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Abstract

 Cells in a developing embryo communicate with each other through a limited number 
of intercellular signaling pathways, of which the Wnt signaling pathway is one. Little is known 
about the function of Wnt signaling beyond that in embryogenesis. However, recent insights into 
the molecular etiology of colon cancer have implied a central role for the Wnt signaling pathway. 
Th e malignant transformation of colorectal epithelium is well defi ned, leading to adenoma and 
sequentially carcinoma formation. Several genes that regulate the Wnt pathway are mutated in 
cancer of the human colon and other organs. All of these mutations lead to the inappropriate 
activation of the pathway, which instructs the cell to divide unrestrictedly. Th ese insights now 
allow the Wnt pathway to be exploited as a new target for drug development in colon cancer.
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Introduction 

 Cancer is a neoplastic condition resulting from genetic changes that control the 
proliferation, maturation, metastatic behavior and senescence of cells. Th ese genetic changes 
arise as a consequence of random replication errors, exposure to carcinogens, or faulty DNA 
repair. Sometimes there is an inherited germ line mutation predisposing to cancer, but even then 
additional somatic mutations are required for a tumor to develop.
 Th ere are two classes of genes mutated in cancer. Proto-oncogenes that promote normal 
cell growth can be converted into oncogenes by ‘gain-of-function’ mutations. Genes that normally 
restrain growth, tumor suppressors, can be aff ected by ‘loss-of-function’ mutations.
 In the past decade, extensive eff orts have been made not only to defi ne the molecular 
mechanisms underlying progression to malignancy, but also to predict the development of the 
disease and to identify possible molecular targets for therapy. In most tumors, several regulatory 
circuits are altered during multistage tumor progression. In recent years, it has become obvious 
that one of these, the Wnt signaling pathway, plays a central role in the etiology of colon cancer, 
and is deregulated in a range of other tumors. Th is knowledge is provided by studies of cultured 
human tumor cell lines, transgenic and knockout mice, genetic studies of other model organisms, 
and cancer biology in man.
 Here we briefl y describe the architecture and function of the intestinal tract, summarize 
recent insights into the Wnt signaling mechanism, discuss the three Wnt regulatory genes that 
are mutated in human cancer and highlight possible diagnostic tools and therapeutic targets for 
(future) cancer management.

Architecture and function of the gastrointestinal tract.

 Th e gastrointestinal tract, comprising the small intestine (anatomically and histologically 
distinguishable as duodenum, jejunum and ileum) and colon, is established during mid- to late 
gestation1. It is a complex organ system in which a specialized epithelium performs its primary 
functions of digestion, absorption, protection and excretion. Th e epithelium of the small intestine 
is organized into fi nger-like villi and adjacent invaginations called crypts of Lieberkühn. Th ese 
crypts are embedded in the mesenchyme. Th e colon lacks villi and has a fl at surface epithelium. 
In the small intestine, the crypt compartment contains the stem cells and the progenitors, while 
the villus compartment is made up entirely of diff erentiated cells (Fig. 1). Th e rather ill-defi ned 
pluripotent stem cells, which reside in the crypt bottom, give rise to the transit-amplifying cells. 
Th ese cells divide vigorously before they terminally diff erentiate into one of the four principle cell 
types: enterocytes, goblet cells, enteroendocrine cells and Paneth cells. 
 Enterocytes are highly polarized cells that are responsible for absorbing and transporting 
nutrients across the epithelium to facilitate uptake into capillaries in the underlying layer. Goblet 
cells secrete protective mucins that are required for the movement and eff ective diff usion of gut 



Chapter 1

12

contents and provide protection against shear stress and chemical damage.  Th e enteroendocrine 
lineage coordinates the function of the gut, liver and pancreas through the secretion of hormones. 
Th ese hormones regulate secretion of digestive enzymes, bile, and bicarbonate-rich fl uids. Th e 
enterocytes, goblet cells and enteroendocrine cells continue to diff erentiate and mature while 
migrating towards the tip of the intestinal villus to ultimately undergo apoptosis. Th is journey 
takes about 2 to 3 days. Paneth cells secrete antimicrobial agents such as Defensins/Cryptdins 
and Lysozyme to control the microbial content of the intestine. Paneth cells, in sharp contrast to 
the other cell types, migrate downwards and reside at the base of the crypt for 2-3 weeks before 
they are cleared. Th e gastrointestinal tract is likely the most dynamically self-renewing tissue in 
the adult mammal. It undergoes virtually complete self-renewal every 2-7 days and continues 
throughout life.
 Th e homeostatic self-renewal of the intestine depends on a complex interplay between 
processes involved in cell proliferation, diff erentiation, migration, adhesion and cell death. Th is 
panoply of cellular responses is coordinated by a relatively small number of highly evolutionarily 
conserved signalling pathways. Th ese pathways include the BMP, Sonic Hedgehog, Notch and 
Wnt signalling pathway2-4. Deregulation of these pathways may lead to pathological conditions, 
including cancer. Th is notion is particularly well illustrated by the role of the Wnt pathway in the 
intestinal epithelium. 

FIG. 1 Th e adult small intestine. Putative stem cells, located immediately above the Paneth cells, divide to 
form progenitor cells. Proliferating progenitor cells occupy two-thirds of the crypt, moving up the crypt, 
continuing to divide until terminal diff erentiation occurs at the crypt-villus junction. Enteroendocrine 
cells, goblet cells and enterocytes migrate upward, whereas Paneth cells migrate downward and localize at 
the bottom of the crypts.
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Wnt signaling pathway
 Our understanding of the Wnt signaling pathway is the result of studies in mammalians, 
Xenopus, Drosophila and Caenorhabditis elegans (Fig. 2). Th is pathway is evolutionary conserved 
and controls many events during embryonic development and the homeostasis in adult self-
renewing tissue. It regulates proliferation, diff erentiation, morphology, motility and cell fate at 
the cellular level.

Central to this signalling pathway is the tight regulation of the cytoplasmic protein 
β-catenin, whose stability is regulated by a dedicated destruction complex. Th is destruction 
complex consist of the two tumor suppressor proteins (Axin/Axin2 and Adenomatous Polyposis 
Coli (APC)), two classes of serine kinases (CK1α, -δ, -ε and GSK3β) and β-catenin5. 

In the absence of Wnt signaling CK-1 and GSK3β sequentially phosphorylate β-catenin 
at a series of highly conserved N-terminal Ser/Th r residues6,7. Th e phosphorylated footprint 
is then recognized by the beta-transducin repeat-containing protein (ß-TrCP), part of the E3 
ubiquitin ligase complex8,9. As a result β-catenin is ubiquitinated. Th e latter modifi cation targets 
β-catenin for degradation by the proteasome pathway8,10. As a result, levels of free ß-catenin in the 
cells remain virtually undetectable. In the absence of Wnt signalling, the nuclear DNA binding 
proteins of the Tcf/Lef family (Tcf1, Lef, Tcf3, and Tcf4) act in the nucleus as transcriptional 
repressors through the recruitment of transcriptional co-repressors (TLE/Groucho) to the target 
gene promoters and/or enhancers11,12. 

In the presence of secreted, palmitoylated signalling Wnt proteins (19 known family 
members in humans) signalling occurs via interaction with a serpentine receptor of the frizzled 
family (10 family members in humans) and a member of the low-density lipid receptor family 
(Lrp5 or Lrp6)13,14. A single Wnt can bind with diff erent Frizzleds and vice versa. Th is interaction 
represents the initial step in the activation of the canonical Wnt signaling pathway. Upon Wnt-
Frizzled interaction, Frizzled binds to Axin and activates the intracellular protein disheveled 
(Dvl)15. Dvl prevents GSK3β from phosphorylating its substrates16. As a consequence, ß-
catenin accumulates in the cytoplasm, enters the nucleus and binds to a member of the Tcf/Lef 
family17,18. In the nucleus, ß-catenin subsequently converts the Tcf/Lef transcription factors from 
transcriptional repressors to activators by recruiting, amongst others, the histone acetylase CBP 
and the SWI/SNF component BRG119,20. Th is process also involves legless/Bcl9 and pygopus, 
two additional binding partners of ß-catenin21,22. Th e formation of these complexes stimulates 
the transcription of Wnt target genes23-25. Reported target genes of the Wnt pathway include, 
amongst others, cyclin D1, c-Myc and MMP723–25. For a comprehensive, updated overview of Tcf 
target genes, the reader is referred to the internet Wnt homepage of Roel Nusse. When the Wnt 
signal subsides, ß-catenin is removed from the nucleus by APC and subsequently degraded26. As 
a consequence Tcf reverts again to a transcriptional repressor. 
Th e Wnt signaling pathway can also be activated or inhibited through interaction of diff erent 
factors with the Frizzled/LRP receptor complex. Th e unrelated Wnt factors, Norrin and R-
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spondin, activate the canonical Wnt pathway through LRP/Frizzled dependent activation27,28, 
while the secreted proteins Dickkopfs (Dkk’s) and the Soluble Frizzled-related Proteins (SFRP’s) 
inhibit Wnt signaling. Dkk proteins inhibit Wnt signaling by direct binding to LRP29,30. As a 
result Dkk1 crosslink’s LRP to a member of the transmembrane molecules the Kremen31. Th e 
result of this interaction is the induction of endocytosis and the consequent removal of the Wnt 
co-receptor LRP6 from the plasma membrane, resulting in the elimination of a functional Wnt 
receptor complex. SFRPs resemble the ligand-binding domain of the Frizzled family of Wnt 
receptors. SFRPs are believed to function as extracellular Wnt inhibitors. 

In conclusion, the Wnt signaling pathway is and must be highly regulated. Indeed, 
deregulation of this pathway may lead to pathological condition including cancer. Th e three 
regulatory genes in this pathway that are known to be mutated in human cancers are the genes 
encoding APC, β-catenin and Axin. All of these mutations result in accumulation of non-
phosphorylated β-catenin, thereby constitutively activating gene transcription and thereby 
promoting carcinogenesis. Moreover, recent evidence indicates that loss of functional APC may 
also aff ect other cellular processes besides transcription that can promote carcinogenesis.

FIG. 2 Th e canonical Wnt signalling pathway. In the absence of wnt signaling (left panel), β-catenin is 
phosphorylated by GSK3β and CK1α, in the degradation complex with axin and APC. Th is facilitates 
binding to β-TRCP, which subsequentially mediates the ubiquitinylation and proteasomal degredation of 
β-catenin. In the presence of wnt signaling (right panel) , axin is relocated to the membrane and β-catenin 
is uncoupled from the degradation complex, stabilizes and translocates to the nucleus, interacting with 
TCF/LEF transcription factors to activate wnt target genes. 
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APC: structure, function an its role in cancer
 Th e gene encoding human APC is localized on chromosome 5 and consists of 16 exons 
on a 98-kB genomic fragment32. It encodes a 312-kDa protein of 2843 amino acids and is 
expressed ubiquitously. APC consists of several distinct conserved domains as depicted in Fig. 3. 
APC can be divided in three fragments: the N-terminal, Central and the C-terminal fragment. 

