Int. J. Dev. Biol. 48: 377-386 (2004)

APC dosage effects in tumorigenesis and stem cell differentiation
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ABSTRACT It is well established that concentration gradients of signaling molecules (the so-
called “morphogens”) organize and pattern tissues in developing animals. In particular, studies
in Drosophila and different vertebrates have shown that gradients of the Wnt, Hedgehog (Hh) and
transforming growth factor-beta (TGF-B) families of morphogens play critical roles in limb
patterning. Morphogens are often expressed in organizing centres and can act over a long range
to coordinate the patterning of an entire field of cells. These observations imply that exposure to
different concentrations of these diffusible factors may trigger differential cellular responses. In
order to study these dosage-dependent Wnt/B-catenin signaling effects, we have generated
several hypomorphic mutant alleles at the mouse Apc locus and studied their cellular and
phenotypic outcomes in stem cell renewal and differentiation, and in tumorigenesis. The results
clearly show that Apc mutations differentially affect the capacity of stem cells to differentiate in
a dosage-dependent fashion. Likewise, different Apc mutations (and the corresponding Wnt
signaling dosages) confer different degrees of susceptibility to tumorigenesis in the correspond-
ing mouse models. These results have implications for the understanding of the molecular and
cellular basis of tumor initiation by defects in the Wnt pathway. We propose amodel in which adult
somatic stem cell compartments are characterized by tissue-specific -catenin threshold levels for
cell proliferation, differentiation and apoptosis. Different APC mutations will result in different
levels of B-catenin signaling, thus conferring different degrees of tumor susceptibility in different
tissues. Hence, B-catenin dosage - dependent effects may not only explain how a single pathway
is involved in the development and homeostasis of different tissues, but also its pleiotrophic role

in tumorigenesis.
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In 1991 different research laboratories in the US and Japan
isolated the adenomatous polyposis coli (APC) gene on
chromosome 522 and identified APC germline mutations in
patients affected by Familial Adenomatous Polyposis (FAP), an
hereditary colorectal cancer syndrome characterized by the
presence of hundreds to thousands of polyps in the colon and
rectum (Groden etal., 1991, Joslyn eta/, 1991, Kinzler eta/., 1991,
Nishisho er a/, 1991). Even more importantly, APC was
subsequently found to be mutated in the majority of sporadic
colorectal cancers notwithstanding the histological stage of the
neoplastic lesions analyzed (Miyoshi ef a/, 1992, Powell e al/,
1992, Smith er a/, 1993). Thus, APC mutations represent one of
the earliest event in the adenoma carcinoma sequence (Kinzler
and Vogelstein 1996). Mutation analysis of the APC gene in
sporadic and FAP polyps showed that both alleles are mutated in
the majority of the cases (Ichii ef a/, 1993, Levy ef a/, 1994), in

agreement with Knudson’s two hit model of tumorigenesis for
tumor suppressor genes (Knudson 1971).

During the last decade, several functional studies have been
conducted on the APC gene and its protein product, especially
aimed at the identification of its main tumor suppressing function
(Polakis 2000, Fodde er a/, 2001). Notably, these studies have
shown APC's involvement in a wide variety of cellular processes
such as cell cycle regulation, apoptosis, celladhesion and migration,
microtubule assembly, cell fate determination and chromosomal
stability (Fodde 2003). This multi-functionality is reflected by the
presence of a large number of specific motifs and domains along
the 312 kDa APC protein (Fig. 1). However, biochemical and
genetic evidence was provided showing that APC’s main suppressor
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activity resides in its ability to bind to and down-regulate -catenin
(Korinek et a/, 1997, Morin et a/,, 1997, Smits er a/, 1999). B-
catenin is a key player in the formation of adherens junctions of
mammalian epithelia through its binding with the cell adhesion
molecule E-cadherin. Moreover, it represents the central signaling
molecule within the WNT signal transduction pathway.

Three different functional domains within APC allows it to

regulate 3-catenin in the cell: three 15 a.a. repeats bind p-catenin,
whereas seven 20 a.a. motifs and three SAMP repeats (Ser-Ala-
Met-Pro) trigger its down-regulation through the formation of the
so-called destruction complex together with the scaffold proteins
axin and conductin, and the glycogen synthase kinase 33 (GSK3[)
(Rubinfeld er a/, 1993, Su et a/,, 1993, Behrens et a/., 1998).
In the absence of the WNT signal, the destruction complex is
assembled and GSK3[ phosphorylates four critical Ser/Thr residues
in B-catenin. This targets 3-catenin for ubiquitination and subsequent
proteasomal degradation (Rubinfeld et a/, 1996, Aberle et al,
1997, Behrens ez al,, 1998, Hart et a/, 1998). Extracellular ligands
of the WNT family bind to the transmembrane receptor frizzled and
the co-receptor lipoprotein-related proteins 5 and 6 (LRP-5/6) thus
inactivating GSK3p in the destruction complex. This inactivation
process is not well understood but involves the intracellular protein
Dishevelled. As a consequence, B-catenin becomes stabilized,
accumulates in the cytoplasm and is eventually shuttled to the
nucleus where it binds to DNA-binding proteins of the T-cell factor
(TCF/LEF) family, to serve as an essential co-activator of
transcription (Behrens et a/, 1996, Molenaar et a/, 1996).

WNT signaling is tightly controlled by a number of regulators at
different steps of the signal transduction cascade. Dickkopfl and
dickkopf2 have been identified as extracellular proteins that
modulate the pathway in a positive and negative fashion, respectively
(Wu et al, 2000, Semenov ef al, 2001). Also, the activity of TCF
is tightly controlled at the nuclear level, as TCFs can complex with
co repressors such as groucho and chibby (Cavallo ef a/,, 1998,
Takemaru er al, 2003).

The WNT pathway is nowadays recognized to function in a
variety of critical biological processes such as embryonic
development, cell polarity and cell fate specification (Cadigan and
Nusse 1997). Moreover, a large body of experimental evidence
collected over the past decades clearly pinpoints its role in
tumorigenesis. Loss of APC function or oncogenic (-catenin
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activation (Morin et a/, 1997, Sparks et a/, 1998) results in
uncontrolled signaling and activation of downstream target genes.
The first two identified downstream target genes of the APC/B-
catenin pathway, ¢c-MYC and cyclin D1, are clearly relevant in
tumor formation because of their role in proliferation, apoptosis and
cell-cycle progression (He eza/., 1998, Shtutman eta/, 1999, Tetsu
and McCormick 1999). Changes in the normal expression pattern
of these genes are likely to increase the overall proliferation rate.
Other WNT target genes, such as matrilysin (Brabletz era/, 1999,
Crawford er a/, 1999), CD44 (Wielenga et a/., 1999), and MYC
itself (Brabletz ef a/, 2000), appear more likely to play a role in
tumor promotion rather than initiation.
(see also http://www.stanford.edu/~rnusse/pathways/targets.html).
Here, rather than presenting a comprehensive overview of the
different members of the WNT pathway and the WNT downstream
target genes thought to play key roles in homeostasis and cancer,
we will discuss the issue of dosage of APC/B-catenin signaling and
how it can affect stem cell renewal and differentiation during
development and tumorigenesis. Though well known to cause not
only developmental defects in model organisms but also inherited
disorders in man, gene dosage effects have been overlooked in
tumor biology. Cell proliferation, differentiation and apoptosis are
modulated by gradients of WNT morphogens during development
andinthe adult organism. Hypomorphic alleles attumor suppressor
genes like APC are likely to cause WNT signaling dosage
fluctuations below tissue-specific thresholds thus interfering with
the control of fundamental cellular processes which either directly
trigger tumorigenesis or modify the cellular environment so that
additional mutations and/or epigenetic changes at other genes can
successfully promote tumor growth.

