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1. ABSTRACT

The intestinal epithelium is a self-renewing tissue
that represents a unique model for studying interconnected
cellular processes such as proliferation, differentiation, cell
migration and carcinogenesis. This review covers work
from the past decade and highlights the importance of the
canonical Wnt pathway in regulating multiple aspects of
intestinal homeostasis. Numerous in vivo studies combined
with gene profiling experiments have shown that Wnt
signaling promotes maintenance of epithelial stem cells and
early progenitors by driving transcription of genes
associated with proliferation. These studies also revealed
strong similarities between the genetic program initiated by
Wnt signals in normal crypt progenitors and in colorectal
cancer cells. More recently it has become apparent that
Wnts do not act alone but rather cooperate with Notch
signals in maintaining progenitor cell populations.
Processes associated with differentiated epithelial cells also
appear to be regulated by Wnt signals. For instance, Paneth
cells employ active Wnt signals for terminal differentiation.
Moreover, through transcriptional regulation of members of
the Eph and Ephrin families, Wnt signaling promotes
compartmentalization of epithelial cells along the crypt-
villus axis. The Eph/Ephrin system also operates to limit
progression of colorectal cancer beyond the early stages.
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2. EMBRYONIC ORIGIN OF THE INTESTINE

The intestinal tract constitutes a tube composed
of three tissue layers. The outer and middle layers are of
mesodermal origin and consist of smooth muscle cells,
responsible for peristalsis, and connective stromal tissue,
respectively. The inner, endoderm-derived, layer contains
epithelial cells responsible for food processing and uptake
of nutrients.

In mice, intestinal development starts at
embryonic day 6.0 (E6.0) when epiblast cells, committed to
form definitive endoderm, travel through the primitive
streak to populate the anterior end of the embryo.
Endodermal cells leaving at later stages colonize more
posterior regions. From E7.5 to 9.5, the endodermal layer
underlying the mesoderm and ectoderm undergoes a series
of invaginations initiated at the anterior and posterior ends
of the embryo, resulting in the formation of a proper gut
tube. The primitive gut is composed of a uniform layer of
cuboidal endodermal cells covered by splanchnic
mesoderm, which subsequently is reshaped along the
anterior—posterior (A-P) axis. During this phase (E9.5-
E14.5) the intestine, along with the other organs of the
digestive tract become morphologically distinguishable.
Following A-P patterning, the intestinal tract differentiates
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Figure 1. Schematic representation of the architecture of the intestinal epithelium. The epithelium (mucosa) of the small intestine
is organized into morphologically and functionally distinct compartments. The crypt of Lieberkiihn represents the proliferative
compartment of the intestinal epithelium. Crypts are present in both the small intestine and colon but are larger in the colon. No
villi are present in the colon. The differentiated compartment consists of specialized cells, adapted for food processing, and is
found on the villi in the small intestine whereas the colon has a flat layer of similar specialized epithelial cells instead. Crypts
harbor slowly dividing multipotent stem cells. The immediate descendents of these stem cells in the crypt undergo more rapid
proliferation, and are referred to as transit amplifying (TA) cells. During migration of these TA-derived daughter cells to the
villus surface, they differentiate into the four mature epithelial lineages. Absorptive enterocytes produce enzymes that help to
digest sugars and proteins. The other three lineages are of a secretory type: Goblet cells produce mucus, thereby providing
protection to the epithelium against shear stress and chemical damage. Enteroendocrine cells secrete a great variety of hormones
such as Secretin, Serotonin, Substance P and Somatostatin. Paneth cells differentiate while moving to their functional location,
the bottom of the crypt. They are specialized in the secretion of antimicrobial peptides termed defensins, or cryptdins, and
enzymes such as lysozyme and phospholipase A2.

in a radial direction, giving rise to various mesenchymal present in the colon. The differentiated compartment
components such as smooth muscle and stromal cells, as consists of specialized cells, adapted to various aspects of
well as columnar epithelial cells. It is believed that these food processing, and is found on the villi in the small
regional patterning events are driven by extensive cross- intestine whereas the colon has a flat layer of similar
talk between endodermal and mesodermal layers through specialized epithelial cells. While crypts are monoclonal,
the action of soluble signaling factors (1). By E16.5, the each villus receives cells originating from different crypts
epithelial lining becomes organized into finger-shaped and is therefore polyclonal. The lifecycle of most of the
luminal protrusions, termed villi, and intervillus regions individual epithelial cells within the intestinal mucosa
consisting of highly proliferative progenitor cells. During spans less than a week. In the mouse, stem cells in each
postnatal development the intervillus pockets give rise to crypt ultimately generate some 200 cells per day. These
flask-shaped crypts, the eventual home of intestinal stem newly formed cells move upwards along the villus and
cells (reviewed in 2, 3). Similar events take place in the differentiate. Finally, they enter apoptosis and are
colon. exfoliated from the apex of the villi in the small intestine or

from the flat surface epithelium in the colon. On average,
3. THE EPITHELIAL LINING OF THE ADULT the entire intestinal epithelium is renewed every 3 to 5 days
SMALL INTESTINE AND COLON for mouse and man, respectively.

The epithelium (mucosa) of the mammalian small Most of our current understanding of the
intestine and colon is organized into morphologically and dynamics of this process of continuous self-renewal is
functionally distinct compartments (Figure 1). The crypt of based on the classical studies performed by Potten and
Lieberkiihn represents the proliferative compartment of the colleagues using the adult mouse small intestine as a model
intestinal epithelium. Crypts are present in both the small system (4). These studies have shown that crypts, of which
intestine and colon but are larger in the colon. No villi are there are about one million in an adult mouse small
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intestine, harbor slowly dividing multipotent stem cells
(cell cycle period of 24 h) that reside in the lower third part.
The immediate descendents of these stem cells occupy the
middle third of the crypt and are referred to as transit
amplifying (TA) cells. This TA population undergoes more
rapid proliferation (cell cycle period of 12 h). During
migration of these TA-derived daughter cells to the villus
surface, they differentiate into the four mature epithelial
lineages. Absorptive enterocytes produce enzymes that help
to digest sugars and proteins. They are the most abundant
cells in the epithelium and their specialization in absorption
of digested material is evident by the presence of apical
microvilli. The other three lineages are of a secretory type:
Goblet cells (5) are most abundant in the small intestine
and produce mucus thereby providing protection to the
epithelium against shear stress and chemical damage.
Enteroendocrine cells (6) secrete a great variety of
hormones such as secretin, serotonin, substance P and
somatostatin. Paneth cells (7) are specialized in the
secretion of antimicrobial peptides termed defensins, or
cryptdins, and enzymes such as lysozyme and
phospholipase A2.

As described above, maturation of progenitor
cells coincides with upward migration of cells in coherent
bands along the crypt villus axis. By contrast, stem cells
maintain their position in the lower part of the crypt. Paneth
cells also escape this flow. While it is believed that Paneth
cells are generated in the upper third part of the crypt, they
migrate in the opposite direction towards the bottom of the
crypt. Another characteristic of Paneth cells, that
discriminates them from the other differentiated cells types
in the mucosa (8), is their extended life span of 20 days.

4. SECRETED WNT PROTEINS REPRESENT THE
MAIN DRIVING FORCE FOR THE ACTIVITY OF
INTESTINAL STEM CELLS

4.1. Properties of intestinal stem cells

The crypt-to-villus hierarchical migratory pattern
of cell proliferation and differentiation is well established
and it is therefore assumed that the multipotent stem cells
that give rise to the four differentiated cell lineages are
located at the origin of this system, the intestinal crypt.
There is a paucity of specific markers for these stem cells.
Consequently, they are typically identified by their ability
to retain radiolabelled thymidine for extended periods of
time. Incorporation of radioactive label can be achieved at
the times when new stem cells and new template DNA
strands are being produced. This will occur either during
gut development or following injury. Unlike all other cells,
the stem cells retain abundant DNA label (9). These early
experiments revealed the position of the putative stem cells
at the base of the colonic crypts and approximately at cell
position +4 in the small intestine. Retention of the
radiolabeled thymidine is consistent with selective
segregation of the newly synthesized DNA strands in these
cells. Similar recent experiments using this approach, in
which [*H]-thymidine and BrdU were injected successively
into developing mice or adult mice after irradiation,
confirmed this hypothesis (10, 11). Based on these
experiments, it has been proposed that stem cells in the
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intestine segregate their chromatids asymmetrically. The
thymidine label is retained in the ‘immortal”’ DNA strand
while the BrdU label is incorporated in the strands donated
to the immediate descendants, the TA cells. The ability of
stem cells to continuously reuse the same DNA strand as
template is postulated to protect them against DNA-
replication-induced errors because these will be passed into
the differentiating, short-lived daughter cells.