Th e N-terminal fragment contains the Armadillo repeats. Th is domain functions as a 
protein–protein interaction domain that has been shown to bind a variety of proteins including 
the B56 regulatory subunit of protein phosphatase 2 A (PP2A), Kap3 and ASEF33-35. PP2A 
could have a role in Wnt signaling by dephosphorylating the components of the multiprotein 
destruction complex consisting of Axin, APC, β-catenin and GSK3β. Asef is a RAC-specifi c 
guanine nucleotide exchange factor that is activated upon binding with APC. Via ASEF, APC is 
thought to play a role in regulating the actin cytoskeleton network, aff ecting cell morphology, 
polarity and migration34. Kap3 is a member of the kinesin superfamily. APC interacts with the 
microtubule plus end-directed motor proteins through Kap335. Th is interaction makes it possible 
that APC is transported along the microtubules and may thus regulate cell migration. Whether all 
these interactions can occur simultaneously and how they are regulated is currently not known. 
Th e N-terminal fragment also contains two nuclear export signals (NES), which are required 
for shuttling of APC between nucleus and cytoplasm. In the absence of the NES sequences β-
catenin accumulates in the nucleus36.

Th e central fragment of APC contains three 15-aa repeats and seven 20-aa repeats, both 
of which are known to bind β-catenin [reviewed in 37]. In-vitro assays have shown that all of the 
seven 20-aa sequences contained in APC have a conserved SXXXS motif acting as a GSK3β 
substrate when prephosphorylated by protein kinase A. Binding of β-catenin to APC is enhanced 
following its phosphorylation by GSK3β and ultimately leads to its down regulation. Within the 
20-aa repeat region there are three SAMP (Ser-Ala-Met-Pro) motifs, two more NESs and two 
nuclear localization signals (NLSs). Th e three SAMP repeats mediate binding to Axin. Binding 
of GSK3β to Axin and thereby to APC is necessary for the down-regulation of β-catenin. Direct 
binding of β-catenin to Axin does not seem to be essential within the multiprotein complex. In 
APC, two functional nuclear localization signals (NLS) were identifi ed, both are necessary for 
optimal nuclear import of full-length APC. Truncated APC lacking both NLSs can be found in 
the nucleus, suggesting that the amino-terminal region of the APC protein possesses yet another 
domain to facilitate nuclear import.

Th e C-terminal fragment of APC binds to at least four diff erent proteins: EB1, 
hDLG, Bub1 and PTP-BL38-41. Binding of these proteins is thought to have a role in cell cycle 
progression or growth control. Th e C-terminus of APC directly binds to the kinetochore protein 
Bub1, which was previously implicated in chromosomal instability41. An adjacent domain binds 
to EB1; a protein that is required for the APC-mediated attachment of microtubules to their 
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attachment sites on chromosomes (kinetochores)40,41. Th e interaction of the APC protein with 
the protein tyrosine phosphatase PTP-BL may indirectly modulate the steady state levels of 
tyrosine phosphorylations of associated proteins, such as β-catenin playing a major role in the 
regulation of cell division, migration and cell adhesion38. Th e carboxyl-terminal S/TXV motif 
of the APC gene product interacts with the PDZ domain of hDLG, the human homolog of the 
Drosophila lethal (1) discs-large 1 (dlg) tumor suppressor. Th e published data suggest that APC-
hDLG complex formation plays an important role in transducing the APC cell cycle blocking 
signal39.

A paralogue of APC termed APC2 or APCL was identifi ed in humans and in mice42,43. 
APC2 localizes to human chromosome band 19p13.3 and encodes a 300 kDa protein that 
appears to be ubiquitously expressed in normal tissues although clear diff erences in expression 
levels are present42. APC2 bears signifi cant homology to APC at the N-terminus and central 
region, including the Armadillo (Arm) repeats, but not at the C-terminus. Th e dimerization 
domain is conserved suggesting that APC2 can also form homo- and/or hetero-dimers with 
APC itself. APC2 can bind β-catenin and regulate its concentrations as effi  ciently as APC42 and 

43. Th e C-terminus of APC2, but not APC, has been shown to bind to the p53-binding protein 
2, suggesting that distinct functions of these proteins may be mediated by the C-terminus44. All 
other protein partners appear to be conserved, however, including members of the EB family 
of microtubule binding proteins45,46. Given the similarities between APC and APC2, it seems 
likely that APC2 may participate in Wnt signaling and consequently tumorigenesis. However, no 
specifi c mutations in APC2 in tumors have yet been reported47, although one recent report does 
document allelic imbalance of the APC2 locus in 19/20 ovarian carcinomas48.

 Familial adenomatous polyposis patients (FAP) develop hundreds to 
thousands benign polyps in the colon in early adulthood. In addition, several extra-colonic tumor 
manifestations have been described. Mutations in both alleles of the APC tumor suppressor 
gene have been linked to these tumors49,50. Th e impact of APC alterations on tumor growth 
was underscored by the fi nding that somatic mutations in the APC gene have been detected in 
about 80% of sporadic colorectal polyps and carcinomas. Most APC mutations in colorectal 
cancer are clustered in a certain region of the central domain, also called the Mutation Cluster 
Region (MCR)51,52. Th ey result in a protein that is truncated at its C-terminus, eliminating 
a.o. the Axin binding SAMP motifs and several β-catenin 20-aa repeats. Th ereby β-catenin 
escapes phosphorylation within the multiprotein complex and is not degraded. Th is results 
in accumulation of β-catenin in the cytoplasm and nucleus, and subsequent β-catenin-TCF-
4-mediated target gene activation as an early event in tumorigenesis in the intestinal tract. 
Moreover, mutant, truncated APC proteins lack the NESs in the 20-aa repeat region, interfering 
with nuclear export of β-catenin. Th is is shown by nuclear accumulation of APC in APC mutant 
cancer cells. Th is nuclear accumulation of truncated APC protein correlates with the reduced 
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ability of mutant APC to lower nuclear β-catenin levels in these cells. In addition, 80 to 85% 
of colon cancers display chromosomal instability, which likely refl ects loss of APC function as 
stated earlier. Truncated APC, as found in tumors, lacks the EB1 and thereby the kinetochore 
binding sites, resulting in defects in chromosome segregation and spindle formation leading to 
aneuploidy53,54. Th us, the truncation of APC as found in colorectal cancer has two consequences: 
it disrupts the constitutive breakdown of β-catenin, leading to the activation of TCF in the 
nucleus of the transformed cells; and it interferes with normal chromosome segregation. Th e 
mutant cells will therefore be genomically instable, leading to the accelerated accumulation of 
additional mutations. For the transformation from adenoma to carcinoma with invasive growth 
and metastasis, further genetic changes in genes such as K-RAS and p53 are necessary54. It is 
estimated that 4–7 mutations are necessary in a lifetime to eff ect malignant transformation.

FIG. 3 Functional domains of the APC protein and its binding partners

β-catenin : structure, function an its role in cancer
 β-catenin was originally identifi ed as a protein that interacts with the cytoplasmic 
domain of E-cadherin, important for cell-cell adherence junctions. It links E-cadherin to α-
catenin and thereby to the cortical actin cytoskeleton. Later studies revealed that β-catenin plays 
a central role in the Wnt signaling pathway.
 Th e primary structure of β-catenin consists essentially of three domains: the N-
terminal, Central and C-terminal region. Th e N-terminal portion of approximately 130 amino 
acids contains the putative phosphorylation sites for GSK3β (Fig. 4). β-catenin mutants lacking 
these phosphorylation sites are more stable than wild-type β-catenin. Indeed, point mutations 
in or near the four Ser/Th r phosphorylation sites are frequently found in cancer [reviewed in 56]. 
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Th e central region of 550 amino acids contains 12 repeats of 42 amino acids known as Armadillo 
repeats. Th ese repeats build an elongated superstructure with a basically charged groove running 
along its side. Th is groove functions as the protein-binding region for the four most prominent 
partners: Axin, APC, cadherin and TCF. All four partners bind in this groove through a short, 
negatively charged peptide motif. Th e C-terminal region of 110 amino acids harbors a potent 
transactivation domain57. Th is region binds essential transcriptional coactivators such as CBP19. 
Brg-1, a central component of SWI/SNF complexes which can modulate chromatin structure, 
also binds to the C-terminus of β-catenin, thus allowing the initiation of target gene transcription 
by the binding of β-catenin to promoter regions of target genes20.

 Mutations in the β-catenin gene (CTNNB1) have been found in almost 50% 
of colorectal cancers without APC mutations representing about 10% of all colorectal cancers, 
and may predominantly occur in association with a replication error phenotype (microsatellite 
unstable tumors)58. Mutations in β-catenin prevent the protein from being phosphorylated on the 
specifi c serine and threonine residues in the N-terminal region, thereby impeding its degradation. 
Th e resulting accumulation of β-catenin in the cell cytoplasm and the subsequent translocation 
to the nucleus leads to the formation of active β-catenin/TCF complexes and constitutive target 
gene activity. Mutations in β-catenin can be found in a wide variety of human cancers (Table 1). 
Whether these mutations are important in the development of these tumors and/or occur as a 
second hit is not known.

FIG. 4 Schematic representation of the β-Catenin protein and its binding partners

N C

GSK3ß

APC

AXIN

TCF

E-CADHERIN

CBP, BRG1

a-CATENIN

ARMADILLO REPEATS

TRANSACTIVATION
DOMAIN



Introduction

19

Tabel 1. Frequency of beta-catenin mutations found in various human cancers. Table adapted from Polakis 
P. Wnt signaling and cancer. Genes Dev. 2000 Aug 1;14(15):1837-51.