APC dosage effects in tumorigenesis

As mentioned above, familial adenomatous polyposis is due to
germline APC mutations that predict the truncation of the protein.
A large number of different nonsense, frameshift, and splice site
mutations spread throughout the APC gene have been
characterized among FAP patients. This broad mutation spectrum
is reflected by the clinical heterogeneity of the FAP phenotype:
large variability of age of onset, polyp multiplicity and distribution
along the Gl tract, number and type of extra-colonic manifestations
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Fig. 2. Human genotype-phenotype
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site of the APC mutations, their
consequences for the stability of the
corresponding truncated proteins, and
the FAP clinical features (polyp
multiplicity — and  extra-colonic
manifestations). In general, mutations
located close to the 5' end and in the 3’
half of the gene (beyond codon 1600)
result in unstable mRNAs and/or
polypeptides, and a mild and variable
FAP phenotype, termed attenuated
adenomatous polyposis coli (AAPC).
Consistent correlations between
germline mutations at the 3" half of the
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APC gene and FAP extra-intestinal manifestations such as desmoid tumors, CHRPE's and osteomas have also been reported (Fodde and Khan, 1995).
Mutations in the central part of the gene (codon 450-1450) result in in vivo stably truncated APC proteins and in classical FAP phenotypes characterized by
early onset and high polyp multiplicity (>100 and up to several thousands) in the large bowel (Fodde and Khan 1995, Fodde et al., 1999).

has been reported among different FAP families. This combination
of genetic and phenotypic heterogeneity has allowed the
establishment of genotype-phenotype correlations (Fodde and
Khan 1995) (Fig. 2). Ingeneral, mutations thatlead to the expression
of an /n vivo stably truncated APC protein result in classical FAP
phenotypes characterized by early onset and high polyp multiplicity
(>100 and up to several thousands) in the large bowel. On the other
hand, truncating A”PCmutations which, due to the instability of the
corresponding mRNAs and/or proteins, do notlead to the expression
of stably truncated polypeptides are often associated with atypical
or attenuated forms of FAP often characterized by delayed age of
onset, lower tumor multiplicity and enhanced extra-colonic
manifestations (Fodde and Khan 1995). However, the observed
FAP intra-familial phenotypic variability, presumably due to genetic
and environmental modifiers, does not allow the establishment of
more precise cause-effect correlations between different dosages
of WNT signaling and their phenotypic outcomes. The generation
and analysis of mouse models carrying different Apc mutations in
the sameinbred genetic background andin controlled environmental
(dietary) conditions, have been instrumental to our understanding
of the mechanisms underlying multi-organ tumorigenesis due to
uncontrolled WNT signaling (Fodde and Smits 2001) (Fig. 3).

The Apc™” mouse modelis due to an Ato T transversion resulting
in a nonsense mutation at codon 850. Heterozygous Apc*™in mice
display a severe intestinal phenotype with more than 100 upper Gl
tumors in the C57BL/6J (B6) genetic background“(Su er a/, 1992).
The wild-type Apc allele is lost together with the entire chromosome
18 in almost 100% of the lesions (Levy ef a/, 1994). Furthermore,
Apc*Mn mice have a low penetrance of extracolonic-manifestations
such as mammary tumors, desmoids or cysts (Moser et a/., 1993,
Smits er al, 1998, Halberg er a/, 2000). Homozygosity for this
mutation leads to embryonic lethality at very early stages of gestation
(6.5 dpc) (Moser er al,, 1995). Accordingly, a similar mouse model,
Apc?718, carrying a targeted truncated mutation at codon 716 is also
characterized by multiple intestinal tumors and no extra-intestinal
manifestations (Oshima er a/, 1995). Both ApcMr and Apct716
mutations result in stable truncated Apc proteins retaining the N-
terminal oligodimerization and Arm domains but are deprived of all
the B-catenin binding and down-regulation domains.

In the past years, our laboratory has generated different FAP
mouse models due to hypomorphic Aoc mutations (Fodde et a/,
1994, Smits eta/., 1998, Smits eta/, 1999). Two of them, Apc1638N
and Apcl638T carry similar targeted mutations at codon 1638 which
differintheir ability to expressthe corresponding 182 kDa truncated
protein encompassing all 3 B-catenin binding domains, three of the
7 B-catenin down-regulating repeats, and only one of the 3 SAMP
axin/conductin binding motifs. Whereas the Apcl638T mutation
does express the expected 182 kDa truncated protein at normal
levelsreadily detected by western analysis, residual (1-2%) amounts
of the same protein are detectable in Apct®38N only after
immunoprecipitation assays (Smits ez a/, 1999, Kielman ef a/,
2002). Notably, Apc*/1638T mjce are tumor free and homozygous
Apcl638T/1638T gnimals are viable though with growth retardation
and specific developmental defects (Smits ef a/, 1999).

Apc*1638N mice do develop intestinal tumours though significantly
fewer (5-6) when compared with ApcM" and Apc2716. Apart from its
attenuated intestinal tumor phenotype, the Apc*/1838N mouse model
is characterized by awide spectrum of extra-intestinal manifestations
ranging from desmoid tumors, epidermal cysts, mammary tumors,
abnormalities of the retinal pigment epithelium, gastric tumors and
osteomas (Fodde etal/,, 1994, Marcus et al., 1997, van der Houven
van Oordt et a/, 1997, Smits er a/, 1998, Smits et a/, 2000b).
Apcl638N/1638N homozygous animals are embryonic lethal and die
during gastrulation at 7.5 dpc (Kielman ef &/, in preparation).

More recently, we have generated the Apc1572T mouse model by
targeting a nonsense codon at residue 1572 (Smits et al/,
1999)(Gaspar etal, in preparation). The Apc®72T mutation results
in a stable truncated protein encompassing all the B-catenin
binding domains, 3 of the 7 3-catenin downregulating repeats, but,
unlike Apc!®38T none of the SAMP axin/conductin binding motifs.
Surprisingly, Apc*1572T mice develop invasive and metastasizing
mammary cancer, desmoids, epidermal cysts, and hepatic tumors,
but no intestinal adenomas. An overview of the above Apc mouse
models, their intestinal and extra-intestinal phenotype, and their
corresponding truncated proteins is depicted in Fig. 3.

The striking phenotypic differences among Apc mouse models
strongly correlates with specific dosages of transcriptionally active
nuclear B-catenin (and thus of WNT signal transduction) measured
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Fig. 3. Mouse genotype-phenotype
correlations at the Apc gene. Pre-
clinical mouse models for FAP. The full-
length APC protein is shown with the
major functional domains characterized
to date (see key in Fig. 1). The main five
models are depicted next to the
truncated APC proteins they encode.
Please note that Apc'638N and Apc638T
truncated proteins are virtually identical
as far as the position of the termination
codon is concerned. However, whereas
Apc’638T s present in a 1:1 ratio with
wild-type Apc, in Apc'838N only ‘leaky’
amounts (1-2%) of the predicted protein
are generated. Tumor multiplicity in the
gastro-intestinal tractand elsewhere are
listed in the table. These phenotypic
data have been obtained from inbred
C57BL/6Jmice. Abbreviations: C, cysts;
D, desmoids; B, breast tumors; L, liver
tumors,; O, osteomas; R, abnormalities
of the retinal pigment epithelium; G,
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gastric tumors. Notes: 'Apart from the rare occurrence of epidermal cysts (1 in 200 mice), extra-intestinal manifestations have not been reported for the
Apcd’’6 mouse model (Dr. M. Taketo, personal communication). 2ApcM™ mice develop on average less than a single desmoid tumor per animal and 1-2
cutaneous cysts invariably located in the skin covering the neck region (Smits et al., 1998, Halberg et al., 2000). 3Gaspar et al., manuscript in preparation.

by the TOPFLASH reporter assay (Korinek efa/, 1997) in ES cells
carrying the ApcMin, Apcl638N _Apcle38T and Apcl®72T targeted
mutations in various genetic combinations (Smits ef a/, 1999,
Kielman er a/., 2002). We observed an increasing gradient of (3-
catenin regulatory activity among the different genotypes with
ApcMinMingnd Apcl638N/1638N E S cells showing the highest reporter
activity, followed by Ap01638N/1572T, ApC1638N/1638T, and Apclﬁ38T/
1638T | the latter being comparable to wild type cells (Fig. 4).