The described asymmetric segregation of DNA
strands implies that some properties of stem cells may be
cell autonomous. This certainly does not apply to all stem
cell and/or TA cell properties. Hermiston et al. (12) found,
by forced over expression of Fabpl (Fatty acid binding
protein) promoter-driven E-Cadherin in mouse intestinal
epithelium, that proliferation is suppressed as well as cell
movement up the villus. The slowed migration is not
accompanied by a change in distribution of terminal
differentiation markers along the crypt-villus axis
suggesting cell nonautonomous differentiation

The retention of the stem cell properties in one of
the daughter cells, which must occur in each cell division
following DNA replication, also may not be a completely
intrinsic feature of the stem cell. Several experimental
approaches seem to indicate that stem cells not exclusively
perform these asymmetric divisions. A more stochastic
pattern of division, that also occasionally includes
symmetric divisions in which either two stem cells or two
differentiating daughter cells are produced, would argue in
favor of a niche regulated stem cell behavior. Both analysis
of the transition from juvenile to adult epithelium in mouse
small intestine aggregation chimeras (13) and the study of
CpG methylation tags in three non expressed loci in human
colon propose a ‘niche succession’ model of stem cell
dynamics within the crypt (14). This model suggests that
stochastic extinction of stem cell lines by symmetric
division results in a ‘bottleneck’ effect wherein all cells
within the crypt are related to a single stem cell descendant.
The estimated time taken for this bottleneck to develop was
8.2 years in normal human colon. Symmetric divisions in
which clonal expansion yields two stem cells must be
instrumental during regeneration of damaged tissue, in
response to irradiation and during the postnatal period in
which a massive increase in the number of crypts occurs in
both the small intestine and colon.

Production of all epithelial lineages is another
characteristic that defines stem cells. A large body of
evidence, obtained from experiments with aggregation
chimaeras and mosaic individuals, supports this idea known
as the ‘Unitarian’ hypothesis (15). An example of the use
of chimaeras can be found in DBA staining of cells. This
lectin binds to cells derived from B6 mice but not to SWR-
derived cells. DBA staining thus readily segregates cells
from the two different strains. Neonatal chimeras will have
mixed, polyclonal crypts for the first two weeks of life. In
older mice, only DBA positive or negative crypts can be
identified (16). A very convincing example of the
exploitation of cellular mosaicism to support the Unitarian
hypothesis came from Novelli et al. (17) who studied the
colon of a rare XO/XY patient who required colectomy.
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Figure 2. Simplified scheme of the canonical Wnt pathway. Left. In the absence of Wnt ligand, beta-catenin is sequestered in a
multiprotein degradation complex containing the scaffold protein Axin, the tumor suppressor gene product APC, as well as the
kinases CK1 and GSK3beta, among others. Upon sequential phosphorylation, beta-catenin is ubiquititylated by the beta-TrcP-
E3ligase complex and subsequently degraded by the proteasome machinery. Right. Wnt ligand associates with Frizzled/LRP co-
receptors. By an as yet unknown mechanism, Dishevelled now inactivates the destruction complex. beta-catenin accumulates in
the cytoplasm and subsequently travels to the nucleus. Wnt target gene transcription is initiated following binding of beta-catenin
to TCF/Lef transcription factors. Transcription is mediated trough the C-terminal transactivation domain in beta-catenin. There
are indications that also BCL9 and Pygopus proteins are required.

Detection of the Y chromosome revealed that the normal
crypts of this FAP patient were almost entirely comprised
of either Y-positive or Y-negative cells. Immunostaining
for the enteroendocrine cells confirmed that they shared the
karyotype of the other cells in the crypt. Both these
examples provide convincing evidence that all the cells in
crypt are derived from the same stem cell.

It is clear that the maintenance of a healthy stem
cell population in the intestine is of great importance. We
have mentioned several findings indicating that regulation
of stem cell activity is unlikely to be completely cell
autonomous. Indeed, evidence is now accumulating that
stem cells receive instructions from cells in the surrounding
tissue. The first strong molecular evidence for such a niche-
regulated intestinal stem cell biology came from gene
targeting of the Wnt signaling effector Tcf4 (18). Mice
lacking this transcription factor, although able to sense the
soluble Wnt signals transmitted by the surrounding cells,
are unable to respond to it. As a result these mice are
hampered in generating or maintaining their intestinal stem
cell compartment. Wnt signaling is now regarded as the
driving force in the self-renewal of the epithelium. Before
further elaborating on the evidence supporting this we will
first provide a detailed description of this signaling
cascade.
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4.2. The Wnt cascade

The discovery that the mouse mammary
oncogene int-1 appeared homologous to the Drosophila
segment polarity gene Wingless (19) laid the keystone for a
signaling pathway now referred to as the canonical Wnt
pathway (Figure 2). This signaling cascade was
subsequently found to be conserved in all metazoans where
it proved to be involved in many developmental decisions
(20). The human and mouse genome each harbor
approximately 19 different Wnt genes that encode secreted
cysteine-rich glycoproteins. To be biologically active, Wnt
proteins are dependent on palmitoylation (lipid
modification) of a conserved cysteine residue (21). This
posttranslational modification is possibly mediated by an
endoplasmic reticulum multispanning transmembrane
protein, homologous to the Drosophila segment polarity
gene product Porcupine (22). Signaling is initiated when
secreted Wnt ligands engage their cognate receptor
complexes in membranes of Wnt-responsive cells. These
complexes consist of a member of the Frizzled (FZD)
family of the seven span transmenbrane serpentine
receptors (23) and a single-span receptor belonging to the
low-density lipoprotein receptor-related protein (LRP)
family (24), the vertebrate LRP5 or LRP6 and the
Drosophila arrow gene product (25). The requirement of
both these receptors for canonical Wnt signaling was
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revealed by loss of function studies in Drosophila. Deletion
of the gene encoding for arrow or combined loss of the two
FZD receptors (26) phenotypically copied wingless
mutation. Some Wnts may also bind to FZD receptors in
the absence of LRP co-receptors to initiate an alternative
response referred to as planar cell polarity pathway or non-
canonical Wnt signaling (27). There are no data available
supporting a role for this type of signaling in intestinal
development or function.

The interaction of Wnts and their receptors
ultimately regulates the stability of the multifunctional
protein beta-catenin, the key player in this pathway. In cells
quiescent with respect to Wnt signaling, cytoplasmic beta-
catenin can only be found anchored to the cell membrane
where it participates in E-cadherin mediated intercellular
adhesion through the formation of adherens junctions
(reviewed in 28). In contrast, initiation of signaling, leads
to accumulation of unbound beta-catenin in the cytoplasm
and nucleus. A dedicated destruction complex tightly
regulates the size of the cytoplasmic pool of signaling-
competent beta-catenin. When Wnt receptors are not
engaged, two scaffolding proteins in this destruction
complex, the tumor suppressors adenomatous polyposis
coli (APC) and axin, bind freshly produced beta-catenin.
This allows casein kinase 1 (CKI) to phosphorylate the N-
terminus of beta-catenin at Ser 45 (29). This primary
phosphorylation event promotes additional
phosphorylations at conserved Ser and Thr residues, N
terminal to Ser 45, that are performed by glycogen synthase
kinase 3 beta (GSK3beta)(30). The resulting
phosphorylation motif earmarks beta-catenin as a substrate
for ubiquitylation by the F-box containing E3 ligase beta-
TrCP and subsequent proteasomal degradation (31).

In contrast, FZD/LRP occupancy by Wnts blocks
the enzymatic activity of the destruction complex by an as
yet incompletely resolved mechanism. Recent evidence
indicates that axin, an essential component of the
destruction complex, is recruited to the membrane
embedded LRP co-receptor upon receptor triggering.
Exchange of axin between destruction complexes and
binding sites in the cytoplasmic tail of LRP/Arrow would
reduce the activity of the destruction complex, and allow
for beta-catenin-mediated signaling, by withdrawal of one
of its essential scaffolds. In the intracellular domains of
LRP5/6/Arrow the axin docking site consists of a, five
times reiterated, phosphorylated PPPsP motif (32). The
Wnt induced kinase responsible for mediating this event
awaits identification, as does the regulatory phosphatase.
This model does not explain how receptor occupancy leads
to release of axin from the destruction complex. It is also
unclear whether sufficient LRP-associated docking sites are
available to significantly deplete destruction complexes of
their axin component. Prolonged receptor occupancy
eventually results in a decrease in the level of axin raising a
second opportunity for reduced destruction complex
activity (33). The latter mechanism, however, cannot be
responsible for canonical Wnt signaling in general since
signaling occurs before an obvious decline in the level of
axin can be detected (34). Moreover, receptor occupancy
also induces expression of another negative regulator of the
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pathway, the axin homolog conductin (also referred to as
axin 2) (35). This negative feedback mechanism would
replenish the function of the lost axin since conductin can
functionally replace axinl in the destruction complex (36).