Tissue Frequency(%)
colorectal  2 -   4.5 
colorectal w/o APC mutation 12 -  48

colorectal HNPCC 43
colorectal w MSI 25
colorectal w/o MSI  0
desmoid, sporadic 52 - 100
endometrial w MSI 33
endometrial w/o MSI 50
gastric,intestinal-type 27
gastric, diff use-type  0
hepatocellular w HCV 41

Tissue Frequency(%)
hepatocellular 18 -  34
hepatoblastoma, 
sporadic

52 - 89

hepatoblastoma 67
kidney, Wilms’ tumor 15
medulloblastoma, sporadic  4.5
melanoma  1.5
ovarian, endometroid 16 - 54
pilomatricoma 75
prostate cancer  5
thyroid, anaplastic 61
uterine endometrium 13

Axin: structure, function an its role in cancer
Axin was fi rst identifi ed as the product of the mouse gene Fused. It was found to exert 

its function on embryonic axis formation by specifi cally inhibiting the Wnt signaling pathway. 
Th e homolog of Axin, Axin2/conductin/Axil gene encodes a protein with very similar properties. 
Axin and Axin2 interact with β-catenin, GSK3β and APC59,60, which is essential to down-regulate 
cytoplasmic β-catenin by enhancing GSK3β-dependent phosphorylation of β-catenin. However, 
whereas Axin1 is expressed ubiquitously during mouse embryogenesis, Axin 2 is expressed in a 
restricted pattern.   
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Both Axins contain several domains that mediate direct binding to Lrp, APC, GSK3β, 
β-catenin, Dvl, CK1, PP2A and the homodimerisation domain [reviewed in 61]. Th e structure of 
Axin is shown in Fig. 5. It consists of just over 800 amino acids. Th e N-terminal region of Axin 
contains an RGS domain that binds APC. Th e central region of Axin contains the GSK3β and 
β-catenin binding sites. Axin also binds Dvl through the DIX domain at its C–terminus. Th e 
interaction with Dvl inhibits phosphorylation of Axin by GSK3β. Th e C-terminal half of Axin 
contains a binding site for PP2A, CK1 and the DIX domain. Upon deletion of the DIX domain, 
the ability of Axin to down-regulate Wnt signaling is abolished62,63.

Rare mutations in Axin/Axin2 have been found in DNA-mismatch-repair defi cient 
colon tumors with intact APC, in hepatocellular carcinomas with wild-type β-catenin and in 
other types of malignancies64–66. Mutations are found in most Axin domains including the APC 
and β-catenin binding domains. Biochemical and functional studies have shown that these 
mutations interfere with the binding of GSK3β and alter the interaction of Dvl. Again, the 
loss of Axin/conductin results in the nuclear accumulation of β-catenin and the formation on 
β-catenin-TCF complexes.

FIG. 5 Structure of axin and its binding proteins.
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studies. TCF-1–/– mice develop adenomas in the gut and in the mammary gland. Th is shows that 
TCF-4 activation of TCF-1 in combination with feedback repression via TCF-1 keeps the stem 
cell number in the crypts of the gut and epithelium in equilibrium.

Several other target genes of Wnt signaling have been implicated having key roles in 
oncogenesis. In the past it was shown that c-Myc is over-expressed in early and late stages of 
colorectal carcinomas68. Th is phenotype arising in the absence of genetic alterations of c-Myc 
itself, is found in many other tumors. In later publications, c-Myc was identifi ed as a target of 
the Wnt signaling pathway, with its expression being repressed by wild-type APC and activated 
by β-catenin via inappropriate complex formation with TCF-423. c-Myc is a transcriptional 
regulator and proto-oncogene playing a role in growth control and cell cycle progression. Over-
expression of c-Myc deregulates the cell cycle and promotes transformation when normal cell-
cycle checkpoints are inactivated, so preventing induction of apoptosis69.

Cyclin D1, another cell-cycle regulator in human cancer, is also considered to be a target 
gene of Wnt signaling. It contains a TCF binding site and is responsive to TCF-4/ β-catenin 
signaling in over-expression studies25. A correlation between trans-activation of β-catenin and 
cyclin D1 over-expression was seen in breast cancer cell lines and with immunohistochemistry 
on breast tumor tissue. However in colorectal cancers, only 30% of cases exhibit cyclin D1 up-
regulation, while Wnt signaling is up-regulated in almost all tumors70.

Metalloproteinase matrilysin (MMP-7) is expressed in approximately 90% of human 
colonic adenocarcinomas and in the majority of human colon tumor cell lines24. It is also expressed 
in early stages of human colorectal cancer suggesting it to be a target gene of Wnt signaling. Th e 
MMP-7 promoter does contain a TCF-4 binding site, and intestinal tumourogenesis in a mouse 
strain carrying a mutated allele of the APC tumour suppressor gene is dramatically repressed 
in the absence of matrilysin71. Also, in overexpression studies MMP-7 was up-regulated by β-
catenin and down-regulated by E-cadherin .
 More research is needed to disentangle the network of genes up-regulated by the 
diff erent signal transduction pathways in cells. Microarray technology and SAGE serial analysis 
of gene expression makes it possible to analyze thousands of genes at a time. Th is can serve as 
a powerful screening method for oncogenes and tumor suppressor genes in cancer.  Indeed, a 
panoply of papers on this subject have recently been published.  

Summary

Th e Wnt signaling pathway is a tightly regulated cascade. Wnt proteins activate the 
pathway, resulting in the accumulation of β-catenin and its translocation to the nucleus. In the 
nucleus, β-catenin binds to members of the TCF/LEF-family of transcription factors leading to 
transcription/activation of target genes. In colon cancer, deregulation of the Wnt pathway is a 
well-defi ned early event. In a whole array of other malignancies Wnt signaling also seems to be 
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deregulated. Deregulation is a result of APC mutation, leading to a truncated protein, β-catenin 
mutations at crucial phosphorylation sites or in rare cases Axin mutations. All of these lead to 
accumulation of β-catenin by preventing its degradation in the absence of a Wnt signal. Th e 
APC protein has also been shown to be important in shuttling β-catenin from the nucleus to 
the cytoplasm, in chromosomal segregation and in mitosis. In colon carcinomas with mutated 
APC, the truncated protein lacks these functions leading to nuclear accumulation of β-catenin 
and aneuploidy.

Epilogue/Implications for cancer diagnosis and therapy.
Th e consistent presence of activating Wnt pathway mutations in colorectal cancer 

makes this pathway an attractive target for molecular intervention through the inhibition of 
ß-catenin activity in the nucleus, either by preventing ß-catenin accumulation or its interaction 
with Tcfs. Th e validity of this approach has been proven by in vitro studies. Disruption of the 
Tcf-4/ß-catenin complex or deletion of the mutant ß-catenin allele in colorectal cancer cell lines 
leads to G1 arrest regardless of the presence of additional mutations72. Moreover, ß-catenin anti-
sense treatment decreased ß-catenin expression and the tumour growth rate in colon carcinoma 
xenografts73,74. To date, a number of diff erent approaches have successfully been used to disrupt 
Tcf/ß-catenin signalling, including the inhibition of ß-catenin expression, the induction of ß-
catenin degradation, the modulation of the subcellular localisation of ß-catenin, the activation of 
oncolytic viruses or the induction of apoptosis inducing genes upon aberrant ß-catenin signalling 
activity [reviewed in 75]. Research by way of combinatorial chemistry is ongoing in fi nding small 
molecular compounds that selectively bind β-catenin and block/prevent its interaction with TCF/
LEF-transcription factors. Indeed, recently, small molecules have been identifi ed that disrupt Tcf-
4/ß-catenin complexes using a high throughput in vitro screen of natural products76. Although 
these compounds do not appear to have particularly favourable drug-like characteristics, this 
study underscores the feasibility of the development of small molecule ß-catenin/Tcf protein-
protein interaction inhibitors. Th e intention is to use these compounds to treat patients with 
colon carcinoma or possibly prevent adenoma and carcinoma formation in FAP patients.
 Th e unraveling of growth regulatory pathways and the process of tumourigenesis may 
reveal new diagnostic and prognostic markers of disease as well as potential targets for therapeutic 
intervention. With all the ongoing research, therapeutic agents for treating colon and possibly 
other carcinomas will hopefully emerge in the near future, as well as diagnostic tools.

Aim of this thesis.
 Th e aim of this study was to address a number of questions related to the role of the 
Wnt signaling pathway in the normal development and maintenance of the intestine in relation 
to the development of intestinal cancer. 
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In Chapter 2 we describe observations which imply that the Wnt signaling pathway 
constitutes the dominant switch between the proliferating progenitor and the diff erentiated 
intestinal cell. Th is is still recapitulated in the colorectal cell lines, despite the presence of multiple 
additional mutations in these cells. Th is study validates the disruption of the β-catenin/TCF 
complex as a therapeutic strategy to revert the transformed phenotype in colorectal cancer.
 In Chapter 3 we describe a vector system which allows us inducible knockdown gene 
expression of a.o. genes involved in the Wnt signaling pathway.
 In Chapter 4 we describe, using the vector system described in chapter 3, the 
identifi cation of diff erential expressed genes between human adenomas and adenocarcinomas 
versus normal colonic epithelium. Th ese data show which genes may be responsible for the 
transformation of human intestinal epithelial cells.    
 In Chapter 5 we describe the expression pattern and the phenotype of transgenic mice 
which overexpress one of the genes (Mash2) identifi ed in Chapter 4 in the intestine.  
 Th is study leads to a better understanding of the processes involved in the induction 
and perputuation of colon cancer and may contribute a small, but signifi cant piece to the puzzle 
whose solution will ultimately lead to the comprehension and treatment of colon cancer.
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Abstract

Th e transactivation of TCF target genes induced by Wnt pathway mutations constitutes the 
primary transforming event in colorectal cancer (CRC). We show that disruption of β-catenin/
TCF-4 activity in CRC cells induces a rapid G1 arrest and blocks a genetic program that is 
physiologically active in the proliferative compartment of colon crypts. Coincidently, an 
intestinal diff erentiation program is induced. Th us, the β-catenin/TCF-4 complex constitutes 
the master switch that controls proliferation versus diff erentiation in healthy and malignant 
intestinal epithelial cells.
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Introduction

 Th e colorectal mucosa contains large numbers of invaginations termed the crypts of 
Lieberkühn. Epithelial renewal occurs in these crypts through a coordinated series of events 
involving proliferation, diff erentiation, and migration towards the intestinal lumen. Pluripotent 
stem cells at the crypt bottom generate progenitors that occupy the lower third of the crypt. Cells 
in this amplifi cation compartment divide approximately every 12 hr. In the midcrypt region, the 
cells diff erentiate into one of the functional cell types of the colon. At the epithelial surface, cells 
undergo apoptosis and/or extrusion into the lumen. Th e entire process takes approximately 3–5 
days1.
 Th e transition of an intestinal epithelial cell into a fully transformed, metastatic cancer 
cell requires mutations in multiple proto-oncogenes and tumor suppressor genes2. Th e APC 
gene, originally cloned from the rare genetic disorder familial adenomatous polyposis, is mutated 
in most sporadic CRCs. Th e APC protein resides in the destruction complex, together with 
GSK3β, axin/conductin, and β-catenin. In this complex, phosphorylation by GSK3β targets 
β-catenin for ubiquitination and destruction by the proteasome. Wnt signaling inhibits GSK3β 
activity. Th en, β-catenin accumulates in the nucleus, where it binds members of the TCF family 
and converts these WNT eff ectors from transcriptional repressors into activators3. In cancer, 
truncating mutations in APC and axin/conductin, as well as mutations in the GSK3β-target 
residues in β-catenin, all lead to the formation of constitutive nuclear β-catenin/TCF complexes4-