A clear trend in the correlation between WNT signaling and
tumor phenotype is visible: severe truncation of the (-catenin
regulating domains asin the case of ApcMn, results in high dosages
of transcriptionally active B-catenin and in the highest tumor
multiplicity in the Gl tract. In the case of more hypomorphic alleles
as Apcl638N  Apclé38T gnd Apcl572T, the decrease in B-catenin
signalingis accompanied by alower polyp incidence in the intestine.
On the other hand, the type and incidence of extra intestinal
manifestations seems to be inversely correlated with WNT activity
and the severity of the intestinal phenotype. Desmoid tumors and
cysts, virtually absent in ApcM (Smits er a/, 1998, Halberg et al,
2000), are common in both Apcl838N and Apcl572T, while the latter
is also characterized by spontaneous and aggressive mammary
adenocarcinomas unique to this strain (Gaspar eza/., in preparation)
(Fig. 3).

A possible explanation for these genotype-phenotype
correlations can be found in the central role of the APC/B-catenin
signalling in stem cell renewal and differentiation during development
and in adult tissues (Ridanpaa et a/, 2001, Batlle er a/, 2002,
Kielman eza/, 2002, van de Wetering et a/., 2002). We hypothesize
that homeostasis of several adult stem cell niches is regulated by
tissue-specific WNT signaling levels. Specific B-catenin activity
levelsresulting from different APCmutations may affect proliferation,
differentiation and apoptosis in a tissue-specific fashion, thus
triggering tumorigenesis in a subset of organs throughout the body.

Notably, the absence of tumors and the post-natal viability
characteristic of mice homozygous for the Apcl638T allele allow us
to delineate the critical domains of the APC protein involved in
tumorigenesis and development: atruncated protein encompassing
three of the seven 20 amino acid repeats and one SAMP maoitif, but
missing all of the carboxy-terminal domains previously thought to
be associated with tumorigenesis, is sufficient to ensure in utero
development and prevent tumorigenesis in the adult (Smits ez a/,
1999). A gene dosage effect is the cause of the phenotypic
differences between Apc'®38T and Apcl®38N mouse models. Although
these two alleles encode for the same truncated protein, whereas
in Apcl638T expression levels are comparable to those of the full-
length protein and sufficient to prevent tumor formation, in Apct638N
the presence of only residual amounts (1-2%) of this otherwise
functional truncated protein underlies this model’s susceptibility to
multi-organ tumorigenesis.

A different example of the relevance of Wnt dosage effects in
tumorigenesis came from the analysis of germline (18t hit) and
somatic mutations (2" hit) at the 4PC gene from FAP intestinal
adenomas. Lamlum et a/, (1999) showed that polyps originating
from patients with germline mutations around codon 1300 are
characterized by allelicloss as the preferred second hitmechanism.
On the other hand, polyps from patients harboring germline
mutations outside this region show preferentially somatic point
mutations and only very rare alleliclosses as second hitmechanism
(Lamlum et a/, 1999). In our laboratory, a similar approach was
applied to both mouse and human polyps. Apct38N or ApcMin mice
when bred in a mismatch repair (Msh2) deficient background
undergo somatic inactivation of the wild type Apc allele by point
mutation rather than by complete chromosomal loss as observed
in the majority of tumors from 4pcmutant mouse models. Somatic
mutations at the Apc gene in the Apc**/Msh2” mice are
predominantly dinucleotide deletions at simple sequence repeats
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leading to truncated Apc polypeptides that partially retain some of
the 20 a.a. beta-catenin downregulating motifs. In the presence of
a germline Apc mutation (Apc*/Msh2’ mice) the spectrum of
somatic Apcmutations is shifted to the 5' end, thereby completely
inactivating Apc’s beta-catenin downregulating activity (Smits et
al, 2000a). These results indicate that somatic Apcmutations are
selected during intestinal tumorigenesis and that specific
combination of Apc alleles encoding for specific dosages of (-
catenin signaling representthe main selective factor. Also, analysis
of the type and distribution of 2" hit mutations in polyps from FAP
patients revealed a clear interdependence between germline and
somatic mutations (Albuquerque et a/, 2002). Germline mutations
that do not retain any of the B-catenin downregulating domains are
usually associated with somatic point mutations encompassing
one or less frequently two downregulating motifs. In contrast, the
majority of polyps from FAP patients with germline mutations
retaining one downregulating motif are characterized by somatic
loss of the wild type Apc allele, though few point mutations that
remove all the downregulating motifs were also observed.
Accordingly, among tumors where the germline defect retained 2
downregulating domains, the most common somatic hits are point
mutations that remove all 20 a.a. domains, or, less frequently,
allelic losses. It should be noted that most truncated APC proteins
retaining one or more of the 20 a.a. repeats, as found in colorectal
tumors, do not represent null alleles and encode for residual -
catenin regulating activity (Albuguerque ef a/, 2002).

According to the “just-right” signaling model (Albuquerque et
al, 2002), APC regulation of Wnt/B-catenin signal transduction
must be impaired at specific levels to successfully trigger
tumorigenesis. A too low signal will not provide sufficient
transcriptional response and selective advantage to allow clonal
expansion, whereas a too strong signaling activity might trigger an
apoptotic response (Kim er a/, 2000).

Another model has been suggested to describe the
interdependence between 1St and 2" hit in APC-driven
tumorigenesis. According to the “loose fit” model, although the
majority of the cases seem to retain at least two downregulating
domains, margins of variation in the number of remaining functional
domains exist (Crabtree et a/, 2003). Additional studies on tumors
other than those of the colon-rectum, revealed tissue-specific
thresholds of -catenin mediated signaling. In desmoid tumours
the majority of somatic mutations retain two or three downregulation
domains (Miyaki efa/, 1993, Palmirotta ez a/, 1995, Giarola et a/,
1998). Upper gastrointestinal tumours also seem to follow the
same trend (Groves et a/, 2002).

APC dosage effects on differentiation

As mentioned before the Wnt pathway is better known for its role
in differentiation and cell fate determination in a wide range of
organisms, from Drosophila to mammals (Cadigan and Nusse
1997). In the early mouse embryo Wnt signaling is involved in the
differentiation of pluripotent embryonic stem (ES) cells present in
the inner cell mass into the three main germ layers: ectoderm,
mesoderm and definitive endoderm. ES differentiation is not
exclusively regulated by WNT but also by other factors like BMP's,
FGF’'s, Smad’s and MixI1. Complex co-activation and interactions
among these signaling pathways give rise to the different lineages
(Loebel er a/, 2003).
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Gene dosage effects are well known to control differentiation
and cell fate. Lack of expression of the transcription factor OCT4
(Pou5f1) results in trophectodermal ES cell differentiation; its
increased expression induces endodermal and mesodermal
differentiation whereas intermediate expression levels are needed
for maintenance of ES cells pluripotency (Niwa et a/., 2000).

Different dosages of Apc/B-catenin signalling modulate stem
cell renewal and differentiation. Mouse embryonic stem cells can
easily be genetically manipulated and cultured /7 vitro without
affecting their differentiation potential. There are several possibilities
to assess the ability of these cells to differentiate: /7 vifro assays
where culture conditions are modulated to induce ES differentiation
into specific cell types or lineages, and teratoma formation assays
where ES cells are injected in isogenic mice to allow /77 vivo
differentiation and formation of benign teratomas.