Genetic evidence has revealed that the adaptor
protein Dishevelled (Dsh) is, in addition, essential for
signal transduction (37). Biochemical evidence shows that
Dsh binds to the cytoplasmic tail of FZD (38) and that
removal of the docking site for Dsh in the FZD receptor
blocks canonical Wnt signaling (39). The observation that
Dsh seems required for the recruitment of axin to
LRP/Arrow (40) seems in agreement with its ability to bind
to both FZD and axin (41). Several roles can be considered
for the contribution of Dsh in this model. It may for
instance form a link between receptor engagement and
release of axin from the destruction complex. Its adaptor
function may help to stabilize axin binding to LRP/FZD or
participate in the phosphorylation of LRP. Dsh may also
function in a different model. In Wnt signaling-quiescent
cells Dsh may be bound to FZD but translocates to the
destruction complexes upon ligand binding. In the
destruction complex Dsh’s axin-binding ability might then
directly or indirectly be employed to down regulate activity
of the complex. Down modulation of GSK3f activity, for
instance, has been proposed based on the finding that Dsh
can also interact with the GSK3beta binding protein Frat
(42, 43). Recent genetic evidence, however, seems to rule
out this possibility since mice lacking all three Frat genes
develop entirely normally (44). It is clear that the sequence
of events that is initiated by receptor triggering and
culminating in quenching the activity of the destruction
complex awaits more detailed investigation.

When beta-catenin arrives in the nucleus, it binds
to the N-terminus of members of the TCF/Lef family of
HMG box containing-transcription factors (TCF1, Lef-1,
TCF3 or TCF4) (45, 47). These TCF — or Lef/beta-catenin
complexes form active transcription units because of the
potent transactivation domain found at the C-terminus of
beta-catenin (46). Thus, by binding to their recognition
elements in promoters and enhancers of Wnt-responsive
genes these DNA-binding proteins specify the sites in the
genome where beta-catenin exerts its co-transcriptional
activity (47). In the absence of Wnt signaling TCF/Lef
proteins repress target genes through association with co-
repressors like Groucho (48) rendering the chromatin
structure inaccessible for the basal transcriptional
machinery via recruited histone deacetylases (49). In case
of active signaling this repression is relieved by replacing
Groucho proteins for accessory molecules serving as
positive effectors of Wnt target gene transcription (50).
Two of these factors are the histone acetylase CBP/p300
(51) and the SWI/SNF component BRG1 (52). Legless
(BCL9) and Pygopus could mediate further interactions
between the beta-catenin-TCF complex and chromatin.
Drosophila Legless or the two mammalian homologs
BCL9.1 and BCL9.2 have binding domains for
Armadillo/beta-catenin as well as for Pygopus.
Legless/BCL9 may thus function as an adaptor between
TCF/beta-catenin and Pygopus. Originally it was proposed
that both Legless/BCL9 and Pygopus would function in the
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nucleus as co-factors to enhance beta-catenin mediated
transactivation (53, 54). Recently, a different mechanism
was proposed to explain how Armadillo/beta-catenin is
controlled by Legless/BCL9 and Pygopus. In this analysis
(55), it was shown that the constitutive nuclear protein
Pygopus functions as a nuclear anchor for Legless/BCL9.
The presence of Legless/BCL9 in the nucleus would then
serve to target beta-catenin to the nucleus. This targeting
would reflect either Pygopus/Legless-BCL9 mediated
nuclear import or nuclear retention. In addition to this issue
of how exactly these proteins function in beta-catenin/TCF
signaling future experiments will also have to determine
whether these proteins are absolutely required for canonical
Wnt signaling during development, self renewal of
epithelia in the intestine, mammary gland and the hair
follicle, as well as in colorectal cancer. Another scenario
that warrants further exploration is the possibility that only
a subset of Wnt target genes require these co-factors for
their transcriptional activation. It seems reasonable to
assume this because the potent transcriptional
transactivation domain found at the C-terminus of beta-
catenin can act independently of BCL9/Pygopus (56).

4.3 Wnt signaling provided by the niche

There are now several lines of in vivo evidence
showing that proliferation of intestinal crypt cells is
dependent on Wnt signaling activity. As mentioned before,
removal of the HMG box transcriptional factor TCF4
depletes the epithelial layer of its stem cell compartment
(18, 57). Blocking Wnt signaling at the level of Wnt
interaction with the FZD/LRP complex in adult mice, as a
different approach to investigate the role of this pathway on
intestinal homeostasis, was presented by two groups. Pinto
et al (58) genetically introduced the soluble Wnt inhibitor
Dickkopf-1 (DKK)(59) into mouse intestinal epithelial
cells. A similar type of experiment exploited adenoviral
introduction of this inhibitor into the small intestine and
colon of adult mice (60). Both experiments showed a
severe reduction in growth of epithelial cells in both the
fetal and adult intestine. These results were confirmed by
depleting cells for beta-catenin by using, P450 regulated,
Cre-mediated control of gene expression (60). In vitro
studies, using colorectal cell lines in which downstream
stages of the Wnt pathway were blocked by inducibly over
expressing TCF protein lacking a binding domain for beta-
catenin (termed dominant negative TCF), or siRNA for
beta-catenin, again supported the assumption that in the
absence of Wnt signaling intestinal epithelial cells arrest in
the cell cycle (57, 62).

Whereas blocking the Wnt pathway results in cell
cycle arrest, active cycling of intestinal epithelial cells is
expected to be associated with accumulation of free
cytoplasmic beta-catenin and its subsequent nuclear uptake.
Immunohistochemical staining for beta-catenin shows that
the protein is indeed not only present in the basolateral
membranes of the epithelial cells but also in the nuclei of
the proliferative cells in the crypt (57). Whether nuclear
localization of beta-catenin is a hallmark of all proliferating
cells in the crypt, including the stem cells, or only of TA
cells remains unclear. The availability of an independent
stem cell marker is essential in this respect. Musashi-1, a
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neural RNA-binding protein, has been proposed as such
(63). It was isolated as a mammalian homologue of a
Drosophila protein required for asymmetric division of
sensory neural precursors and has been implicated in the
maintenance of neural stem cells (64).
Immunohistochemical staining for Musashi-1 in adult
mouse small intestine confirmed the position of stem cells
at position 4 — 5 just above the Paneth cells as classically
detected by Potten using [*H]-thymidine (65) but showed
that also the columnar cells intermingled between Paneth
cells express this protein.

From our present knowledge of the Wnt signaling
cascade and the strong association identified between
pathway inhibition and the absence of proliferation in the
intestine, one would conversely predict that any mutation in
components of this pathway resulting in the constitutive
accumulation of beta-catenin leads to hyper proliferation of
these epithelial cells. The most widely used animal model
demonstrating this concerns the Min (Multiple intestinal
neoplasia) mouse (66). Min mice, heterozygous for a
nonsense mutation in the APC gene, stably express a
truncated form of the APC protein from the affected gene.
The truncated protein is unable to function properly within
the destruction complex. On aging, these mice develop
numerous adenomas, predominantly in the small intestine.
Cells in the adenomas invariably show LOH (loss of
heterozygosity) for the wild type APC allele (67)
emphasizing the need for complete absence of full-length
APC to allow accumulation of beta-catenin. A similar bi-
allelic inactivation of the APC gene appears also to be
required for the initiation of adenomas as seen in humans;
these adenomas subsequently develop into colorectal
cancers (CRC) (68). Recently a study was presented in
which gene ablation of the negative regulator APC was
analyzed in adult mice by using an inducible villin/Cre-
mediated system (69). Despite the absence of APC in the
villus epithelial cells, these differentiated cells did not re-
enter the cell cycle. This distinct biological response of the
proliferative compared to the differentiated cells also seems
to apply to Paneth cells. Terminally differentiated cells
seem to employ mechanisms to switch-off the mitotic
instructions provided by beta-catenin/TCF signaling (see
section on Wnt signaling and Paneth cell differentiation).

4.4. Genetic program driven by Wnt cascade effectors
beta-catenin/TCF
4.4.1. Proliferation vs. differentiation

Our laboratory performed micro-array
experiments to identify the TCF/beta-catenin target gene
program, activated by Wnt pathway mutations, in CRC
cells (57) (previous identified target genes reviewed in
www.stanford.edu/~rnusse/wntwindow.html).  Disruption
of the pathway, by inducible expression of TCF proteins
lacking beta-catenin binding function, revealed three major
consequences. First, abrogation of Wnt pathway activity by
the induction of dominant-negative TCF (dnTCF) resulted
in a rapid entry into G1 arrest of the CRC cells. Secondly,
the same genes switched off in this system are
physiologically active in early intestinal polyps from Min
mice, aberrant crypt foci from FAP patients and,
significantly, also in the proliferative crypt compartment of
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Figure 3. Interfering with Wnt signaling in CRC cell lines. The constitutively active Wnt pathway in CRC cells was inducibly
blocked by introducing dominant negative versions of TCF (see ref. 57) and the effects on global gene expression evaluated using
microarrays. This analysis, and subsequent validation of targets using immunohistochemical staining, reveals that genes switched
off in this system are physiologically active in early intestinal polyps from Min mice, aberrant crypt foci from FAP patients and,
significantly, also in the proliferative crypt compartment of the normal intestine. The expression patterns of two examples, CD44
and C-myc, are presented. The set of genes up regulated following loss of Wnt signaling appeared to be specifically expressed in
the differentiated cells covering the villi in the normal intestine. The staining patterns for two examples, p21 and FABP, are

shown.

the normal intestine. The third finding of this experiment
was the detection of a set of indirect target genes whose
transcription was found to be up regulated in response to
silencing the pathway. These gene products appeared to be
specifically expressed in the differentiated cells covering
the villi in the normal intestine. These findings again
designate the Wnt pathway as the driving force controlling
proliferation of intestinal epithelial cells but also imply a
role in the differentiation of this tissue (Figure 3).

