. Appl Immunohisto-

chem Mol Morphol 2003, 11(3), 230–237.

70. Tsukashita S, Kushima R, Bamba M, et al. Beta-catenin

expression in intramucosal neoplastic lesions of the stomach.

Comparative analysis of adenoma/dysplasia, adenocarcinoma

and signet-ring cell carcinoma. Oncology 2003, 64(3),

251–258.

71. Zhou YN, Xu CP, Han B, et al. Expression of E-cadherin and

beta-catenin in gastric carcinoma and its correlation with the

clinicopathological features and patient survival. World J Gas-

troenterol 2002, 8(6), 987–993.

72. Grabsch H, Takeno S, Noguchi T, et al. Different patterns of

beta-catenin expression in gastric carcinomas: relationship with

clinicopathological parameters and prognostic outcome. Histo-

pathology 2001, 39(2), 141–149.

73. Osterheld MC, Bian YS, Bosman FT, et al. Beta-catenin

expression and its association with prognostic factors in adeno-

carcinoma developed in Barrett esophagus. Am J Clin Pathol

2002, 117(3), 451–456.

74. Zhao XJ, Li H, Chen H, et al. Expression of e-cadherin and

beta-catenin in human esophageal squamous cell carcinoma:

relationships with prognosis. World J Gastroenterol 2003, 9(2),

225–232.

75. Lowy AM, Fenoglio-Preiser C, Kim OJ, et al. Dysregulation of

beta-catenin expression correlates with tumor differentiation in

pancreatic duct adenocarcinoma. Ann Surg Oncol 2003, 10(3),

284–290.

76. Lowy AM, Knight J, Groden J. Restoration of E-cadherin/beta-

catenin expression in pancreatic cancer cells inhibits growth by

induction of apoptosis. Surgery 2002, 132(2), 141–148.

77. Miao J, Kusafuka T, Kuroda S, et al. Mutation of beta-catenin

and its protein accumulation in solid and cystic tumor of the

pancreas associated with metastasis. Int J Mol Med 2003, 11(4),

461–464.

78. Li YJ, Ji XR. Relationship between expression of E-cadherin-

catenin complex and clinicopathologic characteristics of pancre-

atic cancer. World J Gastroenterol 2003, 9(2), 368–372.

79. Watanabe I, Hasebe T, Sasaki S, et al. Advanced pancreatic

ductal cancer: fibrotic focus and beta-catenin expression correlate

with outcome. Pancreas 2003, 26(4), 326–333.

80. Qiao Q, Ramadani M, Gansauge S, et al. Reduced membranous

and ectopic cytoplasmic expression of beta-catenin correlate with

cyclin D1 overexpression and poor prognosis in pancreatic

cancer. Int J Cancer 2001, 95(3), 194–197.

81. Wei Y, Van Nhieu JT, Prigent S, et al. Altered expression of E-

cadherin in hepatocellular carcinoma: correlations with genetic

alterations, beta-catenin expression, and clinical features. Hepa-

tology 2002, 36(3), 692–701.

82. Suzuki T, Yano H, Nakashima Y, et al. Beta-catenin expression

in hepatocellular carcinoma: a possible participation of beta-

catenin in the dedifferentiation process. J Gastroenterol Hepatol

2002, 17(9), 994–1000.

83. Joo M, Lee HK, Kang YK. Expression of beta-catenin in

hepatocellular carcinoma in relation to tumor cell proliferation

and cyclin D1 expression. J Korean Med Sci 2003, 18(2),

211–217.

84. Gotoh J, Obata M, Yoshie M, et al. Cyclin D1 over-expression

correlates with beta-catenin activation, but not with H-ras



378 H. Doucas et al. / European Journal of Cancer 41 (2005) 365–379
mutations, and phosphorylation of Akt, GSK3 beta and ERK1/2

in mouse hepatic carcinogenesis. Carcinogenesis 2003, 24(3),

435–442.

85. Peifer M, Polakis P. Wnt signaling in oncogenesis and embryo-

genesis – a look outside the nucleus. Science 2000, 287(5458),

1606–1609.

86. Kim JC, Koo KH, Roh SA, et al. Genetic and epigenetic

changes in the APC gene in sporadic colorectal carcinoma with

synchronous adenoma. Int J Colorectal Dis 2003, 18(3), 203–209.

87. Powell SM, Zilz N, Beazer-Barclay Y, et al. APC mutations

occur early during colorectal tumorigenesis. Nature 1992,

359(6392), 235–237.