8. Activating mutations of the WNT pathway are the only known genetic alterations in early 
premalignant lesions in the intestine, such as aberrant crypt foci and small polyps9. Th us, these 
mutations may initiate the transformation of colorectal epithelial cells.
 In the intestinal epithelium, Tcf-4 is the most prominently expressed TCF family 
member4. Gene disruption has revealed that Tcf-4 is required to establish the proliferative 
progenitors of the prospective crypts in the embryonic small intestine10. A second TCF family 
member, TCF-1, is expressed in the intestinal epithelium predominantly as a dominant-negative 
isoform, which lacks the N-terminal β-catenin interaction domain. Genetic evidence suggests 
that Tcf-1 acts as an antagonist of Tcf-4 in the formation of polyps in an APCmin background11.
 To understand the contribution of constitutive β-catenin/TCF-4 activity to the 
colorectal transformation process, we have undertaken a large-scale analysis of the downstream 
genetic program activated by β-catenin/TCF in CRC cells. We have subsequently analyzed 
the expression and activities of individual β-catenin/TCF-4-regulated genes in a physiological 
context. Our results indicate that the β-catenin/TCF-4 complex inhibits diff erentiation and 
imposes a crypt progenitor-like phenotype on CRC cells.
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Results 

Inhibition of β-catenin/TCF in CRC cells results in cell cycle arrest
 To determine the role of β-catenin/TCF complexes in CRC, we constructed cell lines 
carrying doxycycline-inducible expression plasmids encoding the β-catenin binding N terminus 
of TCF-4 fused to a nuclear localization signal (NLS) (N-TCF4). As the recipient CRC cell 
lines, we chose Ls174T, which expresses mutant β-catenin protein, yet is diploid and carries 
wild-type alleles of p53 and APC. Strong nuclear dnTCF-4 staining was observed after 4–8 hr 
of doxycycline (Dox) induction (Fig. 1A). CRC cell lines that carry WNT pathway mutations 
constitutively activate TCF reporters (pTOPFlash)4. We selected several clones in which the 
expression of N-TCF4 completely abrogated this constitutive pTOPFlash activity (Fig. 1B). Th e 
results of 2 independent clones are shown.
 Upon induction of N-TCF4 by doxycycline in the LS174T the CRC cells underwent 
a robust G1 arrest as shown by FACS scatter analysis (Fig. 2A). Th is block in cell proliferation 
was also visualized by crystal violet staining (Fig. 2B). No apoptosis was noted (not shown). Th e 
results were identical with the induction of dnTCF-4 and dnTCF-1 abrogated β-catenin/TCF 
activity on the cell cycle of Ls174T and DLD1 cells12. 
 In conclusion, the inhibition of β-catenin/TCF signaling in CRC cells results in a quick 
and robust cell cycle arrest.

FIG. 1 Inducible N-TCF abrogates β-catenin/TCF 
driven transcription in Ls174T CRC Cells
(A) Diagram depicting the TCF4 constructs used in 
this study. N-TCF4 lacks the DNA binding domain 
but contains the β-catenin binding domain fused to a 
nuclear localization signal (NLS). More extensive studies 
have been carried out with the dnTCF4 (12).  
(B) N-TCF4 is induced as early as 4 hr after induction with doxycycline as analyzed by Western blot in two 
independent LS174T cell lines. Th e induction of N-TCF4 abrogates β-catenin/TCF driven transcription 
in two independent Ls174T clones. Activity of the TCF-reporter TOPFlash (purple bars) and control 
FOPFlash (green bars) after 24 hr with or without doxycycline (dox) is shown. Renilla luciferase levels were 
used as transfection controls.
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FIG. 2 Inhibition of TCF/β-catenin-driven transactivation by induction of NTCF-4 results in cell cycle 
arrest 
Ls174T show a dramatic reduction in S phase cells upon NTCF-4 expression. 
(A) Proliferation was halted in Ls174T transfectants. Th is was visualized by crystal violet staining of cell 
cultures after 5 days of N-TCF expression.
(B) Th e scatter profi le of cells after 20 hr with or without doxycycline is shown. Numbers refer to the 
percentage of cells in S phase for each cell line analyzed. Th e results are representative of several independent 
experiments. 

Th e genetic program driven by β-catenin/TCF in CRC cells
 Previous studies have identifi ed individual target genes of TCFs in various cellular 
systems. By DNA array analysis on the induction of dnTcf-4 in Ls174T and DLD1 cells it has 
been shown which genes were regulated by the induction of dnTCF-4 in Ls174T CRC cells12. Th is 
analysis defi ned a small set of 120 downregulated and 115 increased genes12. Remarkbly, many 
of the increased entries represented diff erentiation markers of mucosecretory and/or absorptive 
intestinal cells. Th ese data were confi rmed by Northern blot analysis. Th is study concluded that 
the inhibition of β-catenin/TCF-4 activity induced cell cycle arrest and diff erentiation12. We 
investigated whether in the 2 independent N-TCF4 LS174T cell lines the same set of genes 
were up- c.q. downregulated upon induction with doxycyclin. Th is analysis has been carried 
out by Northern Blot analysis (Fig. 3). Indeed, abrogation of β-catenin/TCF activity induced 
the mRNA expression of classical diff erentiation markers such as mucin2 (MUC2), fatty acid 
binding protein 2 (FABPL), carbonic anhydrase II (CAII), and p21CIP1/WAF1 mRNAs after 24 
hours of N-TCF4 induction with doxycycline. Moreover, abrogation of β-catenin/TCF activity 
downregulated BMP-4, c-Myc, EphB3 and NRP/B. Th ese are target genes of the Wnt pathway 
normally expressed in the proliferating region of the crypt. 
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FIG. 3 Representative examples of several genes regulated upon 24 hours of induction with doxycyclin in 
Ls174T. 
Th e bottom panel shows the 28S ribosomal RNA as a loading control. Abrogation of β-catenin/TCF 
activity induced the mRNA expression of classical diff erentiation markers such as mucin2 (MUC2), fatty 
acid binding protein 2 (FABPL), carbonic anhydrase II (CAII), and p21CIP1/WAF1 mRNAs after 24 
hours of N-TCF4 induction with doxycycline. Abrogation of β-catenin/TCF activity downregulated BMP-
4, c-Myc, EphB3 and NRP/B expression. Th ese are target genes of the Wnt pathway normally expressed in 
the proliferating region of the crypt

 In conclusion, the inhibition of the deregulate Wnt signaling pathway in CRC by the 
induction of NTCF-4 leads to the induction of genes known to be expressed in diff erentiated 
cells and the downregulation of genes known to be expressed in proliferating cells.

Th e genetic program controlled by β-catenin/TCF in CRC cells is physiologically active in 
colonic epithelium
 To show that the genetic program controlled by β-catenin/TCF in CRC cells is 
physiologically active in colonic epithelium we performed Immunohistochemical analyses 
on early neoplastic lesions. A strict correlation between nuclear β-catenin (Fig. 4A) and the 
expression of target genes such as EPHB2 (Fig. 4B) was observed in early colorectal lesions. 
Many other downregulated genes listed were overexpressed in early intestinal polyps from Min 
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mice or in aberrant crypt foci (ACF) from FAP patients12. More strikingly, all tested target genes 
were expressed also in the proliferative compartment of normal colon crypts (e.g. EPHB2 and12). 
A complementary domain of expression was observed for genes strongly upregulated upon 
induction of NTCF-4 in Ls174T cells. One such example is carbonic anhydrase II, which was 
restricted to the top of the crypts and the surface epithelium (Fig. 4F) but was absent from polyp 
cells arising in this area (Fig. 4E). 
 In conclusion, the genetic program controlled by β-catenin/TCF in CRC cells is indeed 
physiologically active in normal adult colonic epithelium

FIG. 4. Genes downstream of β-catenin/TCF activity show a complementary expression pattern to 
intestinal markers of diff erentiation
Representative examples of the inverse expression domain of downregulated (B and C) or upregulated (E 
and F) genes in our system, in normal colon (C and F) or early colorectal lesions (B and E).(A and B) Th e 
expression of nuclear β-catenin (A) perfectly correlates with that of EPHB2 tyrosine kinase receptor (B) in 
aberrant crypt foci (ACF). Stainings were performed on serial sections of early human lesions. Th e dashed 
lines delimit the same ACF in both stainings.(C and F) EPHB2 and CAII show a complementary domain 
of expression in healthy tissue. EPHB2 is expressed at the bottom of the crypts (C), while CAII is only 
present in cells at the top of the crypts and surface epithelium of the colon (F).(D and E) ACFs that colonize 
the surface epithelium show strong cytoplasmic and nuclear β-catenin (D) and are completely negative for 
carbonic anhydrase II (CAII) (E). Th e dashed line indicates the boundary between normal tissue and the 
ACF areas in serial sections.
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FIG. 5. Schematic representation of a colon crypt and proposed model for polyp formation.
At the bottom third of the crypt, the progenitor proliferating cells accumulate nuclear β-catenin. 
Consequently, they express β-catenin/TCF target genes. As the cells reach the midcrypt region, β-catenin/
TCF activity is downregulated and this results in cell cycle arrest and diff erentiation. Cells undergoing 
mutation in APC or β-catenin become independent of the physiological signals controlling β-catenin/TCF 
activity. As a consequence, they continue to behave as crypt progenitor cells in the surface epithelium, 
giving rise to tumors.

Concluding remarks

 Th ese observations imply that the Wnt signaling pathway constitutes the dominant 
switch between the proliferating progenitor and the diff erentiated intestinal cell. Th is is still 
recapitulated in the CRC cells used in this study, despite the presence of multiple additional 
mutations in these cells. Th ese data lead to a model for the maintenance of colon and for polyp 
formation. At the bottom third of the crypt, the progenitor proliferating cells accumulate nuclear 
β-catenin as a result of Wnt signaling. Consequently, they express β-catenin/TCF target genes. 
As the cells reach the midcrypt region, β-catenin/TCF activity is downregulated and this results 
in cell cycle arrest and diff erentiation. Cells undergoing mutation in APC or β-catenin become 
independent of the physiological signals controlling β-catenin/TCF activity. As a consequence, 
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they continue to behave as crypt progenitor cells in the surface epithelium, giving rise to tumour 
formation. Th e current study validates the disruption of the β-catenin/TCF complex as a 
therapeutic strategy to revert the transformed phenotype in colorectal cancer.