The results obtained from our microarray studies
identify the c¢-MYC gene product as a regulator of
proliferation in these CRC cells. One observation
supporting this is that the cell cycle arrest seen in dnTCF-
silenced CRC cells can be overcome by introducing a
source of Wnt-independent ¢-MYC in these cells. This
protein has been implicated in the proliferative capacity of
many cancers (70). Its cell cycle effector role in CRC cells
has previously been identified (71) by introducing wild
type Apc into CRC cells having truncating mutations in
both Apc alleles. The down regulatory effect on the levels
of be concomitantly reduced the levels of c-MYC. That the
CRC cells represent crypt progenitors is reflected in c-
MYC expression in the proliferating crypt cells of the
normal intestine (57, 69). Moreover, introduction of CDK
inhibitor p21lcipl/wafl, a downstream effector of ¢-MYC,
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into cycling LS174 CRC cells blocks their proliferation
(57). This is perfectly in line with the reported expression
of p219P"™afl  exclusively in the non-proliferating
differentiated cells in epithelium of the colon (72) and
small intestine (58). We concluded that ¢-MYC permits
proliferation in CRC cells by repressing the synthesis of the
CDK inhibitor p21°P"**Silencing of the Wnt pathway in
crypt progenitor cells de-represses transcription of the p21
cell cycle inhibitor leading to a stop in cell growth and
induction of differentiation. Terminal differentiation in the
intestine is intimately coupled to cell cycle arrest. It
remains unclear, however, how both processes are linked.
The cell cycle inhibitor p21°P"**™ but also p27*P!, another
member of this family, have been closely linked to terminal
differentiation in many systems (73). Although enforced
expression of these inhibitors triggers intestinal
differentiation in vitro (74, 75) there is no obvious
phenotype in the intestines of mice with targeted p21cipl/watl
or p27°P! deletion (76, 77). Since co-operation occurs
between different members of this family (78), there is a
clear need to analyze animals deficient for multiple
members of this family.

4.4.2. Wnt signaling and Paneth cell differentiation
Recent observations have led to the conclusion
that cell differentiation in the intestinal epithelial layer,
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Figure 4. Overview of families of Eph-B — and Ephrin-B
tyrosine kinase receptors. Direct cell-to-cell contacts,
involving interactions between tyrosine kinase receptors of
the Eph — and Ephrin families generate bi-directional
signaling resulting in repulsion or homotypic adhesion
between encountering cells (see ref. 84). These regulators
of migration are grouped into subclasses A and B. EphA
receptors bind A-type Ephrin ligands, while EphB receptor
subfamily members bind to B-type Ephrin ligands.

although arising in the context of cell cycle arrest, does not
necessarily occur in the absence of Wnt pathway activity.
Paneth cells appear to move towards the bottom of the
crypt where they meet the source of Wnt signals, whereas
the other three types of differentiating cells move away
from this source onto the villus. It has become clear that
Paneth cells indeed sense the Wnt protein that is present in
the crypt niche as they accumulate high levels of beta-
catenin (69, 79). Wnt signal processing by the Paneth cells,
however, does not drive proliferation but instead supports
maturation of these cells (80). The first indication for Wnt-
driven maturation of Paneth cells came from micro-array
experiments comparing intestinal gene expression at E15.5
— E18.5 between TCF4 +/- and TCF-/- embryos performed
in our laboratory (80). Obstruction of Wnt signal
transduction led to loss of expression of a number of
previously identified Tcf4 target genes (for example, Myb,
Myec, Gpx2 and Cdx1). To our surprise this set of gene
products also included a large panel of Paneth cell markers,
despite the fact that these cells are morphologically absent
during embryonic development and physically only appear
two weeks after birth. Among these markers were several
cryptdins (the mouse cryptdin family encodes nineteen of
these antimicrobial proteins of which 1 — 6 are specific to
Paneth cells (81)), MMP-7, peptidoglycan recognition
proteins and Mpgc60. Cryptdin proteins and the
metalloproteinase MMP-7 are functionally linked since
Cryptdins are only active after processing by MMP-7 (81).
The finding that this program is also active in the adenomas
of APCmin mice further supports direct regulation of the
MMP-7/Cryptdin program by the Wnt pathway. In
addition, most human colorectal cancers express defensin-5
and 6, the functional counterparts of the cryptdins.
Transient reporter assays based on the human defensin-5
promoter and chromatin immunoprecipitation studies
unambiguously identified these genes as direct targets of
TCF/beta-catenin controlled transcription. Wnt-induced
induction of Paneth cell maturation, expression of cryptdins
in adenomas and the direct transcriptional control by the
Wnt pathway were also recently observed in mice upon
loss of APC (69).

The remaining issue now was how Paneth cells
and progenitor cells respond so differently to the same Wnt
signal? Part of the answer was found during an ‘in situ’
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analysis for the presence of Wnt components during
embryonic and postnatal life. The Wnt receptor FZD6 was
found in all epithelial cells with the exception of Paneth
cells, while FZDS5 was specifically detected in crypt cells of
embryonic and adult mice. Inducible gene deletion of
LoxP-flanked FZDS5 introduced into the intestine-specific
K19Cre knock-in mice resulted in a mosaic pattern of the
Cre enzyme throughout the intestinal epithelium from early
embryonic stages into adult life. The morphologically
distinguishable Paneth cells in adult animals, lacking FZD
expression, displayed complete absence of nuclear beta-
catenin and of cryptdin-1 mRNA (77) but positively stained
for lysozyme, a Wnt-independent marker. These
experiments justify the conclusion that Paneth cells reach
full maturity through Wnt-induced expression of a program
that includes MMP-7 and cryptdins. The FZDS5 receptor
mediates this effect but its role warrants more detailed
analysis. One explanation for the difference in response of
progenitor cells and presumptive Paneth cells to the same
Wnt environment is that gene program specification is
determined by the FZDS5 receptor. Such a specificity,
acquired during the initial step in transduction of the Wnt
pathway is, however, difficult to reconcile with the
observation that the MMP-7/Cryptdin associated program
can apparently also be induced by downstream activation of
the pathway as occurs in adenomas or colorectal cancers.
Such a role for FZDS5 seems further excluded by the notion
that also the undifferentiated proliferating progenitor cells
express this receptor, in addition to FZD6. Most likely, as
is commonly seen in signaling during development, the
state of the immature Paneth cell rather than the signal
itself determines the type of response. The challenge now is
to determine how the immature Paneth cell transduces its
specific responsiveness.

4.4.3 Wnt signaling and cell migration

It has recently become evident that Wnt signaling
is not only actively involved in the maturation of cells; its
activity was also found indispensable for proper allocation
of cells within the epithelial layer. For a better
understanding of this issue we will first introduce the Eph
and Ephrin families of receptor tyrosine kinases (82). Both
receptor families have been found in all animal species.
Although invertebrates have a very limited number of
family members, there has been a major expansion of these
families in vertebrates. Collectively, the family members
appear to be expressed in all tissues during development.
They have emerged as key players in the regulation of
migration of cells during assembly and maintenance of
organized tissue patterns. Based on their ligand binding
specificity, these receptors are grouped into two subclasses.
EphA receptors bind A-type Ephrin ligands, while EphB
receptor subfamily members bind to B-type Ephrin ligands
(83) (Figure 4). Direct cell-to-cell contacts, involving the
appropriate receptor/ligand combinations, generate bi-
directional signaling resulting in repulsion or homotypic
adhesion between encountering cells. See Noren and
Pasquale for a review discussing the biochemical pathways
regulated by Eph receptors and Ephrins (84). Interactions
and activation of Eph receptors and Ephrins can occur at
the interface of complementary expression domains or
within regions of co-expression or overlapping gradients.
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Figure 5.
intestine of neonatal mice. Immunohistochemical staining
of intestinal sections reveals expression of EphB2 in
intervillus pockets while the Ephrin-B1 ligand is expressed

Expression of EphB2 and Ephrin-B1 in the

in all epithelial cells covering the villus. This
complementary expression drives the formation of distinct
domains comprising proliferating cells in the intervillus
pockets and differentiated cells in the villus (see ref. 79).