Our collection of Apc-mutant ES cell lines shows a gradient of
[B-catenin regulatory activity and represents therefore a unique tool
to study Wnt dosage-dependent consequences on stem cell
differentiation (Fig. 4). We have therefore investigated the effect of
different Apc dosages on the differentiation potential of mouse ES
cells by teratoma formation and microarray expression profiling
(Kielman et a/, 2002). We have provided genetic and molecular
evidence that the ability and sensitivity of ES cells to differentiate
into the three germ layers is inhibited by increasing dosages of [3-
catenin signaling ranging from a severe differentiation blockade in
severely truncated Apcalleles, to more specific neuroectodermal,
dorsal mesodermal and endodermal defects in more hypomorphic
alleles. Accordingly, a targeted oncogenic mutation in the [-
catenin gene recapitulates the differentiation defects observed in
Apcmutant ES cells (Kielman et a/, 2002). From these results we
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Fig. 4. Wnt (B-catenin/Tcf) reporter assay analysis of the Apc allelic
series. Embryonic stem cells carrying different allelic combinations of
targeted Apc mutations were tested by the TOP-Flash reporter assay(Korinek
etal., 1997) for their ability to activate luciferase expression under the control
of TCF binding sites, (TOP, dark gray bars). Baseline expression of the vector
was tested using mutated TCF binding sites (FOP, light gray bars).
Measurements are the average of triplicate measurements of three
independent experiments. All ES cell lines here employed are inbred 129/
Ola, with the only exception of ApcMi’Min (C57B1 /6J). Please note that this
figure represents acomposition derived from two different sets of previously
reported assays (Smits et al., 1999, Kielman et al., 2002).
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can conclude that specific levels of Apc/B-catenin signaling
differentially affect stem cell differentiation.

Differentiation into paraxial mesoderm requires a higher induction
of Wnt signalling while differentiation into neuroectoderm and
endoderm require lower levels or even inhibition of the Wnt signal
(Loebel er a/, 2003). These results are in agreement with
experiments in Wnt3a null mouse models where the epiblast cells
of homozygous embryos divertinto neuroectodermal differentiation
instead of differentiating into mesodermal cells (Yoshikawa et a/,
1997). Moreover, mouse models lacking both Lefl and Tcfl are
also defective in paraxial mesoderm differentiation (Galceran et
al,1999). Sfrp2, an antagonist of Wnt signalling, promotes /7 vitro
neuronal differentiation when transfected into ES cells (Aubert ef
al, 2002).

Expression profiling of wild type and Apcmutant teratomas
supports the differentiation defects at the molecular level and
pinpoints a large number of downstream structural and regulating
genes. Hierarchical clustering analysis correctly clustered the Apc
mutant teratomas according to -catenin signalling dosage and to
differentiation potential, even in those cases histologically
indistinguishable from wild type teratomas. Notably, the distribution
between up and downregulated genesinthe ES-derived teratomas
is approximately 50-50. The latter observation indicates that Wnt/
[B-catenin activity is not exclusively associated with transcriptional
activation of target genes but also with their repression (Kielman et
al, 2002). More recently, microarray analysis of undifferentiated
ES cells revealed that the expression profile of wild type stem cells
is distinguishable from that of Apc mutant cells even before
differentiation is induced (unpublished data). Thus, differential
transcriptional regulation of Wnt/B-catenin downstream targets
precedes the differentiation defect.

During development, the organism is able to accommodate
stem cells in specific niches that preserve and restrict their renewal
and differentiation. Although thought to be derived from ES cells
through a progressive restriction of their pluripotency during
development, adult stem cells still possess ample cell-renewal
capacity and differentiation potential (Jiang et a/,, 2002). They play
an important role in the homeostasis of several self-renewing
tissues like bone marrow, gut and skin. The dosage effects
mentioned for ES cells also seem to hold true for adult stem cells.
Mesodermal stem cells have the capability of differentiating among
others to adipocytes and myocytes; Ross and colleagues have
elegantly shown that activation of the Wnt pathway inhibits
adipogenesis by downregulating the expression of transcription
factors like C/EBPa and PPARY. On the other hand, constitutive
Whntsignaling is essential for myocyte differentiation since withdrawal
of the Wnt signal by a dnTCF4 triggers the trans-differentiation of
myoblasts into adipocytes (Ross efa/,, 2000). Hence, Wnt signalling
seems to control the differentiation program of mesenchymal adult
stem cells in a dosage dependent way.

Another classic example of adult stem cell is located in the
intestinal crypts of Lieberkhun. The intestinal mucosais specialized
for absorption of nutrients and consists of a simple columnar
epithelium the surface area of which is vastly increased via
evaginating villi and invaginating crypts. Throughout the intestine,
large numbers of cells are daily shed into the lumen and must be
replaced by new cells differentiating from multipotent stem cells.
These stem cells have the ability to differentiate into five different
intestinal types: columnar absorptive enterocytes, mucus-secreting

Goblet cells, hormone-secreting enteroendocrine cells, the
antimicrobial peptide producing Paneth cells, and the M cell. The
first three cell types can be found throughout the whole intestine,
Paneth cells are restricted to the small intestine, and M cells can
only be found in the crypts adjacent to the Peyer’'s patches
(Marshman ez a/, 2002).

A consistent body of experimental evidence supports a role for
Whnt signaling in the regulation of intestinal stem cell differentiation.
First, Tcf4"- mice cannot sustain an intestinal stem cell compartment
due to premature onset of differentiation, strongly suggesting that
activation of Wnt downstream targets are required to maintain
proliferative capacity (Korinek eza/, 1998). Thus, Wnt signaling is
needed forthe maintenance of the intestinal stem cell compartment.
Further evidence was provided with the colon cancer cell line
Caco-2 as amodel. /n vifrodifferentiation of Caco-2 cells along the
absorptive cell lineage coincides with downregulation of Wnt
signaling (Mariadason ef &/, 2001). More recently, it was shown
that inhibition of B-catenin/TCF-4 transcriptional activity induces a
rapid G1 arrest and interferes with the physiological proliferation
program active in the lower third of the colon crypt (van de Wetering
et al., 2002). Coincidently, an intestinal differentiation program is
triggered. The Wnt target gene ¢c-MYC plays a central role in this
switch by directrepression of p21(CIP1/WAF1). Following disruption
of B-catenin/TCF-4 activity, the decreased expression of c-MYC
releases p21(CIP1/WAF1) transcription, which in turn mediates
G1 arrest and differentiation (van de Wetering ez a/, 2002). Thus,
the B-catenin/TCF-4 complex seems to represent the master
switch that controls the equilibrium between proliferation and
differentiation in the intestinal epithelium.

In the small intestine, the progeny of stem cells follow specific
differentiation patterns. Absorptive, enteroendocrine, and goblet
cells migrate upwards toward the villus while Paneth cells occupy
the bottom of the crypts. Batlle e a/, showed that -catenin and
TCF couple proliferation and differentiation to the sorting of cell
populationsinthe intestinal epithelium by controlling the expression
levels of the EphB receptors and their ligand ephrin-B along the
crypt-villus axis (Batlle eta/., 2002). Accordingly, in the intestine of
EphB-null mice the proliferative and differentiated populations
intermingle, and Paneth cells do not follow their downward migratory
path, but are scattered along crypt and villus.