Experimental Procedures

Cell Culture and Transfections
 T-REx system (Invitrogen) was used according to manufacturer’s instructions to 
generate N-TCF4 inducible CRC cell lines. Resistant colonies were tested for induction by 
immunocytochemical staining.
Cell Cycle Analysis
 3 × 106 Ls174T cells were seeded in 9 cm dishes and doxycycline was added (1 μg/ml). 
After 20 hr, BrdU (Roche) was added for 20 min. Cells were then fi xed in ethanol 70%. Nuclei 
were isolated and incubated with α-BrdU-FITC (BD), and cell cycle profi les were determined 
by FACS analysis. Crystal violet staining on methanol-fi xed cells was done on cells after 5 days 
induction.
Immunohistochemistry
 Antibodies used: EPHB from R&D systems; carbonic anydrase II from Rockland; 
and β-catenin from Transduction Laboratories. Immunostainings were performed according to 
standard procedures. Envision+ kit (DAKO) was used as a secondary reagent. Stainings were 
developed using DAB (brown precipitate). Slides were counterstained with hematoxylin. 
Reporter Assays
 Transient transfections of the appropriate Firefl y luciferase reporters and Renilla 
luciferase as a transfection control were performed with Fugene 6 (Roche) and measured with 
the Dual Luciferase Reporter Assay System (Promega).
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Abstract

 We have designed a doxycycline-regulated form of the H1 promotor of RNA polymerase 
III that allows the inducible knockdown of gene expression by small interfering RNAs (siRNAs). 
As a proof-of-principle, we have targeted β-catenin in colorectal cancer (CRC) cells. T-cell factor 
(TCF) target-gene expression is induced by accumulated β-catenin, and is the main transforming 
event in these cells. We have shown previously that the disruption of β-catenin/TCF4 activity 
in CRC cells by the overexpression of dominant-negative TCF induces rapid G1 arrest and 
diff erentiation. Stable integration of our inducible siRNA vector allowed the rapid production 
of siRNAs on doxycyclin induction, followed by specifi c downregulation of β-catenin. In these 
CRC cells, TCF reporter-gene activity was inhibited, and G1 arrest and diff erentiation occurred. 
Th e inhibition of two other genes using this vector system shows that it should be useful for 
inducible knockdown of gene expression. 
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Introduction

 Th e transactivation of T-cell factor (TCF) target genes induced by wingless-related 
(WNT) pathway mutations is the main transforming event in colorectal cancer (CRC)1,2. 
We have recently studied the TCF target-gene programme by the inducible overexpression of 
dominant-negative versions of TCF1 and TCF4 in CRC cell lines3,4. Th is overexpression disrupted 
endogenous β-catenin/TCF4 activity in CRC cells. Importantly, it induced rapid G1 arrest and 
blocked a genetic programme that is physiologically active in the proliferative compartment of 
colon crypts. Consequently, an intestinal diff erentiation programme was induced. We concluded 
that the β-catenin/TCF4 complex is the master switch that controls the decision between 
proliferation versus diff erentiation in healthy and malignant intestinal epithelial cells. 
 As the overexpression of dominant-negative proteins might induce artefactual eff ects, 
we used a loss-of-function strategy to confi rm our results. It is possible to carry out classical gene 
knockouts by homologous recombination in CRC cells5,6,7,8,9 , but this technology is relatively 
time-consuming. Moreover, as we expected a growth-arrest phenotype, clones would either 
fail to develop, or would be selected for other growth-promoting events. More recently, RNA 
interference (RNAi), a well-established method for gene knockdown in model organisms10, 
can also be used for gene knockdown in mammalian cells11. So-called small interfering RNAs 
(siRNAs) have been introduced into mammalian cells by the transient transfection of synthetic 
double-stranded RNA. Alternatively, promoters of genes transcribed by RNA polymerase III have 
been used to drive the expression of hairpin RNAs, which are very similar to siRNA12,13,14,15,16,17,18. 
Th ese siRNA expression vectors have two advantages: they can be stably introduced into cells, 
either as selectable plasmids or as retroviruses, and they are relatively cheap to generate [for 
an overview, see 19,20,21]. However, as with conventional knockout strategies, stably introduced 
siRNA vectors cannot be used when the target is essential for cellular survival.
 To inducibly downregulate β-catenin/TCF4 activity in CRC cells, we have developed a 
doxycycline- inducible form of the RNA polymerase III H1 promoter to drive siRNA expression. 
Th e transfection of this plasmid in CRC cells carrying the tetracycline (Tet) repressor allowed 
the selection of clones that had stably integrated the vector in their genomes. Th e addition 
of doxycycline to the growth medium induced rapid downregulation of β-catenin messenger 
RNA and protein. Th is resulted in inhibition of TCF reporter-gene expression, G1 arrest and 
diff erentiation of the CRC cells, which confi rmed our previous results. 

Results and Discussion

 Tet-inducible systems are widely used for mRNA expression driven by polymerase 
II promoters. One system uses a chimeric protein that consists of the transactivation domain 
of virion protein 16 (VP-16) fused to the Tet repressor22. Th is TetR-VP16 chimaera strongly 
enhances transcription from minimal promoters on binding to its cognate motif, the Tet operator. 
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Th e addition of Tet inhibits binding of the repressor to its binding site. Another system makes 
use of the physiological function of the Tet repressor. Here, the Tet operator is situated between 
the promoter and the coding region of the gene of interest. Binding of the Tet repressor to the 
operator results in a transcriptional block of the promoter23. Ohkawa and Taira have used the 
latter approach to inducibly express antisense RNA from the polymerase III promoter of the U6 
gene24. For effi  cient expression of siRNAs, however, the Tet operator would have to be placed 
within the promoter region, as it is essential that transcription starts at the fi rst nucleotide of the 
target sequence.  
 Th e RNA polymerase III promoter of the H1 gene has been studied in detail25. Th e H1 
gene has a well defi ned transcriptional start site and terminates at a stretch of fi ve thymidines, 
and is thus ideal for the expression of short, non-coding RNA molecules. It has been shown that 
sequences directly upstream of the transcription start site are generally dispensable for promoter 
activity in vivo25. We reasoned that the placing a Tet operator in this region might not aff ect 
promoter activity, whereas binding of the Tet repressor protein to this site would function as a 
‘road block’, abrogating transcription. 
 As shown in Fig. 1, we created a binding site for the Tet repressor by replacing 19 bp 
from position -23 to -5, relative to the transcription start site. Bgl II and Hind III sites were 
included to allow insertion of double-stranded oligonucleotides. Th e pTER vector also contains 
a zeocin selectable marker. We inserted a 59-nucleotide human-β-catenin-derived sequence that, 
when transcribed, forms a hairpin consisting of a 19-bp stem and a 9-base loop.  As described 
by Brummelkamp et al. (2002), the termination sequence that consists of fi ve thymidines was 
included in the oligonucleotide12. Two U residues are predicted to constitute the 3’ end of the 
corresponding RNA molecule.
 We stably transfected the CRC cell line, LS174T, with a Tet-repressor expression 
construct using blasticidin selection3. Clones that stably expressed the Tet repressor were 
subsequently transfected with pTER-βcatenin and selected using zeocin. Selected clones were 
analysed for β-catenin expression by northern and western blotting before and after doxycycline 
induction.  Th ree clones showed various levels of reduction of β-catenin expression after 24 to 48 
h, as shown in Fig.2. To determine the effi  ciency of our inducible siRNA system, we performed 
northern blotting to visualize the production of the hairpin RNAs. As shown in Fig.3, within 4 
h of the addition of doxycycline, the hairpins were produced at signifi cant levels. Moreover, the 
complete absence of short hairpin RNAs (shRNAs) in the un-induced state shows the robust 
transcriptional block mediated by the Tet repressor.  
We then investigated the eff ects of β-catenin knockdown on TCF reporter activity. Most CRC 
cell lines spontaneously activate TCF reporters because of the constitutive activity of the Wnt 
cascade by mutations in APC26 or β-catenin27. LS174T cells carry a mutant, oncogenic β-catenin 
allele and, as a consequence, actively transcribe Tcf reporter constructs. Th e induced expression of 
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dominant-negative versions of Tcf4 or Tcf1 reduces this spontaneous activity to the background 
transcription levels of the control reporter3. Consistent with this result, the spontaneous activity 
of the TCF reporter, pTopglow, was reduced to background (pFopglow) levels on reduction of 
β-catenin levels by the induced expression of pTER-βcatenin by doxycycline in two of the three 
clones (Fig.4).

FIG.1 Overview of the system. (A) Alignment of the H1 promoter sequences in pSUPER and in pTER. Th e 
tetracycline (Tet) operator (TO) sequence is shown in bold. (B) Schematic representation of the proposed 
pTER ‘roadblock’. Transcription of the H1 promoter is blocked in cells expressing the Tet repressor (upper 
panel). Addition of doxycycline to medium inhibits the binding of the Tet repressor and transcription is 
derepressed (bottom panel).
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FIG.2 Downregulation of β-catenin in stable pTER transfectants. (A) A northern blot, showing β-catenin 
expression at the time points indicated. Equal amounts of RNA were loaded and analysed for β-catenin 
expression (data not shown). Clones two and three, in particular, strongly downregulate β-catenin messenger 
RNA on doxycycline treatment. (B) Western blot analysis of β-catenin protein levels at the indicated time 
points after induction. Equal loading was confi rmed by β-actin staining (data not shown).

FIG.3 Production of β-catenin hairpin RNAs in stable pTER transfectants.
Northern blot showing the expression of hairpin RNAs directed against β-catenin at indicated time points. 
Without induction, no hairpin RNAs were detected, demonstrating the tight regulation by doxycyline (top 
panel). Equal amounts of RNA were loaded, as shown by the ethidium bromide staining of the 5.8S RNA 
(lower panel).



Specifi c inhibition of gene expression using a stably integrated, inducible small-interfering-RNA vector

45

FIG.4 T-cell factor/β-catenin-driven transcription is abrogated on knock-down of β-catenin. 
Th e activity of the T-cell factor (TCF) reporter, pTopglow (Top), and the control, pFopglow, after 48 hrs 
with or without doxycyline treatment is shown. Parental cells that expressed the tetracycline (Tet) repressor 
were used as controls. Renilla luciferase levels were used as transfection controls. Clone 2 and 3 show 
complete inhibition of TCF reporter activity.
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FIG.5 Knock-down of β-catenin results in cell-cycle arrest and growth arrest.
(A) Ls174T pTER-β-Catenin clones show a marked reduction in S phase cells on β-catenin downregulation. 
Th e fl uorescence activated cell sorting profi les of cells after 48 h with or without doxycycline (Dox) are 
shown. Th e percentages of cells in S phase for each clone analysed are indicated. Only clones in which TCF 
transcription is completely abrogated (clones 2 and 3 in Fig.3) show a cell cycle-block in G1.  Th e results 
are representative of several independent experiments. (B) Proliferation was arrested in Ls174T pTER-β-
Catenin transfectants. Th is was visualized by crystal-violet staining of cell cultures after β-catenin knock-
down for fi ve days. Brdu, 5-bromo-2-deoxyuridine.