The microarray experiment mentioned previously
(57), analyzing gene expression in colorectal cells in the
absence and presence of beta-catenin/TCF signaling,
provided the first clue that Eph/Ephrin signaling is also
operative in the homeostasis of self renewing tissues like
the intestinal epithelium. EphB2 and EphB3 receptors were
found among the genes regulated by dnTCF, which are
physiologically expressed in the crypt region. In contrast,
one of their putative ligands, Ephrin-B1, was among the
genes expressed in the differentiated villus epithelial cells.
Functional analysis of their role (79) started by monitoring
their in vivo expression patterns. This showed, in
accordance with the micro-array data, that both Eph
receptors are mainly confined to the rapidly proliferating
cells of the intervillus pockets in wild typeE18 embryos.
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Their expression was undetectable in TCF4-deficient mice,
consistent with the regulatory transcriptional role of the
Wnt pathway.

In the small intestine of newborn mice, EphB2
and EphB3 receptors were found in the intervillus pockets,
while the Ephrin-B1 ligand was expressed by all cells in the
villi (Figure 5). Cells near the crypt-villus boundary co-
expressed receptors and ligand. This Eph/Ephrin
complementary expression pattern proved important for the
allocation of functionally distinct cells since in mice
lacking both EphB receptors, proliferating (Ki67") and
differentiating (Fatty Acid Binding Protein (FABP)) cells
freely intermingled (79). This situation found in the
newborn mouse, where receptor and ligand are expressed in
complementary domains, is reminiscent of the
establishment of segment boundaries in the developing
brain where bidirectional signaling occurs between Eph and
Ephrin expressing populations at the edge of odd and even
rhombomeres (85)

In the intestine of adult mice a more complex
pattern of Eph/Ephrin expression pattern was found (Figure
6). Both receptors and ligand, were now found in an
overlapping complementary gradient. Eph-B2 was detected
on all cells in the crypt, with the exception of Paneth cells,
while its expression gradually decreased toward the top of
the crypt. The EphB ligands Ephrin-B1 and B2 were found
at highest level in the villi, while their expression
diminished toward the bottom of the crypt. Thus,
proliferative cells in the crypt co-expressed Eph-B2
receptors and their ligands in an inverse, position-
dependent pattern. Two types of experiments suggested that
this expression pattern determines the relative position of
the cells within the crypt. First, in EphB2/-B3 double-
mutant mice, sorting of Ephrin-B1 positive cells is severely
disturbed. Ephrin-B1"&" and Ephrin-B1'" cells were
randomly positioned along the crypt. In a second approach,
a villin promoter-driven dominant negative acting Eph-B2
(lacking the intracellular tyrosine kinase domain) was
genetically introduced. This interference with Eph function
resulted in a similar random positioning of Ephrin-B1
expressing precursor cells. A model emerges in which
differentiating cells progressively down regulate Eph-B2
while at the same time up regulating Ephrin-B1 expression.
The decrease in Eph-B2 expression favors migration up the
gradient of Ephrin-B1 expressing cells. In contrast, a higher
level of Ephrin-B1 drives cells down the Eph-B2 gradient.
This ensures a unidirectional flow of migration. The
overlapping gradients for expression of Eph and Ephrin, as
seen here in the proliferative zone of the adult crypt, is
reminiscent of the way topographic maps of neuronal
connections are set up (reviewed in 86).

Paneth cells, as previously mentioned, migrate
towards the putative Wnt source at the bottom of the crypt.
Several experimental observations show that the
surprisingly high level of Eph-B3 expression seen in these
cells directly correlates with this specific migratory
behavior. In Eph-B3 mutant mice, Paneth cells no longer
move to the base of the crypt. Interfering with Wnt
signaling in these cells by gene ablation of the FZD5
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Figure 6. Schematic representation of reciprocal gradients
of members of the EphB and EphrinB families in the adult
intestine. A complex pattern of Eph/Ephrin expression
pattern is found. In the intestine of adult mice. The
overlapping gradients of EphB2/3 receptors and EphrinB1,
2 ligands determines the relative position of the cells within
the crypt. A model is proposed (ref. 79) in which
differentiating cells progressively down regulate Eph-B2
while at the same time up regulating Ephrin-B1 expression.
The decrease in Eph-B2 expression favors migration up the
gradient of Ephrin-B1 expressing cells. In contrast, a higher
level of Ephrin-B1 drives cells down the Eph-B2 gradient.
This ensures a unidirectional flow of migration of
differentiating cells from the crypt onto the villus.
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Figure 7. Straying Paneth cells in the intestinal epithelium
of Frizzled5” mice. The high level of Eph-B3 expression
seen in Paneth cells directly correlates with their downward
migratory behavior. Interfering with Wnt signaling by gene
ablation of the FZDS5 receptor, that is specifically expressed
by these cells, leads to a loss of Eph-B3 expression
(80).The Paneth cells in these mice, identified by staining
for Lysozyme, misposition along the crypt-villus axis. A
similar random migratory behavior is also seen in Eph-
B2"#3"¢ animals (79), as well as in Dickkopf expressing
mice (58).
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receptor (75), leads to a loss of the MMP-7/cryptdin
program (which includes Eph-B3) and results in mis-
positioning along the crypt villus axis (Figure 7). In fact,
the migratory behavior of FZDS5neg Paneth cells is
indistinguishable from Eph-B3"™® cells. Random migratory
behavior of Paneth cells is also seen in the villin promoter-
driven transgenic DKK mice (53). This may provide the
most direct evidence for Wnt signaling as the driving force
for Paneth cell sorting. The high level of Eph-B3
expression in Paneth cells favors movement down the
Ephrin-B1 gradient explaining their migration to the
bottom of the crypt.

In conclusion, the bidirectional signaling between
Eph/Ephrin that regulates repulsion and adhesion between
cells, operates during development to set up sharp
interfaces between two tissues or to control cell movements
in a gradient. In the intestinal epithelium both types of
organization are found. In the newborn mouse Eph/Ephrin
interactions are instructive in setting up domains of
proliferating and differentiating cells. In the adult mouse
these receptor/ligand interactions are used to control graded
movements of proliferating and differentiating cells. The
low level of Ephrin-B1 expression seen in proliferating
cells and the gradual increase in cells differentiating into
enterocyte, goblet cell or enteroendocrine cell, drives the
movement of these cells toward the villus but the same
gradient drives migration of Eph-B3" Paneth cells, the
fourth differentiated cell type, in the opposite direction.

4.5 What are sources of Wnts?

Numerous observations imply the presence of a
Wnt source involved in driving proliferation of crypt
progenitor cells. Of particular relevance is the phenotype of
mice in which the Wnt inhibitor DKK is expressed in the
extra cellular space (58, 60) of Wnt-responsive cells in the
intestine (87). Furthermore, the mispositioned Paneth cells
in Eph-B3 mutant animals (79) invariably lack nuclear
beta-catenin. This strongly indicates that nuclear
accumulation of beta-catenin is a cell non-autonomous
process, which depends on the position that the cells adopt
along the crypt-villus axis. Indeed, several Wnts are
expressed along the intestinal tract during mouse and
chicken development (88, 89). In a recent report (90) the
expression pattern of all Wnts, FZDs, low-density
lipoprotein receptor-related proteins, Wnt antagonists, and
TCF factors in the murine small intestine and colon as well
as adenomas were investigated. This study predicts a much
broader role for Wnt signaling in gut development and
homeostasis than was previously anticipated from available
genetic studies.

5. COUNTERACTING WNT SIGNALING

Ample evidence has accumulated identifying the
Wnt pathway as the driving force for the proliferation of
progenitors in the crypt compartment. In the same
compartment, this pathway was now also found responsible
as driving force for maturation of Paneth cells and for
directing cells to their functional locations. We have seen
that Eph-B3™® Paneth cells, displaying high levels of
nuclear beta-catenin whilst occupying their normal crypt
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position, lose this characteristic when they cross the crypt-
villus border. Silencing of the Wnt cascade at this border
could simply be the consequence of the dissipation of the
Wnt signal, but might also be actively induced by signals
from other pathways. Several experimental observations
associate the ‘transforming growth factor-beta’ (TGF-beta)
pathway with growth inhibition in the intestine and may
thus represent an example of a Wnt-counteracting pathway.
This superfamily of soluble growth regulatory factors has
been found to be involved in various biological processes

including  embryonic  development,  angiogenesis,
proliferation and differentiation (91). This large family of
cytokines comprises TGFbeta members and bone

morphogenetic proteins (BMPs). A common mechanism of
signaling applies to all superfamily members. Ligand
binding brings a type I and type Il serine-threonine kinase
receptor together, resulting in the phosphorylation of the
type I receptor by the type II receptor. Intracellular R-
SMAD proteins (SMAD 1,2,3,5 and 8) become
phosphorylated by activated type I receptors and associate
with the co-SMAD SMADA4, and translocate to the nucleus.
In the nucleus the R/co-SMAD complex interacts with co-
activators or co-repressors to regulate transcription of target
genes.