88. Hao X, Frayling IM, Willcocks TC, et al. Beta-catenin expres-

sion and allelic loss at APC in sporadic colorectal carcinogenesis.

Virchows Arch 2002, 440(4), 362–366.

89. Dimberg J, Hugander A, Sirsjo A, et al. Enhanced expression of

cyclooxygenase-2 and nuclear beta-catenin are related to muta-

tions in the APC gene in human colorectal cancer. Anticancer Res

2001, 21(2A), 911–915.

90. Lovig T, Meling GI, Diep CB, et al. APC and CTNNB1

mutations in a large series of sporadic colorectal carcinomas

stratified by the microsatellite instability status. Scand J Gastro-

enterol 2002, 37(10), 1184–1193.

91. Sparks AB, Morin PJ, Vogelstein B, et al. Mutational analysis of

the APC/beta-catenin/Tcf pathway in colorectal cancer. Cancer

Res 1998, 58(6), 1130–1134.

92. Ebert MP, Fei G, Kahmann S, et al. Increased beta-catenin

mRNA levels and mutational alterations of the APC and beta-

catenin gene are present in intestinal-type gastric cancer. Carci-

nogenesis 2002, 23(1), 87–91.

93. Wu LB, Kushima R, Borchard F, et al. Intramucosal carcino-

mas of the stomach: phenotypic expression and loss of hetero-

zygosity at microsatellites linked to the APC gene. Pathol Res

Pract 1998, 194(6), 405–411.

94. Fang DC, Luo YH, Yang SM, et al. Mutation analysis of APC

gene in gastric cancer with microsatellite instability. World J

Gastroenterol 2002, 8(5), 787–791.

95. Lee JH, Abraham SC, Kim HS, et al. Inverse relationship

between APC gene mutation in gastric adenomas and devel-

opment of adenocarcinoma. Am J Pathol 2002, 161(2),

611–618.

96. Haycox A, Lombard M, Neoptolemos J, et al. Review article:

current practice and future perspectives in detection and diag-

nosis of pancreatic cancer. Aliment Pharmacol Ther 1998, 12(10),

937–948.

97. Su LK, Abdalla EK, Law CH, et al. Biallelic inactivation of the

APC gene is associated with hepatocellular carcinoma in familial

adenomatous polyposis coli. Cancer 2001, 92(2), 332–339.

98. Edamoto Y, Hara A, Biernat W, et al. Alterations of RB1, p53

and Wnt pathways in hepatocellular carcinomas associated with

hepatitis C, hepatitis B and alcoholic liver cirrhosis. Int J Cancer

2003, 106(3), 334–341.

99. Hart MJ, de los Santos R, Albert IN, et al. Downregulation of

beta-catenin by human Axin and its association with the APC

tumor suppressor, beta-catenin and GSK3 beta. Curr Biol 1998,

8(10), 573–581.

100. Liu W, Dong X, Mai M, et al. Mutations in AXIN2 cause

colorectal cancer with defective mismatch repair by activating

beta-catenin/TCF signalling. Nat Genet 2000, 26(2), 146–147.

101. Webster MT, Rozycka M, Sara E, et al. Sequence variants of the

axin gene in breast, colon, and other cancers: an analysis of

mutations that interfere with GSK3 binding. Genes Chromosomes

Cancer 2000, 28(4), 443–453.

102. Satoh S, Daigo Y, Furukawa Y, et al. AXIN1 mutations in

hepatocellular carcinomas, and growth suppression in cancer

cells by virus-mediated transfer of AXIN1. Nat Genet 2000,

24(3), 245–250.
103. NakajimaM, Fukuchi M, Miyazaki T, et al. Reduced expression

of Axin correlates with tumour progression of oesophageal

squamous cell carcinoma. Br J Cancer 2003, 88(11), 1734–1739.

104. Hagen T, Vidal-Puig A. Characterisation of the phosphorylation

of beta-catenin at the GSK-3 priming site Ser45. Biochem

Biophys Res Commun 2002, 294(2), 324–328.

105. Amit S, Hatzubai A, Birman Y, et al. Axin-mediated CKI

phosphorylation of beta-catenin at Ser 45: a molecular switch for

the Wnt pathway. Genes Dev 2002, 16(9), 1066–1076.

106. Liu C, Li Y, Semenov M, et al. Control of beta-catenin

phosphorylation/degradation by a dual-kinase mechanism. Cell

2002, 108(6), 837–847.

107. Polakis P. The oncogenic activation of beta-catenin. Curr Opin

Genet Dev 1999, 9(1), 15–21.

108. Oving IM, Clevers HC. Molecular causes of colon cancer. Eur J

Clin Invest 2002, 32(6), 448–457.