FIG.6 Knockdown of β-catenin induces diff erentiation of LS174T cells.
(A) Northern blot showing expression of galectin 4, a marker of diff erentiated intestinal cells. Expression 
is strongly induced on β-catenin knockdown. (B) Periodic-acid/Schiff  (PAS) staining of pTER-β-Catenin 
transfectants and control cells shows a marked increase of mucin production on inhibition of β-catenin/T-
cell factor signalling. Dox, doxycycline.

g
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FIG.7 Specifi c downregulation of c-MYC and Pygopus in stable pTER transfectants. Northern blot showing 
the analysis of two stable pTER-MYC and pTER-Pygopus clones. 48 h after induction, the levels of the 
corresponding messenger RNA are markedly decreased. No eff ects on unrelated mRNAs (for example, 
β-catenin) were seen. 

 Th e removal of β-catenin function at 48 h occurred after the disappearance of β-
catenin mRNA at 24 hours. Th is delay allowed us to determine the specifi city of the β-catenin 
siRNAs. At 20 h, mRNA expression was only aff ected by the production of siRNAs, and not 
by secondary eff ects resulting from loss of β-catenin. We therefore performed DNA microarray 
analysis to visualize the changes in gene expression 20 h after induction. In the 2 duplicate sets 
of measurementsmade in the experiment, using 17-K oligo arrays, 7 and 13 genes, respectively, 
were found to be downregulated more than two-fold (data not shown). More importantly, the 
only gene in common between the duplicate sets was β-Catenin, which confi rmed the specifi city 
of the siRNAs that were used. 
 Inhibition of β-catenin/Tcf activity in LS174T cells by the induced expression of 
dominant-negative TCF proteins results in a rapid G1 cell-cycle arrest and diff erentiation. Cell-
cycle analysis of the three clones showed that the reduction in β-catenin to levels that are not 
suffi  cient to drive TCF/β-catenin transcription produced similar results. G1 arrest was already 
seen after 48 h of induction, but became more prominent after three days (Fig.5A,B). Th e G1 
arrest coincided with the diff erentiation of the cells. Fig.6A shows the results of northern blot 
analysis of the expression of one of the diff erentiation markers, galectin-4, that we previously 
defi ned in the system3. Th is diff erentiation marker was rapidly induced in cells that had switched 
off  TCF/β-catenin transcription, but was unaff ected in the control cells. As a more global 
demonstration of the diff erentiation of CRC cells, we also used a histochemical stain for complex 
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carbohydrates (mucins), periodic-acid/Schiff  (PAS) stain. Fig.6B shows the increase in PAS 
reactivity in induced LS174T cells on knockdown of β-catenin, which indicates the production 
of mucins in these diff erentiating cells.
To support the results of our experiments using inducible siRNA, we attempted the knockdown 
of other genes. We transfected LS174Tr cells (LS174T cells expressing the Tet repressor) with 
c-MYC and transfected human embryonic kidney (HEK) cells that expressed the Tet repressor 
(HEK-Tr cells) with Pygopus-directed pTER vectors. Zeocin-resistant clones were tested by 
northern blotting. Between one in two clones (for β-catenin and pygopus)  and one in ten clones 
(for c-MYC) effi  ciently downregulated the indicated genes.  For each gene, two clones are shown 
in Fig.7. For the pTER-β-catenin clones (Fig.2A), strong gene-specifi c reduction of RNA was 
seen after induction with doxycyline, whereas no eff ects on expression of other genes were seen 
(for example, β-catenin expression in the pTER-MYC and pTER-pygopus clones, Fig.7).
We conclude that knockdown of β-catenin/TCF activity by a loss-of-function approach 
reproduces the phenotypic changes that occur in CRC cells in which dominant-negative versions 
of TCF proteins are overexpressed. Moreover, the successful knock-down of three independent 
genes shows that our vector system is widely applicable for the inducible knockdown of gene 
expression. Th is should be particularly useful for the analysis of genes of which the functions 
are diffi  cult to evaluate due to phenotypic eff ects on the growth or diff erentiation characteristics 
of cells (cell cycle regulators, oncogenes, tumor suppressor genes), and for genes that control 
apoptosis.  

Methods.

Construction of pTER
Th e oligonucleotides supertet (5’-cgataagcttagatctctatcactgatagggaacttataagattcccaaatcc-3’) and 
T7 were used to  amplify the H1 promoter from pSUPER12 by PCR, thereby introducing a 
Tet operator sequence into the promotor. PCR fragments were cloned into pGEM-T and were 
confi rmed by sequencing. Th e promoter fragment was cut out of pGEM-T using BamH I and 
Hind III and was ligated into pCDNA3.1-ZEO that had been digested with Bgl II and Hind III, 
thereby generating pTER (for Tet-inducible Rnai).
To make pTER-β-catenin, pTER-MYC and pTER-Pygopus, gene specifi c oligonucleotides (100 
pmol of each) were phosphorylated using T4 polynucleotide kinase in a total volume of 50 μl for 
30 minutes. To anneal the oligonucleotides, the mixture was incubated at 95 oC for 5 minutes, 
and was cooled slowly.
1 μl of this mixture was ligated into pTER vector that had been digested with Bgl II and Hind III 
and treated with calf intestinal phosphatase. Th e oligonucleotides used were as follows:  
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for β-Catenin, 5’-GATCCCGTGGGTGGTATAGAGGCTCT
TCAAGAGAGAGCCTCTATACCACCCACTTTTTGGAAA-3’ and 5’-AGCTTTT
CCAAAAAGTGGGTGGTATAGAGGCTCTCTCTTGAAGAGCCTCTATACCACCCA-
CGG-3’; for MYC, 5’-GATCCCGATGAGGAAGAAATCGATGTTCAAGA
GACATCGATTTCTTCCTCATCTTTTTGGAAA-3’ and 5’-AGCTTTTCCAAAAA
GATGAGGAAGAAATCGATGTCTCTTGAACATCGATTTCTTCCTCATCGG-3’;
for Pygopus, 5’-GATCCCTCCACCTGCTTCTACTGCTTTCAAGAGAAGCAGTA
GAAGCAGGTGGATTTTTGGAAA-3’ and 5’-AGCTTTTCCAAAAATCCACCTG
CTTCTACTGCTTCTCTTGAAAGCAGTAGAAGCAGGTGGAGG-3’.

Generation of stable pTER cell lines.
Ls174T cells were cultured in RPMI with 10% FCS. PCDNA6TR (Invitrogen) was used in 
accordance with the manufacturer’s instructions to generate clones expressing the Tet repressor3. 
Tet repressor clone 1 (Tr1) was then transfected with pTER-βcatenin. Zeocin-resistant clones 
were tested for their ability to downregulate β-catenin by northern blotting. Th e parental LS174 
Tet-repressor cell line, Tr1, was used as negative control in all experiments. HEK-Tr cells were 
purchased from Invitrogen.
 
Cell-cycle analysis and cell staining.
5 x 106 Ls174T cells were seeded in 9-cm dishes and doxycycline was added to a concentration 
of 1 μg ml-1. After 24, 48 or 72 h, 5-bromo-2-deoxyuridine (BrdU;Roche) was added for 20 min 
and the cells were trypsinized and fi xed in 70% ethanol. Nuclei were isolated and incubated with 
anti-BrdU-FITC (purchased from BD), and cell cycle profi les were determined by fl uorescence-
activated cell sorting analysis. For crystal-violet staining, 1 x 105 cells were seeded in wells of 
a six-well plate in the presence or absence of doxycycline. After 5 days, the cells were fi xed in 
methanol, washed with water and stained with crystal violet for 5 minutes. Excess dye was washed 
away with water. For PAS staining, cells were washed with PBS, incubated in 1 % periodic acid 
and stained with SCHIFFS Reagent (Merck). 

Luciferase Reporter assay.
To measure TCF/β-catenin-driven transactivation, a luciferase reporter assay was performed 
using the TCF reporter constructs pTopglow and pFopglow28. pTopglow contains TCF binding 
sites upstream of a minimal E1b TATA box that drives the expression of luciferase. Th e control 
plasmid, pFopglow, contains mutated TCF binding sites. For transient transfections, 2.5 x 105  
cells per well were seeded in six-well plates and transfected with 500 ng of TCF reporter and 50 
ng TKRenilla (Promega) using Fugene-6 (Roche). Luciferase activity was determined 48 h after 
transfection, using the Dual-luciferase reporter assay system (Promega).
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Northern Blotting.
10 μg of total RNA, was separated on 1.25 % agarose gels and transferred to Zeta-Probe 
membranes (Bio Rad). Loading was checked by ethidium bromide staining. Hybridization was 
performed using ExpressHyb Hybridization Solution (Clontech). Probes were labeled using 
RadPrime DNA labelling system (Invitrogen).
For shRNa visualization, 30 μg of total RNA was separated on 9 % polyacrylamide gels containing 
8 M urea. Th e RNAs were then transferred to Zeta-Probe membranes by electroblotting. After 
backing at 80 oC, hybridization was performed at 52 oC in 0.25 M phosphate buff er, pH 7.2, 
and 7 % SDS. Oligonucleotides of 19 nucleotides were labeled with [32P]-γATP and used as 
probes.

DNA micro array analysis
Total RNA treated with DNAse was used to generate complementary DNA labeled with CyDye 
(Amersham Bioscience). Equal amounts of probe were hybridized against 17-K oligonucleotide 
arrays. Dye swaps were performed for each experiment. Th e whole procedure is described in 
detail in van de Peppel et al29.

Western Blotting
3 x 106 Ls174T cells were seeded in 9-cm dishes in the presence or absence of doxycycline 
(1μg ml-1). Cells were harvested after 24 and 48 h, and 1 x 106 cells per sample were lysed 
in 1% nonidet P40 (NP40) lysis buff er (1%NP40, 30mM Tris-HCl, pH 8.0, 150 mM NaCl, 
proteinase inhibitor (Boehringer)) on ice for 30 min. Lysates were cleared by centrifugation at 
14.000g for 30 min and supernatants were collected. A Bradford test was used to determine 
the protein concentration. Equal amounts of protein were boiled, electrophoresed on 10 % 
SDS-polyacrylamide gels and transferred to immobilon-P membranes (Millipore). Blots were 
incubated with anti-β-catenin antibody (Transduction Laboratories), using RAMPO (Pierce) as 
the secondary antibody. Immune complexes were visualized using an enhanced chemiluminescense 
kit (Amersham Life Science).

Acknowledgements
Th e authors thank R. Bernards for sharing information before publication, F. Vervoordeeldonk 
and J. Heinen for photographic assistance and the members of the Clevers lab for helpful 
discussions. F.C.P.H. and D.v.L. were supported by grants from the Netherlands Organization 
for Scientifi c Research (NWO): 05050205; 90101238; 90101226; 016026009; 90104219), and 
the EU Fifth Framework grant, TEMBLOR.