Signaling components of the TGFbeta family
members have been detected in the intestinal layer and
appeared mainly localized to the differentiated epithelial
cells (92) In intestinal cells in culture, TGFbeta triggers a
strong cytostatic response (93). However, most CRC cell
lines are refractory to the inhibiting effects of TGFbeta
owing to inactivating mutations in the pathway (94, 95).
Reintroduction of a wild type form of the mutated
component recovers the cytostatic response (96). These
observations imply a growth suppressing effect of this
pathway in the intestine and would confer a growth
advantage of mutant cells. Although several models have
been generated to explore the role of the TGFbeta members
of this superfamily in development, their in vivo role has
not yet been clearly established (reviewed in 97).

The situation is different for the BMP
superfamily, of which there are more than twenty members.
Two recent studies imply a role for BMP signaling in
counterbalancing the Wnt pathway specifically in intestinal
stem cells. BMP proteins specifically signal through R-
SMADI,5 and R-SMADS8. BMP-4 is expressed in the
intervillus mesenchyme of adult mice and phosphorylated
SMADI, 5 and SMADS are found in the villus epithelium,
indicative of paracrine signaling from the mesenchyme to
the intestinal epithelium (98). In the first report (98),
transgenic mice are described expressing Noggin, an
antagonist of BMP signaling, in the intestinal epithelium.
These animals develop a syndrome that is indistinguishable
from Juvenile Polyposis Syndrome, an autosomal dominant
hereditary polyposis syndrome, with increased risk of
gastrointestinal ~ malignancy.  This  syndrome is
heterogeneous, though in most cases mutations are found in
the BMP receptor BMP1RA, or the co-SMAD, SMAD4
(99). The inhibition of the BMP pathway results in ectopic
crypt development, perpendicular to the crypt-villus axis.
In the second report (100), analyzing conditionally-
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inactivated BMPR1A mice, evidence was found that BMP
signaling may have a role in preventing stem cell renewal
by inhibition of beta-catenin accumulation. Mutant mice
developed characteristic polyps containing increased
numbers of crypts and a 5-fold increase in the number of
progenitor cells in comparison to wild type mice. The
inhibitory effect on beta-catenin appears to be mediated via
the dual protein and lipid phosphatase, PTEN. Mutations in
this tumor suppressor gene (101) cause Cowden disease
(102), another syndrome characterized by polyposis, and
are also found in gastrointestinal cancers (103) This
enzyme is known to down regulate the activity of
phosphatidylinositol-3 kinase PI3K), which, through Akt
(a  serine-threonine  kinase), promotes cell-cycle
progression. Thus, PTEN inhibits Akt activity and the
signals downstream of Akt. Conversely, inactivation of
PTEN has been reported to activate Akt resulting in nuclear
localization of beta-catenin (104). Detection of the
inactivated (phosphorylated) form of PTEN, P-PTEN, and
of phosphorylated Akt (P-Akt) specifically in BrdU
retaining intestinal stem cells further supported this model.
The presence of both enzymes in stem cells correlated with
the presence of nuclear beta-catenin and with the activity of
a TCF/beta-catenin-driven GFP reporter. Treatment of ex
vivo cultured intestines with Noggin confirmed the
regulatory role of P-PTEN and P-Akt on the sub cellular
localization of beta-catenin. Endogenous Noggin was found
to be expressed in the submucosal region adjacent to the
crypt bottom and in a few cells in or around the stem cell
position. These studies suggest that BMP signaling may
have a role in inhibiting stem cell self renewal. Self
renewal would be promoted by beta-catenin but inhibited
by the BMP4/PTEN/Akt pathway. A similar role for PTEN
was found in the regulation of embryonic and neural stem
cells (105, 106). Abrogation of the BMP signal, through the
action of Noggin, would generate fully active beta-catenin
leading to stem cell division. The reported requirement of
Noggin-Wnt coordination for initiation of the hair cycle
(107) further supports this idea.

Another class of signaling molecule, which may
oppose the effects of Wnt signaling in the intestine are the
Hedgehogs (Hh). Secreted Hh proteins act through three
different transmembrane proteins on Hh-responsive cells:
Smoothened (SMO), Patched (PTCH) and Hh interacting
protein (HIP). In the absence of ligands, PTCH is believed
to block the activity of SMO. Upon binding of any of the
Hh family members to the PTCH receptor, SMO inhibition
is released. This event triggers a signaling cascade that
culminates in the translocation of members of the GLI
family of Zn-finger transcription factors from the
cytoplasm to the nucleus. Three members of this family are
encoded in the human genome: GLI-1, GLI-2 and GLI-3.
Upon nuclear translocation, they drive the expression of
target genes in Hedgehog-responsive cells (108). Hedgehog
ligands act as morphogens during development as they
control cell fate specification in a concentration-dependent
manner. Sonic-hedgehog (Shh) and Indian-hedgehog (Ihh)
are expressed in the epithelial layer and control the
concentric tissue architecture of the gut (109, 110).
Hedgehog pathway mutations are associated with multiple
malformations along the gastrointestinal tract (110, 111,
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Figure 8. Simplified representation of Notch signaling.
Binding of membrane bound Jagged1/2 or Delta-like 1,3 or
4 ligands with Notch receptor(s) ultimately leads to the
action of a gamma-secretase. The Notch IntraCellular
Domain (NICD) that is released by this enzymatic step
enters the nucleus. Binding to the RBP- J transcription
factor ultimately leads to activation of Hairy Enhancer of
Split (HES) genes (Review, see ref. 116).

Nucleus

and 112). There is only limited information on the role of
Hh signaling in the homeostasis of the adult intestine. A
recent report describes Thh and PTCH expression in rat
colon. Cyclopamine, a drug that prevents binding of Hh
proteins to SMO inhibited cell differentiation. In contrast,
incubation of HT29 colorectal cells with recombinant Shh
peptide induced differentiation of these cells. This
treatment, moreover, was found to abrogate TCF/beta-
catenin signaling in these cells. In line with a differentiation
promoting and Wnt inhibiting role of Hh signaling,
dysplastic cells in adenomas from FAP patients show lost
Ihh expression. DnTCF induction in the colorectal cell line
DLDI1 induced Ihh expression supporting a Wnt inhibitory
effect on Ihh expression. The model proposed in this study
suggests that in the Wnt-responsive crypt progenitors Thh
expression is suppressed. Cells not receiving Wnt signals
would wupregulate Thh that in turn may induce
differentiation of these cells (113).