109. Diehl JA, Cheng M, Roussel MF, et al. Glycogen synthase

kinase-3beta regulates cyclin D1 proteolysis and subcellular

localization. Genes Dev 1998, 12(22), 3499–3511.

110. Goto H, Kawano K, Kobayashi I, et al. Expression of cyclin D1

and GSK-3beta and their predictive value of prognosis in

squamous cell carcinomas of the tongue. Oral Oncol 2002,

38(6), 549–556.

111. Desbois-Mouthon C, Blivet-Van Eggelpoel MJ, Beurel E, et al.

Dysregulationof glycogen synthasekinase-3beta signaling inhepa-

tocellular carcinoma cells.Hepatology 2002, 36(6), 1528–1536.

112. Ban KC, Singh H, Krishnan R, et al. GSK-3beta phosphoryla-

tion and alteration of beta-catenin in hepatocellular carcinoma.

Cancer Lett 2003, 199(2), 201–208.

113. Gould TD, Gray NA, Manji HK. Effects of a glycogen synthase

kinase-3 inhibitor, lithium, in adenomatous polyposis coli

mutant mice. Pharmacol Res 2003, 48(1), 49–53.

114. Leis H, Segrelles C, Ruiz S, et al. Expression, localization, and

activity of glycogen synthase kinase 3beta during mouse skin

tumorigenesis. Mol Carcinogen 2002, 35(4), 180–185.

115. Brantjes H, Barker N, van Es J, et al. TCF: Lady Justice casting

the final verdict on the outcome of Wnt signalling. Biol Chem

2002, 383(2), 255–261.

116. Waterman M. Lymphoid enhancer factor/T cell factor expression

in colorectal cancer. Cancer Metastasis Rev 2004, 23(1), 41–52.

117. Hovanes K, Li TW, Munguia JE, et al. Beta-catenin-sensitive

isoforms of lymphoid enhancer factor-1 are selectively expressed

in colon cancer. Nat Genet 2001, 28(1), 53–57.

118. Duval A, Gayet J, Zhou XP, et al. Frequent frameshift

mutations of the TCF-4 gene in colorectal cancers with micro-

satellite instability. Cancer Res 1999, 59(17), 4213–4215.

119. Duval A, Iacopetta B, Ranzani GN, et al. Variable mutation

frequencies in coding repeats of TCF-4 and other target genes in

colon, gastric and endometrial carcinoma showing microsatellite

instability. Oncogene 1999, 18(48), 6806–6809.

120. Fukushima H, Yamamoto H, Itoh F, et al. Frequent alterations

of the beta-catenin and TCF-4 genes, but not of the APC gene, in

colon cancers with high-frequency microsatellite instability.

J Exp Clin Cancer Res 2001, 20(4), 553–559.

121. Jass JR, Barker M, Fraser L, et al. APC mutation and tumour

budding in colorectal cancer. J Clin Pathol 2003, 56(1), 69–73.

122. Jiang Y, Zhou XD, Liu YK, et al. Association of hTcf-4 gene

expression and mutation with clinicopathological characteristics

of hepatocellular carcinoma. World J Gastroenterol 2002, 8(5),

804–807.

123. Brabletz T, Herrmann K, Jung A, et al. Expression of nuclear

beta-catenin and c-myc is correlated with tumor size but not with

proliferative activity of colorectal adenomas. Am J Pathol 2000,

156(3), 865–870.

124. Tselepis C, Morris CD, Wakelin D, et al. Upregulation of the

oncogene c-myc in Barrett�s adenocarcinoma: induction of c-myc

by acidified bile acid in vitro. Gut 2003, 52(2), 174–180.



H. Doucas et al. / European Journal of Cancer 41 (2005) 365–379 379
125. Kozma L, Kiss I, Hajdu J, et al. C-myc amplification and cluster

analysis in human gastric carcinoma. Anticancer Res B 2001,

21(1), 707–710.

126. Schleger C, Verbeke C, Hildenbrand R, et al. c-MYC activation

in primary and metastatic ductal adenocarcinoma of the

pancreas: incidence, mechanisms, and clinical significance. Mod

Pathol 2002, 15(4), 462–469.

127. Prange W, Breuhahn K, Fischer F, et al. Beta-catenin accumu-

lation in the progression of human hepatocarcinogenesis corre-

lates with loss of E-cadherin and accumulation of p53, but not

with expression of conventional WNT-1 target genes. J Pathol

2003, 201(2), 250–259.