Specifi c inhibition of gene expression using a stably integrated, inducible small-interfering-RNA vector

51

References

1. Kinzler,K.W. and Vogelstein,B. (1996) Lessons from hereditary colorectal cancer. Cell, 87, 159-170
2. Bienz,M. and Clevers,H. (2000) Linking colorectal cancer to Wnt signaling. Cell, 103, 311-320
3. van de Wetering,M., Sancho,E., Verweij,C., de Lau,W., Oving,I., Hurlstone,A., van der,Horn,K., 

Batlle,E., Coudreuse,D., et al. (2002) Th e beta-catenin/TCF-4 complex imposes a crypt progenitor 
phenotype on colorectal cancer cells. Cell, 111, 241-250

4. Batlle,E., Henderson,J.T., Beghtel,H., van den Born,M.M., Sancho,E., Huls,G., Meeldijk,J., 
Robertson,J., van de,Wetering,M, et al. (2002) Beta-catenin and TCF mediate cell positioning in 
the intestinal epithelium by controlling the expression of EphB/ephrinB. Cell, 111, 251-263

5. Shirasawa,S., Furuse,M., Yokoyama,N., and Sasazuki,T. (1993) Altered growth of human colon cancer 
cell lines disrupted at activated Ki-ras. Science, 260, 85-88

6. Chan,T.A., Hermeking,H., Lengauer,C., Kinzler,K.W., and Vogelstein,B. (1999) 14-3-3Sigma is 
required to prevent mitotic catastrophe after DNA damage. Nature, 401, 616-620

7. Chan,T.A., Wang,Z., Dang,L.H., Vogelstein,B., and Kinzler,K.W. (2002) Targeted inactivation of 
CTNNB1 reveals unexpected eff ects of beta-catenin mutation. Proc.Natl.Acad.Sci.U.S.A, 99, 
8265-8270

8. Kim,J.S., Crooks,H., Foxworth,A., and Waldman,T., (2002) Proof-of-principle: oncogenic beta-
catenin is a valid molecular target for the development of pharmacological inhibitors. Mol.Cancer.
Th er. 1 1355-1359

9. Sekine,S., Shibata,T., Sakamoto,M., and Hirohashi,S. (2002) Target disruption of the mutant beta-
catenin gene in colon cancer cell line HCT116: preservation of its malignant phenotype. Oncogene, 
38, 5906-5911.

10. Sharp,P.A. (1999) RNAi and double-strand RNA. Genes Dev, 13, 139-141
11. Elbashir,S.M., Harborth,J., Lendeckel,W., Yalcin,A., Weber,K., and Tuschl,T. (2001) Duplexes of 21-

nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature, 411, 494-498
12. Brummelkamp,T.R., Bernards,R., and Agami,R. (2002) A system for stable expression of short 

interfering RNAs in mammalian cells. Science, 296, 550-553
13. McManus,M.T.,  and Sharp,P.A. (2002b) Gene silencing in mammals by small interfering RNAs. Nat. 

Rev. Genet. 3 734-747
14. Miyagishi,M. and Taira,K. (2002) U6 promoter-driven siRNAs with four uridine 3’ overhangs 

effi  ciently suppress targeted gene expression in mammalian cells. Nat.Biotechnol., 20, 497-500
15. Paddison,P.J., and Hannon,G.J (2002b) RNA interference: the new somatic cell genetics? Cancer Cell 

2 17-23
16. Paul,C.P., Good,P.D., Winer,I., and Engelke,D.R. (2002) Eff ective expression of small interfering 

RNA in human cells. Nat.Biotechnol., 20, 505-508



Chapter 3

52

17. Sui,G., Soohoo,C., el Aff ar, B., Gay,F., Shi,Y., Forrester,W.C., and Shi,Y., (2002) A DNA vector-based 
RNAi technology to suppress gene expression in mammalian cells. Proc. Natl. Acad. Sci., 99, 5515-
5520

18. Yu,J.Y., DeRuiter,S.L., and Turner,D.L. (2002) RNA interference by expression of short-interfering 
RNAs and hairpin RNAs in mammalian cells. Proc.Natl.Acad.Sci.U.S.A, 99, 6047-6052

19. McManus,M.T., Petersen,C.P., Haines,B.B., Chen,J., and Sharp,P.A. (2002a) Gene silencing using 
micro-RNA designed hairpins. RNA 8 842-850

20. Paddison,P.J., Caudy,A.A., Bernstein, E., Hannon,G.J., Conklin,D.S., (2002a) Short hairpin RNAs 
(shRNAs) induce sequence specifi c-silencing  in mammalian cells. Genes. Dev.16 948-958

21. Shi,Y., (2003) Mammalian RNAi for the masses. Trends in Genet.19 9-12
22. Gossen,M. and Bujard,H. (1992) Tight control of gene expression in mammalian cells by tetracycline-

responsive promoters. Proc. Natl. Acad. Sci., 89, 5547-5551
23. Yao,F., Svensjo,T., Lu,M., Eriksson.C., Eriksson,E. (1998) tetracycline repressor, tetR, rather than the 

tetR-mammalian cell transcription factor fusion derivatives, regulates inducible gene expression in 
mammalian cells. Hum. Gene. Th er. 9, 1939-1950

24. Ohkawa,J., and Taira,K., (2000) Control of the functional activity of an antisense RNA by a 
tetracycline-responsive derivative of the human U6 snRNA promoter. Hum Gene Th er., 11, 577-
585

25. Myslinski,E., Ame,J.C., Krol,A., and Carbon,P., (2001) An unusually compact external promoter for 
RNA polymerase III transcription of the human H1RNA gene. Nucleic Acids Research, 29, 2502-
2509

26. Korinek,V., Barker,N., Morin,P.J., van Wichen,D., de Weger,R., Kinzler,K.W., Vogelstein,B., and 
Clevers,H. (1997) Constitutive transcriptional activation by a beta-catenin-Tcf complex in APC-/- 
colon carcinoma. Science, 275, 1784-1787

27. Morin,P.J., Sparks,A.B., Korinek,V., Barker,N., Clevers,H., Vogelstein,B., and Kinzler,K.W. (1997) 
Activation of beta-catenin-Tcf signaling in colon cancer by mutations in beta-catenin or APC. 
Science, 275, 1787-1790

28. van de Wetering,M., Barker,N., Harkes,I.C., van der,H.M., Dijk,N.J., Hollestelle,A., Klijn,J.G., 
Clevers,H., and Schutte,M. (2001) Mutant E-cadherin breast cancer cells do not display constitutive 
Wnt signaling. Cancer Res., 61, 278-284

29. van de Peppel,J., Kemmeren, P., van Bakel,H., Radonjic,M., van Leenen,D., and Holstege,F.C.P. 
(2003) Monitoring global messenger RNA changes in externally controlled microarray experiments. 
EMBO reports, 4, 387-393



Th e intestinal
Wnt/TCF signature

In Press:
Gastroenterology 2007

Laurens G. Van der Flier, Jacob Sabates-Bellver , Irma Oving, Andrea Haegebarth, 
Mariagrazia de Palo, Marcello Anti, Marielle E. van Gijn, Saskia Suijkerbuijk, 

Marc Van de Wetering, Giancarlo Marra and Hans Clevers



Chapter 4

54

Abstract

 Background & Aims: In colorectal cancer, activating mutations in the Wnt pathway 
transform epithelial cells through the inappropriate expression of a TCF4 target gene program, 
which is physiologically expressed in intestinal crypts. 
Methods: We have now performed an exhaustive array-based analysis of this target gene program 
in colorectal cancer cell lines carrying an inducible block of the Wnt cascade. Independently, 
diff erential gene expression profi les of human adenomas and adenocarcinomas versus normal 
colonic epithelium were obtained. Expression analysis of approximately 80 genes common 
between these data sets was performed in a murine adenoma model. 
Results: Th e combined data sets describe a core target gene program, the intestinal Wnt/TCF 
signature gene set, which is responsible for the transformation of human intestinal epithelial 
cells. 
Conclusions Th e genes were invariably expressed in adenomas, yet could be subdivided into 
three modules, based on expression in distinct crypt compartments. A module of 17 genes was 
specifi cally expressed at the position of the crypt stem cell.
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Introduction

Th e overwhelming majority of colorectal cancer (CRC) is initiated by activating 
mutations in the Wnt pathway1,2. Th ese mutations either remove the tumor suppressors 
Adenomatous Polyposis Coli (APC) or axin or activate the proto-oncogene β-catenin. As a 
common result, β-catenin accumulates in the nucleus, and constitutively binds to the T-cell 
factor4 (TCF4) transcription factor, resulting in transcriptional activation of Wnt/TCF4 
target genes, initiating transformation of intestinal epithelial cells3,4. Physiologically, the Wnt 
pathway is essential for the maintenance of crypt progenitor compartments, as evidenced by 
mice lacking the Tcf4 transcription factor5, or transgenically expressing the secreted Dickkopf-1 
Wnt inhibitor6,7. 

A multitude of papers have appeared in which single candidate Tcf4 target genes have 
been described (e.g. references Table 1 and http://www.stanford.edu/~rnusse/pathways/targets.
html). Typically, these studies describe diff erential expression between cells with and without an 
activated Wnt pathway, followed by transient promoter assays. DNA array technology allows the 
assessment of diff erential mRNA expression on a genome-wide scale. 

Materials and Methods 

Cell Culture
CRC cell lines LS174T and DLD1, stably expressing inducible dominant-negative 

TCF1 (nTCF1) or dominant-negative TCF4 (nTCF4), were generated as previously described8. 
Th e Wnt pathway activity in the CRC cells was determined as described previously3 using 
the optimized TCF reporter pTopGlow (TOP) and its negative control pFopGlow (FOP), 
constructed in our lab9. 
 
Oligonucleotide microarray analysis of CRC cell lines 

RNA was isolated after 10 and 20 hr induction of the dnTCFs. RNA quality was 
assessed using capillary gel electrophoresis (BioAnalyzer, Agilent Technologies). cDNA synthesis 
and labeling  was performed according to Aff ymetrix (Santa Clara, CA) guidelines. cRNA was 
synthesized and labeled with Aff ymetrix One-cycle Target Labeling kit, and hybridized on 
Aff ymetrix GeneChip HG-U133 plus 2.0 microarrays. Overall fl uorescence for each GeneChip 
was scaled to a target intensity of 200. Th e expression profi les at 10 and 20 hr after induction 
were compared with those of non-induced controls by pair wise comparisons performed with 
GeneChip Operating Software (Aff ymetrix, Santa Clara, CA). Only probes with a signifi cantly 
decreased call for both time points were included. 
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Oligonucleotide microarray array analysis of human tissues 
Colorectal adenomas were collected during endoscopy at a single gastroenterology 

unit (Belcolle Hospital in Viterbo, Italy) with full institutional review board approval. In each 
patient, normal mucosa was also collected at about 2-4 cm distance from the adenoma. Biopsies 
were immediately immersed in RNAlater (Ambion), homogenized and RNA was extracted with 
RNeasy kit (QIAgen). RNA quality was verifi ed by capillary gel electrophoresis and a total of 
32 pairs of normal mucosa and adenomas was analyzed. cRNA was synthesized, labeled and 
hybridized as described above. GeneSpring software (Silicon Genetics, Redwood City, CA) was 
used for gene expression data and statistical analyses. Th e non-parametric Mann-Whitney test 
was used with a false discovery rate of 0.05 and Bonferroni correction for the group comparison 
analysis (normal mucosa versus adenomas or cancer). Transcriptome data from a series of 25 
previously collected, colon adenocarcinomas and 10 samples of normal mucosa from some of 
these patients were obtained with the same procedure10 and used in this study.  