6. NOTCH AND WNT PATHWAYS CO-ACTING IN
INTESTINAL PROGENITOR CELLS

Inhibition of the Wnt pathway either by deletion
of TCF4 (18), beta-catenin (61) or by the transgenic or viral
expression of the soluble Wnt inhibitor DKK (58, 60)
blocks the proliferative state of intestinal progenitors.
Recently, evidence was obtained that Notch signaling is
also required to maintain proliferative undifferentiated
crypt cells. However, Notch signaling appears to ascertain
the proliferative status of crypt cells by suppressing
differentiation towards a Goblet cell fate.
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Notch signaling is an evolutionarily conserved
mechanism that transmits signals between cells that are in
direct contact with one another. In eukaryotes, this pathway
is vital for a seemingly endless variety of developmental
cell-fate choices (114). The last few years have witnessed
an explosion of new functions for this pathway also during
adulthood. In its simplest form (Figure 8), signaling is
triggered when the Notch receptor binds to ligands of the
Delta or Serrate (known as Jagged in vertebrates) families.
Both Notch and its ligands are cell-surface type-I
transmenbrane proteins. Upon ligand binding, Notch
receptors undergo successive proteolytic cleavages that
ultimately lead to the release of the Notch Intra Cellular
Domain (NICD), the active form of the receptor. The final
cleavage is catalyzed by a y-secretase acting within the
Presenillin complex (115). NICD translocates into the
nucleus and assembles into a ternary complex with the
RBP-J (CSL or CBF1) DNA binding protein (116). Notch
receptors 1-4 and its ligands Delta 1, 3,4 and Jagged 1,2 are
all expressed in the mouse small intestine, although at
different levels and with varying spatial and temporal
distribution (117, 118). The best-characterized Notch target
genes are the hairy/enhancer of split (HES) bHLH (119)
and Achaete-Scute transcriptional repressors  (120).
Examples of these detected in intestinal epithelial cells are
Hesl, 5, 6, 7, Mathl and Neurogenin (114, 121, and 122).
The analysis of mice deficient for the basic helix-loop-helix
(bHLH) proteins Hes-1 (123), Mathl (121) and
Neurogenin-3 (122) have indirectly implicated the Notch
pathway in the regulation of the earliest intestinal cell fate
decisions. Toxicological studies on rodents with inhibitors
for the y-secretase that is responsible for release of the
NICD, revealed increases in the size and number of mucus-
secreting goblet cells, again giving indirect support for the
control of intestinal cell fate by Notch (124). A study in
zebrafish described increases in secretory cells at the cost
of absorptive cells in the intestines of animals that are
mutant for the Notch ligand Delta and mindbomb (125).
Two recent mouse studies provide the most direct and
convincing evidence that Notch controls differentiation of
progenitor cells in the intestine. In the first report (126) the
role of the Notch pathway was directly assessed by
crossing floxed RBP-J mice with P450 —Cre and villin-Cre
transgenic mice. Another approach involved blocking of
Notch signaling by the y-secretase inhibitor DBZ (124).
Both approaches elicited essentially the same effects on
intestinal epithelial cells. In uninduced/untreated intestines,
Hes-1 is specifically expressed in the crypt progenitor cells
while Math-1 is only detected in secretory cells. In the
Notch-silenced intestines the expression of Hes-1 is
completely lost resulting in derepression of Math-1 and its
consequent expression throughout the epithelial layer. PAS
staining revealed that these Math-1" cells all had converted
to post mitotic Goblet cells. Immunohistochemical
detection for the proliferation markers Ki-67 and BrdU
confirmed that these differentiated cells had arrested in the
cell cycle. In contrast, staining for nuclear beta-catenin
showed that the Wnt pathway remained active in these
cells. In the second report a gain of function approach was
taken by producing double transgenic mice, carrying both
villin-Cre and Rosa-Notch (127). The resulting constitutive
Notch activity in all cells of the epithelial lining generated a
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phenotype reciprocal to that reported for the loss of
function study (126). All cells expressed Hes-1, leading to
complete repression of Math-1. In accordance with the
reported phenotype for Math-1 mutant mice (121), no
goblet cells were detected. The number of proliferating
cells had greatly increased in comparison to uninduced
animals. Although this clearly points to an expansion of the
progenitor pool the experiments, due to the lack of proper
markers, do not discriminate between an increase in the
number of stem cells or TA cells. The growth of cells in the
villus region, outside the presumptive Wnt source, raises
the issue of how this cell cycling is regulated. Assuming
that these cells have no nuclear beta-catenin, Notch-
directed proliferation (128) would provide the simplest
explanation. Both studies emphasize that expression of
Hes-5 (mainly by Paneth cells) does not respond to the
modulation of Notch activity although this gene is a target
for Notch signaling in the context of neuronal development
(129). The influence seen on the proliferative status of
progenitors, in animals in which Notch signaling was either
completely blocked or instead constitutively active, was
absent in Hes-1 mutant mice. The explanation for the more
severe phenotype in the Notch-effected animals may be
found in the involvement of Hes-6. Expression of this gene
proved sensitive to Notch silencing in this tissue (126).
Hes-6 may, in addition to Hes-1, also repress Math-1 but
might also regulate other genes involved in secretory cell
lineage differentiation. The analysis of epithelial cells in
the NICD transgenic animals (127) implicates the Notch
pathway in the differentiation of enteroendocrine cells and
Paneth cells. Decrease of the number of enteroendocrine
cells was based on staining for chromagranin or applying
Grimelius silver stain. Decrease in the number of Paneth
cells was evaluated by RT-PCR for cryptidin-1. Increases
in the frequencies of these cell types, using lysozyme as
marker for Paneth cells and synaptophysin for
enteroendocrine cells, were detected in the RBP-J deficient
animals. These reports imply that Notch signaling within
the crypt, as deduced from Hes-1 expression in these cells,
is essential to maintain the undifferentiated state of the
crypt progenitors. The remarkable symmetry between crypt
proliferative progenitor cells and colorectal cancer cells in
terms of expressed Wnt target genes (57) extends also to
the Notch pathway. Treatment of APC™" mice with DBZ
leads to loss of Hes-1 and gain of Math-1 expression within
the adenomas. Cells arrest in the cell cycle (Ki-67) and
differentiate into goblet cells (PAS) while the Wnt cascade
remains active (nuclear beta-catenin). Because treatment
intensity and duration were limited in these experimental
animals due to the concurrent changes in the normal
epithelial layer, conversion into goblet cells within the
adenomas was only partial. The fact, however, that an
active Notch pathway within adenomal cells is essential to
maintain the undifferentiated state provides a proof of
principle for the notion that y secretase inhibitors could be
developed into therapeutic modalities for colorectal
neoplasia.

The concerted action of the Wnt and Notch
pathways in crypt proliferative progenitors and colorectal
cancer cells raises the question of how these pathways are
regulated. One intriguing explanation derives from the
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epistatic relationship between the Notch and the Wnt
pathways postulated in vertebrate somitogenesis, in which
Lefl was found to act upstream of Delta/Notch signaling
(130). Deltal-like was also found as a TCF/beta-catenin
target in microarrays performed on colorectal cancer cell
lines (57) and is expressed in mouse intestinal epithelial
cells (117).The same micro-array did not, however, reveal a
change in the expression level of Hes-1, the key effector of
Notch activity. Analysis of intestines from TCF4-/- animals
for expression of Hes-1 should reveal whether such a link
exists in vivo.

7. GENETIC ALTERATIONS THAT LEAD TO
INAPPROPRIATE REGULATION OF THE WNT
PATHWAY INDUCE COLORECTAL CANCER

Many colon cancer syndromes have been
characterized by their specific phenotypic, histological and
genetic changes. The most common and well studied colon
cancer syndromes are familial adenomatous polyposis
(FAP, autosomal recessive) and hereditary nonpolyposis
colorectal cancers (HNPCC, autosomal dominant), which
are caused by mutations in the APC and mismatch repair
(MMR) genes, respectively. Other colon cancer syndromes,
all characterized by hamartomatous polyps and inherited in
an autosomal dominant fashion, include Peutz-Jehgers
syndrome (PJS), juvenile polyposis syndrome (JPS),
hereditary mixed polyposis syndrome (MHAP) and
Cowdens syndrome.

7.1 Initiation of Wnt-driven CRC

Approximately 15% of CRCs with involvement
of APC occur in the context of a familial, i.e. inherited,
predisposition (FAP) whereas the remainder (85%) arises
sporadically. FAP individuals develop hundreds to
thousands of adenomatous polyps of which a subset
invariably progresses to malignant cancers (131).
Controversy still exists over the origin of the cells from
which these tumors arise. The ‘bottom-up’ model claims
that the tumors arise from transformed stem cells at the
bottom of the crypt. Expansion of the transformed stem
cells towards the surface epithelium would occur during
progression to adenoma (132). Alternatively, in the top-
down model, the adenomas are thought to arise from
transformed cells present within the surface epithelium.
Expansion would occur by lateral migration and downward
growth into the crypt (133).

Germline (loss-of-function) mutations in the APC
gene were found to be the essential genetic event
responsible for initiation of FAP. Subsequently, somatic
mutations in the same gene were found to be associated
with the majority of sporadic CRCs and benign intestinal
neoplasms. In most of these cases the mutations yield a
truncated APC protein (134). APC is considered a classic
tumor suppressor gene, as both alleles must be inactivated
for loss of tumor suppressing activity. For FAP and
sporadic CRC patients, the molecular mechanisms
underlying the lack of active APC protein can be a second
truncating mutation or, more typically, loss of the second
allele (LOH). The link between loss of APC function and
CRC formation has been confirmed in experimental mouse
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Figure 9. Structural features of the APC protein. Most of the mutations in APC occur in the Mutator Cluster Region (MCR) and
create truncated proteins that lose the beta-catenin regulatory activity that is located in the 20 aa repeats. Alternatively, loss of
control over the Wnt pathway may also be due to loss of Axin binding sites. Binding sites for a number of other important

interaction partners are indicated.

models. The first and still most widely used model is the
Min (multiple intestinal neoplasia) mouse (66). These mice
express a truncated APC protein due to a nonsense
mutation at codon 850. Homozygosity of this mutation
leads to death of the embryos in utero at 8 days post coitus.
Heterozygous mice phenotypically reflect the intestinal
manifestations observed in FAP patients, i.e. development
of numerous adenomatous polyps. In contrast to what is
seen in FAP patients, the polyps predominantly occur in the
small intestine rather than in the colon. The reason for this
is as yet unknown. All of these adenomas harbor allelic loss
of the wild-type APC allele whereby only the APC allele
carrying the Min mutation remains in the intestinal
adenomas (67). Similar findings were reported for
mutations in APC leading to truncations at codons 1638,
716, 1309 and 474 respectively (135 — 138).