A model for Wnt-mediated regulation of intestinal
homeostasis and its consequences for tumour
initiation and progression

Different observations from our and other laboratories are
indicative of a central role of the Wnt signal transduction pathway
in controlling the renewal and differentiation of stem cell
compartments both during development and in the adult organism
(Korinek er al, 1998, Batlle er al., 2002, Kielman ef a/., 2002, van
de Wetering er a/, 2002). Cell renewal and differentiation are
regulated by B-catenin in a dosage-dependent fashion. It is now
well established that concentration gradients of signaling molecules
known as morphogens organize and pattern tissues in developing
animals. In particular, studies of patterning of Drosophila and
vertebrate limbs have demonstrated the critical roles of gradients
of the Wnt, Hedgehog (Hh) and transforming growth factor-beta
(TGF-B) families of morphogens. These molecules are often
expressed in organizing centres, and can act over a long range to
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coordinate the patterning of an entire field of cells. Importantly, their
transcriptional and cellular effects are, as in the case of B-catenin,
dose-dependent, which identifies them as the ‘morphogens’ first
postulated in 1924 (Spemann and Mangold 2001, Kielman et a/,
2002). The latter nicely fits in a model where a Wnt organizing
centre is located in the stroma underlying the intestinal epithelial
lining that generates a gradient of Wnt activity along crypt-villus
axis. Due to the organization of the intestinal epithelium in
invaginations in the stroma (crypts) and protrusions into the lumen
(villi), the stem cell niche at the bottom of the crypt is located at the
shortest physical distance from a putative source of Wnt diffusible
ligands. Accordingly, in the colon nuclear -catenin localization
has been shown in normal intestinal cells located at the bottom of
the crypt (Batlle eta/, 2002, van de Wetering et al., 2002) (Fig. 5).
In the small intestine, Paneth cells migrate downwards and share
the lower third of the crypt with the putative stem cells. Both Paneth
cells and other intestinal cells located in the bottom third of the crypt
are characterized by nuclear B-catenin. Therefore, physiological 3-
catenin signaling occurs in lower crypt cells including the Paneth
cells (Batlle er a/, 2002). The downward migration pattern of
Paneth cells results from the presence of the EphB3 receptor as
shown in EphB3” mice where Paneth cells are scattered along
crypt and villus. Notably, Paneth cells can correctly differentiate
when positioned outside the bottom third of the crypt but fail to show
nuclear pB-catenin (Batlle ef a/, 2002). Thus, while induction of p-
catenin nuclear translocation appears to result from a cell non-
autonomous process and depends on the position of the epithelial
cells along the crypt-villus axis, the differentiation program of
Paneth cells occurs independently of Wnt signalling. Accordingly,
several Paneth-specific cryptdin/defensin-related genes were found
to be upregulatedin a dosage-specific fashionin teratomas derived
from Apcmutant ES cells (Kielman et a/., 2002).

In the progenitor intestinal stem cells, Wnt/B-catenin signaling
activates a genetic program of cell proliferation by c-MY C activation
and p21(CIP1/WAF1) repression, and consequent ‘stemness’, i.e.
the maintenance of multi-potency, by a broad range of downstream
effectors. Moving upward along the crypt-villus axis, the exposure
to the Wnt ligands will progressively decrease thus triggering p21-
mediated growth arrest and terminal differentiation (Batlle ez a/,
2002, Kielman et a/, 2002).

APC expression along the crypt villus also shows an inverse
gradient suggesting anincreased level of expression with maturation
(Smith et a/, 1993, Midgley et a/, 1997). However, how this
expression gradient is determined is still unclear. A similar regional
organization of B-catenin expression and intracellular localization
has been observed in the hair follicle (Ridanpaa er a/, 2001) and
islikelyto apply to abroad spectrum of adult stem cell compartments.

Enhanced B-catenin/TCF4 activity iscommon to normal intestinal
stem cell compartments and colorectal cancer. This indicates that
colorectal tumors may result from excessive proliferation and/or
lack of differentiation within the stem cell compartment. Computer
simulations of proliferation, migration and differentiation rates in
the colonic crypt showed that only an enlargement of the stem cell
compartment efficiently predicts polyp formation (Boman et al/.,
2001). These observations well agree both with a model where
tumor formation occurs in the crypt, but also with a top-down
mechanism where well-differentiated cells in the villi may acquire
APC or B-catenin mutations leading to Wnt deregulation, trans-
differentiation and regression to a more proliferative, progenitor
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Fig. 5. Wnt mediated control of intestinal stem cell renewal and
differentiation along the crypt villus axis. The putative presence of a
source of Whnt ligands within the stroma compartment underlying the
intestinal mucosa generates a concentration gradient of Wnt morphogens
reflected by the gradient of B-catenin expression (nuclear at the bottom of the
crypt, more membrane-associated when moving towards the lumen (Batlle
etal., 2002)) and by a gradient of 'stemness’, i.e. the pluripotency of intestinal
progenitor cells. APC expression along the crypt villus shows an inverse
gradient (Smith et al., 1993, Midgley et al., 1997) suggesting an increased
level of expression with maturation. However, how this expression gradient
is determined is still unclear.

cell-like phenotype (Shih er a/, 2001). This central role of Wnt-
mediated ‘stemness’ in tumor formation is also in agreement with
the observation according to which specific degrees of beta-
catenin signaling are selected during polyp formation (Albuquerque
etal., 2002). These tumor-selected signaling dosages will promote
stem cell proliferation, inhibition of differentiation, and/or trans-
differentiation in already committed cell types, as shown by the
epithelial-mesenchymal transitions characteristic of colorectal
cancer cells with nuclear p-catenin localization (Kirchner and
Brabletz 2000). Tissue-specific thresholds in Wnt signaling dosages
may exist among different stem cell niches, as indicated by the
mammary and desmoid tumor phenotype of Apc1572T and Apc1638N
mice (Smits eral., 1998) (Gaspar efa/., manuscriptin preparation).
Accordingly, the Wnt pathway has been involved in a broad
spectrum of tumor types arising from all three embryonic lineages
in gene-specific (APC, B-catenin, Axin, Pinl) (Polakis 2000, Ryo
et al, 2001), and dosage-specific fashions (Smits et a/, 1999,
Fodde and Smits 2001, Kielman e a/, 2002). It is likely that
different mutations in a subset of Wnt-related genes confer specific
signaling dosages to allow tumor formation in specific tissues by
uncontrolled expansion of the corresponding stem cell compartment.

Notably, although APC ( or B-catenin) mutations predict the
nuclear accumulation of B-catenin throughout colorectal tumors, only
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a subset of the cancer cells are positive afterimmunohistochemistry
(Kirchner and Brabletz 2000). This ‘active’ subset of alleged cancer
stem cells increases with tumor size but not with the grade of
dysplasia of the colon adenoma (Brabletz et a/,, 2000). Presumably,
APC mutations alone are not sufficient for nuclear translocation of 3-
catenin and other synergistic factors trigger constitutive Wntsignaling
in more advanced stages of colorectal cancer. Further studies are
needed to understand the molecular mechanisms underlying the
dose-dependenttranscriptional response in Wntsignaling, its primary
downstream targets, and the likely cross-talk with other signal
transduction pathways and cellular functions in homeostasis and in
tumor formation and progression.

Acknowledgements

The authors are grateful to Dr. Ron Smilts, for his critical reading of the
manuscript. This stuady was supporied by grant no. 99-109 fromAIRCto C.G.
and by VICI-grant 918.36.636 from the Dutch Research Council (NWO).

References

ABERLE, H., A. BAUER, J. STAPPERT, A. KISPERT, and R. KEMLER. 1997. beta-
catenin is a target for the ubiquitin-proteasome pathway. £EMBO J16: 3797-804.

ALBUQUERQUE, C., C. BREUKEL, R. VAN DER LUWJT, P. FIDALGO, P. LAGE, F.
J. SLORS, C. N. LEITAO, R. FODDE, and R. SMITS. 2002. The ,just-right’
signaling model: APC somatic mutations are selected based on a specific level of
activation of the beta-catenin signaling cascade. ~Hum Mol Genet11: 1549-60.

AUBERT, J., H. DUNSTAN, I. CHAMBERS, and A. SMITH. 2002. Functional gene
screening in embryonic stem cells implicates Wnt antagonism in neural differen-
tiation. Nat Biotechnol/ 20: 1240-5.

BATLLE, E.,J. T.HENDERSON, H. BEGHTEL, M. M. VAN DEN BORN, E. SANCHO,
G.HULS, J. MEELDIJK, J. ROBERTSON, M. VAN DEWETERING, T. PAWSON,
and H. CLEVERS. 2002. Beta-catenin and TCF mediate cell positioning in the
intestinal epithelium by controlling the expression of EphB/ephrinB. Ce//111: 251-
63.