128. Oda K, Okabayashi T, Kataoka M, et al. Evaluation of cyclin

D1 mRNA expression in gastric and colorectal cancers. Res

Commun Mol Pathol Pharmacol 1999, 105(3), 237–252.

129. Wong NA, Morris RG, McCondochie A, et al. Cyclin D1

overexpression in colorectal carcinoma in vivo is dependent on

beta-catenin protein dysregulation, but not k-ras mutation.

J Pathol 2002, 197(1), 128–135.

130. Shiozaki H, Doki Y, Yamana H, et al. A multi-institutional

study of immunohistochemical investigation for the roles of

cyclin D1 and E-cadherin in superficial squamous cell carcinoma

of the esophagus. J Surg Oncol 2002, 79(3), 166–173.

131. Inomata M, Uchino S, Tanimura H, et al. Amplification and

overexpression of cyclin D1 in aggressive human esophageal

cancer. Oncol Rep 1998, 5(1), 171–176.

132. Muller W, Noguchi T, Wirtz HC, et al. Expression of cell-cycle

regulatory proteins cyclin D1, cyclin E, and their inhibitor p21

WAF1/CIP1 in gastric cancer. J Pathol 1999, 189(2), 186–193.

133. Arber N, Gammon MD, Hibshoosh H, et al. Overexpression of

cyclin D1 occurs in both squamous carcinomas and adenocar-

cinomas of the esophagus and in adenocarcinomas of the

stomach. Hum Pathol 1999, 30(9), 1087–1092.

134. Poch B, Gansauge F, Schwarz A, et al. Epidermal growth factor

induces cyclin D1 in human pancreatic carcinoma: evidence for a

cyclin D1-dependent cell cycle progression. Pancreas 2001, 23(3),

280–287.

135. Gansauge S, Gansauge F, Ramadani M, et al. Overexpression of

cyclin D1 in human pancreatic carcinoma is associated with poor

prognosis. Cancer Res 1997, 57(9), 1634–1637.

136. Yamashita K, Mori M, Shiraishi T, et al. Clinical significance of

matrix metalloproteinase-7 expression in esophageal carcinoma.

Clin Cancer Res 2000, 6(3), 1169–1174.

137. Yamashita K, Azumano I, Mai M, et al. Expression and tissue

localization of matrix metalloproteinase 7 (matrilysin) in human

gastric carcinomas. Implications for vessel invasion and metas-

tasis. Int J Cancer 1998, 79(2), 187–194.

138. Crawford HC, Scoggins CR, Washington MK, et al. Matrix

metalloproteinase-7 is expressed by pancreatic cancer precursors

and regulates acinar-to-ductal metaplasia in exocrine pancreas.

J Clin Invest 2002, 109(11), 1437–1444.

139. He TC, Sparks AB, Rago C, et al. Identification of c-MYC as a

target of the APC pathway. Science 1998, 281(5382), 1509–1512.

140. D�Orazio D, Muller PY, Heinimann K, et al. Overexpression of

Wnt target genes in adenomas of familial adenomatous polyposis

patients. Anticancer Res 2002, 22(6A), 3409–3414.

141. Smith DR, Myint T, Goh HS. Over-expression of the c-myc

proto-oncogene in colorectal carcinoma. Br J Cancer 1993, 68(2),

407–413.

142. Greco C, Alvino S, Buglioni S, et al. Activation of c-MYC and c-

MYB proto-oncogenes is associated with decreased apoptosis in

tumor colon progression. Anticancer Res 2001, 21(5), 3185–3192.

143. Kato T. Expression of mRNAs for c-myc and branched-chain

aminotransferases in human gastric cancer cells and tissues.

J Clin Biochem Nutr 2000, 29, 29–36.

144. Ishii HH, Gobe GC, Pan W, et al. Apoptosis and cell prolifer-

ation in the development of gastric carcinomas: associations with
c-myc and p53 protein expression. J Gastroenterol Hepatol 2002,

17(9), 966–972.

145. Chen JP, Lin C, Xu CP, et al. Molecular therapy with

recombinant antisense c-myc adenovirus for human gastric

carcinoma cells in vitro and in vivo. J Gastroenterol Hepatol

2001, 16(1), 22–28.

146. Han H, Bearss DJ, Browne LW, et al. Identification of differ-

entially expressed genes in pancreatic cancer cells using cDNA

microarray. Cancer Res 2002, 62(10), 2890–2896.

147. Nagy A, Kozma L, Kiss I, et al. Copy number of cancer genes

predict tumor grade and survival of pancreatic cancer patients.

Anticancer Res 2001, 21(2B), 1321–1325.