Wildtype APC appears as a large protein (315
kDa) containing several conserved regions for which at
least 10 interaction partners have been reported.
Established interaction partners (Figure 9) include beta-
catenin (139), axin (140), microtubules (141), the
microtubule binding protein EB1 (142), and the human
homolog of the Drosophila discs large tumor suppressor
protein (143). As a component of the beta-catenin
destruction complex, the APC protein has a critical role in
the turnover of cytoplasmic levels of beta-catenin, the key
effector of the canonical Wnt signaling pathway. The
accumulation of nuclear beta-catenin observed in CRC
cells from FAP patient reveals that the remaining truncated
APC protein is unable to function as negative regulator for
the presence of cytosolic beta-catenin. The central region of
APC contains multiple beta-catenin interaction motifs,
including three 15 amino acid (15aa) repeats and seven 20
amino acid (20 aa) repeats. Three SAMP repeats,
interspersed among the 20 aa repeats, mediate APC’s
interaction with Axin (Figure 9) (144). Although both the
15 aa repeats as well as the 20 aa repeats bind to the same
region of beta-catenin (145), only the 20 aa repeats seem
involved in its down regulation (146). The affinity of the 20
aa repeats for beta-catenin binding increases 300 — to 500-
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fold upon phosphorylation suggesting that this post
translational modification functions as a critical switch for
APC function. The spectrum of mutations in APC, as
detected in FAP patients as well as in sporadic cases of
CRC, clusters in the 20-amino acid-repeat region. This
suggests that the selective pressure acts against the
presence of beta-catenin regulatory domains, although
selection against Axin binding can not be excluded. Mice
lacking wild-type APC but expressing a truncated APC
protein retaining a single Axin binding site are viable and
do not develop neoplasia in the intestine (147).

Although both copies of the APC gene are typically
inactivated in colorectal cancers, it remains possible that a
mutant truncated APC may contribute to cancer
progression. Transgenic expression of a mutant form of
APC (delta 716) in a wildtype background does not result
in cancer-prone mice and thus argues against dominant
negative effects by truncated APC proteins (148). It may,
however, be that truncated forms of APC in a background
lacking wildtype APC contribute to tumor progression.
This has been suggested by an analysis of somatic APC
point mutations and LOH in colorectal adenomas from FAP
patients (149). It was observed that when germline
mutations resulted in truncated APC proteins without any
of the seven 20 aa repeats the corresponding somatic
mutations led to retention of at least one of these repeats.
Conversely, when the germline mutation resulted in a
truncated APC protein retaining one 20 aa repeat, most
second hits had removed all 20 aa repeats. This non-
random distribution of somatic hits has been interpreted as
the result of selection for more advantageous mutations
during tumor formation. Selection for APC genotypes that
are likely to retain some activity in down regulating beta-
catenin signaling may be optimal for tumor formation.
There is a second option in which truncations in the APC
protein may lead to loss of down modulation of Wnt
signaling activity in CRC cells. This is related to its
proposed ability to export beta-catenin from the nucleus
thereby depleting TCF4 from its transcriptional co-activator
(150, 151). Mutations in other components of the Wnt
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pathway, i.e., in beta-catenin (152, 153) and conductin
(154) can result in inappropriate signaling via TCF and
initiation of CRC.

7.1.1 EphB receptors and colorectal cancer progression

We described the phenotypes in the small
intestine of mice deficient for the beta-catenin/TCF target
genes EphB2 and or EphB3 (see section on Wnt signaling
and cell migration). This indicates that these receptor
tyrosine kinases are involved in regulation of cell
migration. The repulsive forces that underlie the migratory
behavior of the intestinal epithelial cells result from binding
of EphB molecules to membrane-bound ligands of the
Ephrin family on neighboring cells. There are now strong
indications that these mechanisms not only operate in
healthy tissue but that these repulsive forces also limit
progression beyond the early stages of CRC. The initial
indications for a tumor suppressive role of EphB molecules
were found in an analysis of expression of EphB2, EphB3
and EphB4 in a collection of human CRC samples at
different stages of malignancy (155). Early lesions showed
expression of these receptors at equivalent levels to that of
normal crypt progenitor cells. Strikingly, the majority of
colorectal carcinomas contained more than 50% EphB
negative cells despite clear nuclear Dbeta-catenin
localization. Two independent reports (156, 157), analyzing
the prognostic value of EphB expression levels in humans
human cancer samples, reinforce the idea that EphB
expression correlates inversely with patient survival. More
direct evidence indicating that progression towards the
carcinoma stage benefits from loss of EphB expression was
found in APC™" mice genetically engineered to have low
EphB activity (155). Accelerated tumorigenesis resulted in
higher numbers and larger colorectal polyps. In addition, 20
% of these neoplasms were very large adenocarcinomas
that rarely arose in control littermates.

The mechanism of silencing of EphB expression
in CRC, which should act in a dominant fashion over beta-
catenin/TCF signaling, remains uncharacterized. Some
examples were found where genetic alterations lead to
inactivation of individual EphB molecules. A small
proportion of prostate cancers, for instance, contain point
mutations in EphB2 (158) (159). LOH for EphB2 was seen
in a significant portion of CRC patients (160) but no point
mutations were detected in the remaining alleles. Promoter
methylation as a silencing mechanism has yet to be
evaluated. It seems, however, unlikely that the coordinated
silencing of all three EphB genes during cancer
progression, as was reported by Batlle ef al. (155), can be
accounted for by promoter methylation.

8 PERSPECTIVE

The intestinal epithelial layer is a tissue that is
characterized by a rapid and perpetual self-renewal along
the crypt-villus axis. Renewal requires division of
multipotent stem cells, followed by transit amplification,
and differentiation of daughter cells into specialized
absorptive and secretory cells. This review summarizes the
importance of the canonical Wnt pathway in diverse
aspects of the homeostasis of this tissue. Although
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numerous core components of the pathway have been
identified, the precise role of a number of them is still
unclear. Examples include the Dsh protein and the
mechanism by which it mediates inactivation of the beta-
catenin destruction complex following binding of Wnts to
their receptors. The exact requirement of Pygopus and
BCL9 proteins in translating Wnt signals into active
transcription provides a second example. The main role of
canonical Wnt signals in the intestine is to drive
proliferation of epithelial progenitor cells. Consequently, in
the absence of Wnts, progenitor cells differentiate. Micro-
array analysis has now produced extensive lists of genes
regulated by beta-catenin/TCF signaling. It seems highly
unlikely that these candidates are all primary targets for
beta-catenin/TCF. The future challenge will be to unravel
the presumed hierarchy within these lists. Chromatin
immunoprecipitation experiments, using TCF - or beta-
catenin-specific antibodies will likely be instrumental in
addressing this issue. Apart from its role in prompting
proliferation, recent findings also implicate Wnt activity in
epithelial cell migration/sorting within the crypt-villus axis.
Research in this area will undoubtedly focus on dissecting
the molecular mechanisms by which EpH/Ephrin signaling
controls cell migration within the intestine. An unexpected
finding was the involvement of beta-catenin/TCF mediated
transcription in the terminal differentiation of Paneth cells.
This, moreover, takes place in the bottom of the crypt
where the local Wnt source is at the same time
implemented for the maintenance of undifferentiated
progenitors. The question to be addressed now is how
different cells, residing in the same Wnt containing
environment, display such different phenotypic outcomes.
In the context of CRC, Wnt signaling on one hand
promotes proliferation/prevents migration (crypt initiation
of cancer), while on the other hand; canonical Wnt
signaling results in decreased proliferation/induced cell
migration (invasive front of CRC)(see review from T.
Brabletz in this issue and ref. 161). The challenge, in more
general terms, is to decipher which cells are responsible for
the production of Wnts in the intestine and which
combinations of Wnts and FZD receptors mediate the
various responses observed. Maintenance of progenitor
cells requires active Wnt signals but also input from the
Notch pathway. What exactly are the relative contributions
of these signals and how is their action co-ordinated? Is
Notch signaling only essential for the generation of TA
cells or does it also support the long-term maintenance of
the stem cell? To be able to answer these questions, we will
first have to morphologically define the stem cells.
Subsequent isolation of these cells would then simplify the
manipulations needed to answer these questions. Artificial
inactivation of Notch signaling in the intestinal layer by
gene ablation, or by the application of pharmaceutical
compounds, leads to a block in proliferation and a complete
conversion of progenitors towards the Goblet cell lineage.
These experiments revealed that in the absence of Notch
signals undifferentiated epithelial cells differentiate
towards the secretory lineages. The self-renewing capacity
of the intestinal epithelium has been closely linked to the
initiation of malignant transformation. We have reviewed
how mutations in various components of this cascade
initiate colorectal cancer. The most recent findings
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highlight how the EpH/Ephrin system controls the
adenoma-carcinoma transition. More knowledge should be
obtained to address how these genes are silenced during
progression of adenomas towards the carcinoma state. Both
the observations that proliferating progenitors convert to
post-mitotic Goblet cells as well as the involvement of
EpH/Ephrin signaling in the progression of colon cancer
may supply us with new therapeutic strategies to control
this important cancer.
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