BEHRENS, J.,B. A. JERCHOW, M. WURTELE, J. GRIMM, C. ASBRAND, R. WIRTZ,
M. KUHL, D. WEDLICH, and W. BIRCHMEIER. 1998. Functional interaction of an
axin homolog, conductin, with beta-catenin, APC, and GSK3beta. Scrernce 280:
596-9.

BEHRENS, J., J. P. VON KRIES, M. KUHL, L. BRUHN, D. WEDLICH, R.
GROSSCHEDL, and W. BIRCHMEIER. 1996. Functional interaction of beta-
catenin with the transcription factor LEF-1. Nature 382: 638-42.

BOMAN, B. M., J. Z. FIELDS, O. BONHAM-CARTER, and O. A. RUNQUIST. 2001.
Computer modeling implicates stem cell overproduction in colon cancer initiation.
Carncer Res 61: 8408-11.

BRABLETZ, T., K. HERRMANN, A. JUNG, G. FALLER, and T. KIRCHNER. 2000.
Expression of nuclear beta-catenin and c-myc is correlated with tumor size but not
with proliferative activity of colorectal adenomas. Am J Patho/156: 865-70.

BRABLETZ, T., A. JUNG, S. DAG, F. HLUBEK, and T. KIRCHNER. 1999. beta-
catenin regulates the expression of the matrix metalloproteinase-7 in human
colorectal cancer. Am J Patho/155: 1033-8.

CADIGAN, K. M., and R. NUSSE. 1997. Wnt signaling: a common theme in animal
development. Genes Dev11: 3286-305.

CAVALLO, R. A,, R. T. COX, M. M. MOLINE, J. ROOSE, G. A. POLEVOY, H.
CLEVERS, M. PEIFER, and A. BEJSOVEC. 1998. Drosophila Tcf and Groucho
interact to repress Wingless signalling activity. Nature 395: 604-8.

CRABTREE, M., O. M. SIEBER, L. LIPTON, S. V. HODGSON, H. LAMLUM, H. J.
THOMAS, K. NEALE, R. K. PHILLIPS, K. HEINIMANN, and I. P. TOMLINSON.
2003. Refining the relation between first hits* and ,second hits* at the APC locus:
the ,loose fit' model and evidence for differences in somatic mutation spectra
among patients. Oncogene 22: 4257-65.

CRAWFORD, H. C., B. M. FINGLETON, L. A. RUDOLPH-OWEN, K. J. GOSS, B.
RUBINFELD, P. POLAKIS, and L. M. MATRISIAN. 1999. The metalloproteinase
matrilysin is atarget of beta-catenin transactivation in intestinal tumors. Oncogene
18: 2883-91.

FODDE, R. 2003. The multiple functions of tumour suppressors: it's allin APC. Nat
Cell Bio/5: 190-2.

FODDE, R., W. EDELMANN, K. YANG, C. VAN LEEUWEN, C. CARLSON, B.
RENAULT, C. BREUKEL, E. ALT, M. LIPKIN, P. M. KHAN, and £7 AL., 1994.
Atargeted chain-termination mutation in the mouse Apc gene results in multiple
intestinal tumors. Proc Nat/ Acad Sci/ USA 91: 8969-73.

FODDE, R., and P. M. KHAN. 1995. Genotype-phenotype correlations at the
adenomatous polyposis coli (APC) gene. Crit Rev Oncog 6: 291-303.

FODDE, R., and R. SMITS. 2001. Disease model: familial adenomatous polyposis.
Trends Mol Med 7: 369-73.

FODDE, R., R. SMITS, and H. CLEVERS. 2001. APC, signal transduction and
genetic instability in colorectal cancer. Nat Rev Cancerl: 55-67.

FODDE, R., R. SMITS, N. HOFLAND, M. KIELMAN, and P. MEERA KHAN. 1999.
Mechanisms of APC-driven tumorigenesis: lessons from mouse models.
Cylogenet Cell Genet 86: 105-11.

GALCERAN, J., |. FARINAS, M. J. DEPEW, H. CLEVERS, and R. GROSSCHEDL.
1999. Wnt3a-/—like phenotype and limb deficiency in Lefl(-/-)Tcfl(-/-) mice.
Genes Dev13: 709-17.

GIAROLA, M., D. WELLS, P. MONDINI, S. PILOTTI, P. SALA, A. AZZARELLI, L.
BERTARIO, M. A. PIEROTTI, J. D. DELHANTY, and P. RADICE. 1998.
Mutations of adenomatous polyposis coli (APC) gene are uncommon in spo-
radic desmoid tumours. BrJ Cancer78: 582-7.

GRODEN, J., A. THLIVERIS, W. SAMOWITZ, M. CARLSON, L. GELBERT, H.
ALBERTSEN, G.JOSLYN, J. STEVENS, L. SPIRIO, M. ROBERTSON, and £7
AL., 1991. I|dentification and characterization of the familial adenomatous
polyposis coli gene. Ce//66: 589-600.

GROVES, C., H. LAMLUM, M. CRABTREE, J. WILLIAMSON, C. TAYLOR, S.
BASS, D. CUTHBERT-HEAVENS, S. HODGSON, R. PHILLIPS, and I.
TOMLINSON. 2002. Mutation cluster region, association between germline and
somatic mutations and genotype-phenotype correlation in upper gastrointesti-
nal familial adenomatous polyposis. Asm J Patho/ 160: 2055-61.

HALBERG, R. B., D. S. KATZUNG, P. D. HOFF, A. R. MOSER, C. E. COLE, R. A.
LUBET, L. A. DONEHOWER, R. F. JACOBY, and W. F. DOVE. 2000. Tumori-
genesis in the multiple intestinal neoplasia mouse: redundancy of negative
regulators and specificity of modifiers. Proc Nat/ Acad Sci USA 97: 3461-6.

HART,M.J.,R.DELOS SANTOS, I. N. ALBERT, B. RUBINFELD, and P. POLAKIS.
1998. Downregulation of beta-catenin by human Axin and its association with
the APC tumor suppressor, beta-catenin and GSK3 beta. Curr Bio/8: 573-81.

HE, T.C., A. B. SPARKS, C. RAGO, H. HERMEKING, L. ZAWEL, L. T. DA COSTA,
P. J. MORIN, B. VOGELSTEIN, and K. W. KINZLER. 1998. Identification of c-
MYC as a target of the APC pathway. Science 281: 1509-12.

ICHII, S., S. TAKEDA, A. HORII, S. NAKATSURU, Y. MIYOSHI, M. EMI, Y.
FUJIWARA, K. KOYAMA, J. FURUYAMA, J. UTSUNOMIYA, and £7 AL.,1993.
Detailed analysis of genetic alterations in colorectal tumors from patients with
and without familial adenomatous polyposis (FAP). Oncogene 8: 2399-405.

JIANG, Y., B. N. JAHAGIRDAR, R. L. REINHARDT, R. E. SCHWARTZ, C. D.
KEENE, X. R. ORTIZ-GONZALEZ, M. REYES, T. LENVIK, T. LUND, M.
BLACKSTAD, J. DU, S. ALDRICH, A. LISBERG, W. C. LOW, D. A.
LARGAESPADA, and C. M. VERFAILLIE. 2002. Pluripotency of mesenchymal
stem cells derived from adult marrow. Nazure 418: 41-9.

JOSLYN, G., M. CARLSON, A. THLIVERIS, H. ALBERTSEN, L. GELBERT, W.
SAMOWITZ, J. GRODEN, J. STEVENS, L. SPIRIO, M. ROBERTSON, and £7
AL., 1991. Identification of deletion mutations and three new genes at the
familial polyposis locus. Ce//66: 601-13.