148. Wang Y, Wu MC, Sham JS, et al. Prognostic significance of c-

myc and AIB1 amplification in hepatocellular carcinoma. A

broad survey using high-throughput tissue microarray. Cancer

2002, 95(11), 2346–2352.

149. Tetsu O, McCormick F. Beta-catenin regulates expression of

cyclin D1 in colon carcinoma cells. Nature 1999, 398(6726),

422–426.

150. Saikawa Y, Kubota T, Otani Y, et al. Cyclin D1 antisense

oligonucleotide inhibits cell growth stimulated by epidermal

growth factor and induces apoptosis of gastric cancer cells. Jpn J

Cancer Res 2001, 92(10), 1102–1109.

151. Chen B, Zhang XY, Zhang YJ, et al. Antisense to cyclin D1

reverses the transformed phenotype of human gastric cancer

cells. World J Gastroenterol 1999, 5(1), 18–21.

152. Kornmann M, Ishiwata T, Itakura J, et al. Increased cyclin D1

in human pancreatic cancer is associated with decreased postop-

erative survival. Oncology 1998, 55(4), 363–369.

153. Gansauge F, Gansauge S, Schmidt E, et al. Prognostic signif-

icance of molecular alterations in human pancreatic carcinoma–

an immunohistological study. Langenbecks Arch Surg 1998,

383(2), 152–155.

154. Kornmann M, Arber N, Korc M. Inhibition of basal and

mitogen-stimulated pancreatic cancer cell growth by cyclin D1

antisense is associated with loss of tumorigenicity and potenti-

ation of cytotoxicity to cisplatinum. J Clin Invest 1998, 101(2),

344–352.

155. Crawford HC, Fingleton BM, Rudolph-Owen LA, et al. The

metalloproteinase matrilysin is a target of beta-catenin transac-

tivation in intestinal tumors. Oncogene 1999, 18(18), 2883–2891.

156. Zeng ZS, Shu WP, Cohen AM, et al. Matrix metalloproteinase-7

expression in colorectal cancer liver metastases: evidence for

involvement of MMP-7 activation in human cancer metastases.

Clin Cancer Res 2002, 8(1), 144–148.

157. Zheng HC, Sun JM, Li XH, et al. Role of PTEN and MMP-7

expression in growth, invasion, metastasis and angiogenesis of

gastric carcinoma. Pathol Int 2003, 53(10), 659–666.

158. Ajisaka H, Fushida S, Yonemura Y, et al. Expression of insulin-

like growth factor-2, c-MET, matrix metalloproteinase-7 and

MUC-1 in primary lesions and lymph node metastatic lesions of

gastric cancer. Hepatogastroenterology 2001, 48(42), 1788–1792.

159. Liu XP, Kawauchi S, Oga A, et al. Prognostic significance of

matrix metalloproteinase-7 (MMP-7) expression at the invasive

front in gastric carcinoma. Jpn J Cancer Res 2002, 93(3),

291–295.

160. Crawford HC, Krishna US, Israel DA, et al. Helicobacter pylori

strain-selective induction of matrix metalloproteinase-7 in vitro

and within gastric mucosa. Gastroenterology 2003, 125(4),

1125–1136.

161. Bebb JR, Letley DP, Thomas RJ, et al. Helicobacter pylori

upregulates matrilysin (MMP-7) in epithelial cells in vivo and in

vitro in a Cag dependent manner. Gut 2003, 52(10), 1408–1413.

162. Wroblewski LE, Noble PJ, Pagliocca A, et al. Stimulation of

MMP-7 (matrilysin) by Helicobacter pylori in human gastric

epithelial cells: role in epithelial cell migration. J Cell Sci 2003,

116(Pt 14), 3017–3026.


	Changes in the Wnt signalling pathway in gastrointestinal cancers and their prognostic significance
	Introduction
	 beta -Catenin breakdown
	The effect of Wnt binding on the  beta -catenin ndash TCF pathway (the canonical Wnt pathway)
	The non-canonical Wnt pathways
	Wnt genes and their products
	Frizzled receptors
	Glycoproteins similar to Frizzled (Frp)
	 beta -Catenin
	 beta -Catenin and colorectal cancers
	 beta -Catenin and oesophageal and gastric cancers
	 beta -Catenin and pancreatic cancers
	 beta -Catenin and hepatocellular carcinoma

	APC
	Axin
	GSK-3 beta 
	TCF
	Target genes of the canonical Wnt pathway
	c-Myc
	Cyclin D1
	MMP-7

	Conclusion
	Conflict of interest statement
	References