KIELMAN, M. F., M. RINDAPAA, C. GASPAR, N. VAN POPPEL, C. BREUKEL, S.
VAN LEEUWEN, M. M. TAKETO, S. ROBERTS, R. SMITS, and R. FODDE.
2002. Apc modulates embryonic stem-cell differentiation by controlling the
dosage of beta-catenin signaling. Naf Genet32: 594-605.

KIM, K., K. M. PANG, M. EVANS, and E. D. HAY. 2000. Overexpression of beta-
catenin induces apoptosis independent of its transactivation function with LEF-
1 or the involvement of major G1 cell cycle regulators. Mo/ Bio/ Ce//11: 3509-
23.

KINZLER, K. W., M. C. NILBERT, L. K. SU, B. VOGELSTEIN, T. M. BRYAN, D. B.
LEVY, K. J. SMITH, A. C. PREISINGER, P. HEDGE, D. MCKECHNIE, and £7
AL., 1991. Identification of FAP locus genes from chromosome 5q21. Scrence
253: 661-5.



WNT signalling dosage effects in differentiation and tumorigenesis

KINZLER, K. W., and B. VOGELSTEIN. 1996. Lessons from hereditary colorectal
cancer. Ce//87: 159-70.

KIRCHNER, T., and T. BRABLETZ. 2000. Patterning and nuclear beta-catenin
expression in the colonic adenoma-carcinoma sequence. Analogies with em-
bryonic gastrulation. Asm J Patho/157: 1113-21.

KNUDSON, A. G., JR. 1971. Mutation and cancer: statistical study of retinoblas-
toma. Proc Natl Acad Sci USA 68: 820-3.

KORINEK, V., N. BARKER, P. MOERER, E. VAN DONSELAAR, G. HULS, P. J.
PETERS, and H. CLEVERS. 1998. Depletion of epithelial stem-cell compart-
ments in the small intestine of mice lacking Tcf-4. Nat Gener19: 379-83.

KORINEK, V., N. BARKER, P. J. MORIN, D. VAN WICHEN, R. DE WEGER, K. W.
KINZLER, B. VOGELSTEIN, and H. CLEVERS. 1997. Constitutive transcrip-
tional activation by a beta-catenin-Tcf complex in APC-/- colon carcinoma.
Sclence 275: 1784-7.

LAMLUM, H., M. ILYAS, A. ROWAN, S. CLARK, V. JOHNSON, J. BELL, I.
FRAYLING, J. EFSTATHIOU, K. PACK, S. PAYNE, R. ROYLANCE, P.
GORMAN, D. SHEER, K. NEALE, R. PHILLIPS, I. TALBOT, W. BODMER, and
I. TOMLINSON. 1999. The type of somatic mutation at APC in familial
adenomatous polyposis is determined by the site of the germline mutation: a
new facet to Knudson’s ,two-hit' hypothesis. Nat Med'5: 1071-5.

LEVY, D. B., K. J. SMITH, Y. BEAZER-BARCLAY, S. R. HAMILTON, B.
VOGELSTEIN, and K. W. KINZLER. 1994. Inactivation of both APC alleles in
human and mouse tumors. Carcer Res 54: 5953-8.

LOEBEL, D. A., C. M. WATSON, R. A. DE YOUNG, and P. P. TAM. 2003. Lineage
choice and differentiation in mouse embryos and embryonic stem cells. Dev Bio/
264: 1-14.

MARCUS, D. M., A. K. RUSTGI, D. DEFOE, S. E. BROOKS, R. S. MCCORMICK,
T.P. THOMPSON, W. EDELMANN, R. KUCHERLAPATI, and S. SMITH. 1997.
Retinal pigment epithelium abnormalities in mice with adenomatous polyposis
coli gene disruption. Arch Ophithalmo/115: 645-50.

MARIADASON, J. M., M. BORDONARO, F. ASLAM, L. SHI, M. KURAGUCHI, A.
VELCICH, and L. H. AUGENLICHT. 2001. Down-regulation of beta-catenin TCF
signaling is linked to colonic epithelial cell differentiation. Cancer Res61: 3465-71.

MARSHMAN, E., C. BOOTH, and C. S. POTTEN. 2002. The intestinal epithelial
stem cell. Bioessays 24: 91-8.

MIDGLEY, C. A., S. WHITE, R. HOWITT, V. SAVE, M. G. DUNLOP, P. A. HALL, D.
P. LANE, A. H. WYLLIE, and V. J. BUBB. 1997. APC expression in normal
human tissues. J Patho/181: 426-33.

MIYAKI, M., M. KONISHI, R. KIKUCHI-YANOSHITA, M. ENOMOTO, K. TANAKA,
H. TAKAHASHI, M. MURAOKA, T. MORI, F. KONISHI, and T. IWNVAMA. 1993.
Coexistence of somatic and germ-line mutations of APC gene in desmoid
tumors from patients with familial adenomatous polyposis. Carncer Res 53:
5079-82.

MIYOSHI, Y., H. NAGASE, H. ANDO, A. HORII, S. ICHII, S. NAKATSURU, T. AOKI,
Y. MIKI, T. MORI, and Y. NAKAMURA. 1992. Somatic mutations of the APC
gene in colorectal tumors: mutation cluster region in the APC gene. Hum Mo/
Genet1l: 229-33.

MOLENAAR, M., M. VAN DE WETERING, M. OOSTERWEGEL, J. PETERSON-
MADURO, S. GODSAVE, V. KORINEK, J. ROOSE, O. DESTREE, and H.
CLEVERS. 1996. XTcf-3 transcription factor mediates beta-catenin-induced
axis formation in Xenopus embryos. Ce//86: 391-9.

MORIN, P. J., A. B. SPARKS, V. KORINEK, N. BARKER, H. CLEVERS, B.
VOGELSTEIN, and K. W. KINZLER. 1997. Activation of beta-catenin-Tcf
signaling in colon cancer by mutations in beta-catenin or APC. Science 275:
1787-90.

MOSER, A. R., E. M. MATTES, W. F. DOVE, M. J. LINDSTROM, J. D. HAAG, and
M. N. GOULD. 1993. ApcMin, a mutation in the murine Apc gene, predisposes
to mammary carcinomas and focal alveolar hyperplasias. Proc Nat/ Acad Scri
USA90: 8977-81.

MOSER, A.R.,A.R. SHOEMAKER, C. S. CONNELLY, L. CLIPSON, K. A. GOULD,
C. LUONGO, W. F. DOVE, P. H. SIGGERS, and R. L. GARDNER. 1995.
Homozygosity for the Min allele of Apc results in disruption of mouse develop-
ment prior to gastrulation. Dev Dy 203: 422-33.

NISHISHO, I., Y.NAKAMURA, Y. MIYOSHI, Y. MIKI,H. ANDO, A. HORII, K. KOYAMA,

J.UTSUNOMIYA, S.BABA, and P. HEDGE. 1991. Mutations of chromosome 5921
genes in FAP and colorectal cancer patients. Sc/ernce 253: 665-9.

385

NIWA, H., J. MIYAZAKI, and A. G. SMITH. 2000. Quantitative expression of Oct-3/4
defines differentiation, dedifferentiation or self-renewal of ES cells. Nat Genet24:
372-6.

OSHIMA, M., H. OSHIMA, K. KITAGAWA, M. KOBAYASH]I, C. ITAKURA, and M.
TAKETO. 1995. Loss of Apc heterozygosity and abnormal tissue building in
nascent intestinal polyps in mice carrying a truncated Apc gene. Proc Natl Acad
Sci USA 92: 4482-6.

PALMIROTTA, R., M. C. CURIA, D. L. ESPOSITO, R. VALANZANO, L. MESSERINI,
F.FICARI,M.L.BRANDI, F. TONELLI, R. MARIANI-COSTANTINI, P.BATTISTA,
and £7AL.,1995. Novel mutations and inactivation of both alleles of the APC gene
in desmoid tumors. Hum Mol Genet4: 1979-81.

POLAKIS, P. 2000. Wnt signaling and cancer. Genes Dev 14: 1837-51.

POWELL, S. M., N. ZILZ, Y. BEAZER-BARCLAY, T. M. BRYAN, S. R. HAMILTON, S.
N. THIBODEAU, B. VOGELSTEIN, and K. W. KINZLER. 1992. APC mutations
occur early during colorectal tumorigenesis. Nature 359: 235-7.

RIDANPAA, M., R. FODDE, and M. KIELMAN. 2001. Dynamic expression and nuclear
accumulation of beta-catenin during the development of hair follicle-derived struc-
tures. Mech Dev109: 173-81.

ROSS, S. E., N. HEMATI, K. A. LONGO, C. N. BENNETT, P. C. LUCAS, R. L.
ERICKSON, and O. A. MACDOUGALD. 2000. Inhibition of adipogenesis by Wnt
signaling. Scrence 289: 950-3.

RUBINFELD, B., . ALBERT, E. PORFIRI, C. FIOL, S. MUNEMITSU, and P. POLAKIS.
1996. Binding of GSK3beta to the APC-beta-catenin complex and regulation of
complex assembly. Science 272: 1023-6.

RUBINFELD, B., B. SOUZA, I. ALBERT, O. MULLER, S. H. CHAMBERLAIN, F. R.
MASIARZ, S. MUNEMITSU, and P. POLAKIS. 1993. Association of the APC gene
product with beta-catenin. Scrence 262: 1731-4.

RYO, A., M. NAKAMURA, G. WULF, Y. C. LIOU, and K. P. LU. 2001. Pin1 regulates
turnover and subcellular localization of beta-catenin by inhibiting its interaction with
APC. Nat Cell Bio/3: 793-801.

SEMENOV, M. V., K. TAMAI, B. K. BROTT, M. KUHL, S. SOKOL, and X. HE. 2001.
Head inducer Dickkopf-1 is a ligand for Wnt coreceptor LRP6. Curr Bio/11: 951-61.

SHIH, I. M., T. L. WANG, G. TRAVERSO, K. ROMANS, S. R. HAMILTON, S. BEN-
SASSON, K. W.KINZLER, and B. VOGELSTEIN. 2001. Top-down morphogenesis
of colorectal tumors. Proc Natl Acad Sci USA 98: 2640-5.

SHTUTMAN, M., J. ZHURINSKY, I. SIMCHA, C. ALBANESE, M. D'AMICO, R.
PESTELL, and A. BEN-ZE'EV. 1999. The cyclin D1 gene is a target of the beta-
catenin/LEF-1 pathway. Proc Nat/ Acad Sci U S A 96: 5522-7.

SMITH, K. J., K. A. JOHNSON, T. M. BRYAN, D. E. HILL, S. MARKOWITZ, J. K.
WILLSON, C. PARASKEVA, G.M.PETERSEN, S.R. HAMILTON, B. VOGELSTEIN,
and £7AL.,1993. The APC gene product in normal and tumor cells. Proc Nat/Acad
Sci USA 90: 2846-50.

SMITS, R., N. HOFLAND, W. EDELMANN, M. GEUGIEN, S. JAGMOHAN-
CHANGUR, C. ALBUQUERQUE, C. BREUKEL, R. KUCHERLAPATI, M. F.
KIELMAN, and R. FODDE. 2000a. Somatic Apc mutations are selected upon
their capacity to inactivate the beta-catenin downregulating activity. Genes
Chrom. Cancer29: 229-39.

SMITS,R.,M.F.KIELMAN, C.BREUKEL, C.ZURCHER, K.NEUFELD, S. JAGMOHAN-
CHANGUR, N. HOFLAND, J. VAN DIJK, R. WHITE, W. EDELMANN, R.
KUCHERLAPATI, P. M. KHAN, and R. FODDE. 1999. Apc1638T: a mouse model
delineating critical domains of the adenomatous polyposis coli protein involved in
tumorigenesis and development. Genes Dev13: 1309-21.

SMITS,R.,P.RUIZ,S.DIAZ-CANO, A.LUZ, S. JAGMOHAN-CHANGUR, C. BREUKEL,
C. BIRCHMEIER, W. BIRCHMEIER, and R. FODDE. 2000b. E-cadherin and
adenomatous polyposis coli mutations are synergistic in intestinal tumor initiation in
mice. Gastroenterology 119: 1045-53.

SMITS, R., W. VAN DER HOUVEN VAN OORDT, A. LUZ, C. ZURCHER, S.
JAGMOHAN-CHANGUR, C. BREUKEL, P. M. KHAN, and R. FODDE. 1998.
Apc1638N: amouse modelfor familialadenomatous polyposis-associated desmoid
tumors and cutaneous cysts. Gastroenterology 114: 275-83.

SPARKS, A.B., P.J. MORIN, B. VOGELSTEIN, and K. W. KINZLER. 1998. Mutational
analysis of the APC/beta-catenin/Tcf pathway in colorectal cancer. Carnicer Res58:
1130-4.

SPEMANN, H., and H. MANGOLD. (2001). Induction of embryonic primordia by
implantation of organizers from a different species. 1923. /ntJ Dev Bio/ 45: 13-38.



386 C. Gagpar and R. Fodde

SU, L. K., K. W. KINZLER, B. VOGELSTEIN, A. C. PREISINGER, A. R. MOSER, C.
LUONGO, K. A. GOULD, and W. F. DOVE. 1992. Multiple intestinal neoplasia
caused by a mutation in the murine homolog of the APC gene. Scrence256: 668-
70.

SU, L. K., B. VOGELSTEIN, and K. W. KINZLER. 1993. Association of the APC tumor
suppressor protein with catenins. Sc/ence 262: 1734-7.

TAKEMARU, K., S. YAMAGUCH]I, Y. S. LEE, Y. ZHANG, R. W. CARTHEW, and R.
T.MOON. 2003. Chibby, a nuclear beta-catenin-associated antagonist of the Wnt/
Wingless pathway. Nafure 422: 905-9.

TETSU, O., and F. MCCORMICK. 1999. Beta-catenin regulates expression of cyclin
D1 in colon carcinoma cells. Nature 398: 422-6.

VAN DE WETERING, M., E. SANCHO, C. VERWELJ, W. DE LAU, I. OVING, A.
HURLSTONE, K. VANDERHORN, E. BATLLE, D. COUDREUSE, A. P.HARAMIS,
M. TJON-PON-FONG, P. MOERER, M. VAN DEN BORN, G. SOETE, S. PALS,
M. EILERS, R. MEDEMA, and H. CLEVERS. 2002. The beta-catenin/TCF-4

complex imposes a crypt progenitor phenotype on colorectal cancer cells. Ce/
111: 241-50.

VAN DER HOUVEN VAN OORDT, C. W., R. SMITS, S. L. WILLIAMSON, A. LUZ, P.
M. KHAN, R. FODDE, A.J. VAN DER EB, and M. L. BREUER. 1997. Intestinal and
extra-intestinal tumor multiplicities in the Apc1638N mouse model after exposure
to X-rays. Carcinogenesis 18: 2197-203.

WIELENGA, V. J., R. SMITS, V. KORINEK, L. SMIT, M. KIELMAN, R. FODDE, H.
CLEVERS, and S. T. PALS. 1999. Expression of CD44 in Apc and Tcf mutant mice
implies regulation by the WNT pathway. Am J Patho/ 154: 515-23.

WU, W., A. GLINKA, H. DELIUS, and C. NIEHRS. 2000. Mutual antagonism between
dickkopfl and dickkopf2 regulates Wnt/beta-catenin signalling. Curr Bio/ 10:
1611-4.

YOSHIKAWA, Y., T. FUJIMORI, A. P. MCMAHON, and S. TAKADA. 1997. Evidence
that absence of Wnt-3a signaling promotes neuralization instead of paraxial
mesoderm development in the mouse. Dev Bio/183: 234-42.