In situ hybridizations
Mouse orthologs of selected transcripts were obtained as ESTs from the IMAGE 

consortium or RZPD. Th ese clones were used for in vitro transcription reactions to generate 
probes for in situ hybridizations. Protocols for in vitro transcription and in situ hybridizations are 
described elsewhere11. 

Results 

Inhibition of the constitutively active Wnt pathway in CRC cells
N-terminally truncated TCFs do not bind β-catenin and act as potent inhibitors of 

endogenous β-catenin/TCF complexes12. Tcf4 is physiologically expressed in the intestine13. In 
our hands, the DNA-binding characteristics of TCF4 and TCF1 are essentially identical. For 
TCF target gene identifi cation, we generated a panel of cell clones from the CRC cell lines 
LS174T (mutationally activated allele of the CTNNB1 gene encoding β-catenin) and in DLD1 
(mutant APC), in which the Wnt cascade could be inhibited by inducible expression of either 
dnTCF1 or dnTCF4. Individual transfectants were selected based on the induced inhibition of 
the constitutive Wnt activity. For the four selected clones, the constitutively active Wnt pathway 
could be inhibited close to background levels upon doxcycycline-mediated induction of dnTCF1 
or dnTCF4 (Figure 1A and B). Moreover, all clones underwent a rapid, robust G1 arrest within 
24 hours (not shown).
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FIG.1: Overexpression of dnTCFs inhibits the Wnt Pathway in CRC cells
TCF/β-catenin driven transcription is abrogated by over expression of dnTCF1 or dnTCF4 in LS174T 
cells (A) and DLD1 cells (B). Th e activity of the TCF reporter, pTopGlow (TOP), and the control, 
pFopGlow (FOP), after 20 hr with or without doxycyline treatment is shown. Parental cells that expressed 
the tetracycline repressor (TR) were used as controls. Renilla luciferase levels were used as transfection 
controls. (C) Venn diagram showing the (overlapping) down-regulated probes upon dnTCF1 or dnTCF4 
induction. Selection is based on down regulation in two or more of the four cell line transfectants used in 
this study. Not shown in the fi gure is the overlap in 6 unique probes between LS174T/dnTCF1 and DLD1/
dnTCF4 and 6 probes between LS174dnTCF4 and DLD/dnTCF1. 

Th e genetic program driven by β-catenin /TCF in CRC cell lines
We originally subjected the LS174T/dnTCF4 clone to a microarray experiment 

on the Stanford spotted-cDNA array platform containing 24,000 probes8. To obtain a more 
comprehensive list of TCF target genes in intestinal cancer cells, we performed expression profi ling 
using the Aff ymetrix GeneChip HG-U133 plus 2.0 which contains 54,675 probes. We initiated 
analyses with the LS174T/dnTCF4 cells. mRNA was isolated at 10 and 20 hr after induction and 
from non-induced control cells. Th e 115 probes reported on the Stanford platform8 represented 
101 signifi cantly downregulated genes, all of which were also present on the Aff ymetrix arrays. 
More than 60% of these 101 genes turned out to be signifi cantly downregulated at either the 10 
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or 20 hr time points in the Aff ymetrix measurements, while 26% was signifi cantly downregulated 
at both time points. Th is demonstrated good reproducibility and robustness of the assay, given 
the extensive diff erences in technology between the two platforms. 

Similar array experiments were then performed for the other three transfectants 
(LS174T/dnTCF1, DLD1/dnTCF4 and DLD1/dnTCF1). For each cell line, we compiled 
lists of probe features signifi cantly downregulated at both time points. Figure 1C gives a Venn 
diagram summarizing the downregulated features shared between the four diff erent cell lines. 
Th e 15 genes downregulated in all four cell lines are reported in Table 1. Th is table includes some 
well known Wnt targets AXIN214-16, c-Myc17, ASCL218, LGR519, HIG220, BMP421 and SOX422 as 
well as 8 novel TCF target genes.

To obtain an information-rich, yet robust data set, we arbitrarily selected the probes 
that were downregulated at both time points in at least two diff erent cell lines. Th is resulted 
in a list which contained 387 probe features. Th is list was used for comparison with the gene 
expression profi les of adenomas and adenocarcinomas described below. 

Gene expression profi les of human adenomas and adenocarcinomas 
Th e transcriptome of 32 adenomas and 25 carcinomas was analyzed and compared 

with that of normal colonic mucosa. Th e genes upregulated in adenomas and/or carcinomas 
were compared with those of the 387 β-catenin/TCF responsive genes identifi ed in the dnTCF 
CRC cell lines. Figure 2 shows the Venn diagram procedure we used to select the Wnt/TCF 
signature gene set. 255 common probes corresponding to 208 diff erent genes are reported in 
Supplemental Table 1. 121 of the genes were upregulated in both tumor types, whereas 51 and 
36 were upregulated only in the adenomas or in carcinomas, respectively. 
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FIG. 2: Th e intestinal Wnt/TCF signature gene set
TCF/β-catenin target genes were selected by comparing the 387 probes (lower circle) obtained with the 
procedure described in Figure 1C with the 8307 probes whose expression levels in human tumors were 
signifi cantly increased, relative to those in normal mucosa. Th e left upper circle represents 3319 probes 
increased in adenomas, whereas the right upper circle represents 4988 probes increased in carcinomas (1971 
were increased in both tumor types). With this approach, we classifi ed 51 genes (71 probes) up-regulated 
in adenomas, 36 genes (40 probes) up-regulated in carcinomas and 121 genes (144 probes) up-regulated in 
both tumor types as β-catenin/TCF target genes.  Th ese gene lists are reported in Supplementary Table 1.   

Confi rmation of target genes by in situ hybridizations
In our initial study8, we observed that -as a rule- the identifi ed TCF target genes were 

physiologically expressed in rapidly dividing crypt cells. It has since been observed that a subset 
of TCF target genes is expressed in the post-mitotic Paneth cells which are located at the crypt 
bottom23,24. We extended these observations for the intestinal Wnt/TCF signature gene set by in 
situ hybridizations on intestinal tissue derived from adult mice, carrying the Apcmin allele25. In situ 
hybridizations were performed for approximately 80 genes (Figure 3 and Supplemental Table 2). 
All tested genes were expressed in the Apcmin adenomas. Th e staining patterns in crypts could be 
grouped in several categories. 

Th e fi rst category consisted of about 80% of the tested genes. Th ese genes were expressed 
in the proliferative compartment of the crypts. Examples are given in Figure 3A-D. 

Th e second category of TCF target genes comprised the Paneth cell maturation 
markers23,24. Th e tyrosine kinase receptor EphB3, present in our Wnt/TCF signature gene set, 
falls in this category26. Other Paneth cell specifi c genes such as MMP7 (Fig 3E-F) and defensin-6 
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are not represented in the signature, because they were not expressed in the cell lines. Th ey were, 
however, clearly upregulated in the tumor samples in the current study. 

A third category (17 genes; Supplementary Table 2) yielded staining in 1-5 crypt 
cells, typically located near the crypt bottom. Th e cells were distinct from the Paneth cells. Th e 
location was highly reminiscent of the position to which the elusive crypt stem cells have been 
mapped27,28. As an example, the expression of the mouse ortholog of ASCL2 is given in Figure 
3G-H. Of note, a previously published intestinal stem cell marker, Musashi29,30, in our hands 
(data not shown) would be best classifi ed in our fi rst category. 

FIG. 3: Confi rmation and classifi cation of TCF target genes by in situ hybridization on intestines of adult 
APCmin mice
All Wnt signature genes tested were expressed in wt crypts (A/C/E/G) and in adenomas of Apcmin mice 
(B,D,F,H). Th e staining patterns in wt crypts could be divided into three categories.
(A/B) An example of the expression of a gene within the fi rst category, the mouse ortholog of HSPC111. In 
addition to expression within the proliferative compartment of crypts and adenomas, a decreasing gradient 
of signal is observed along the base of the villus. Another gene in this category, the mouse ortholog for 
NOL1 that showed expression restricted to the proliferative compartment of crypts and adenomas, but 
lacked signifi cant expression along the villus (C/D). Th e second staining pattern involves the Paneth cells 
at the bottom of the crypts, as represented by the mouse ortholog for MMP7 (E/F). In situ hybridizations 
for the mouse ortholog of ASCL2 (G/H) defi ned a third category which revealed expression in adenomas 
and in a few cells near the crypt bottom. Th is position coincides with the location of the elusive crypt stem 
cells. Size bars represent 50 μm, and adenomas have been encircled by dotted lines.



Th e intestinal Wnt/TCF signature

61



Chapter 4

62

Discussion

Th e current study builds on previous cell line-based work from our lab8. Here, we 
provide a comprehensive identifi cation of TCF4 targets in two diff erent cell lines carrying two 
diff erent dnTCF genes, and by performing diff erential gene expression analysis on a genome-
wide oligonucleotide array platform. Moreover, we relate these fi ndings to expression profi les of 
a set of human adenomas and adenocarcinomas. Th e Wnt/TCF signature gene set defi nes the 
core program activated by TCF4 in intestinal epithelial cells. As the CRC cell lines used in this 
study arrest in the G1 phase of the cell cycle upon inhibition of the Wnt cascade, this program 
is essential for the proliferative capacity of CRC cell lines in culture. Th ese observations can be 
extrapolated to human intestinal tumors, in that the shared TCF4 target gene program likely 
represents the primary driver behind the transformation behavior of these transformed lesions. 
Moreover, the individual genes within the signature represent promising targets for therapy of 
colorectal cancer, since their expression is consistently activated as the direct result of oncogenic 
Wnt pathway mutations, while many target genes will be causally involved in the transformed 
behavior of the neoplastic cells.  

Th e TCF4 target gene program as activated in colorectal neoplasia consists of at least 
three distinct modules, as revealed by studies of physiological gene expression in murine small 
intestinal crypts. Genes within one of the modules are expressed by the rapidly dividing crypt 
progenitors of the transit amplifying compartment, and are likely the driving force behind 
the proliferative activity of intestinal neoplasia and cell lines derived thereof. Another module 
is correlated with maturation of post-mitotic Paneth cells, as previously described (van Es et 
al, 2005). We believe that the expression of the Paneth cell module in intestinal neoplasia is 
fortuitous and does not contribute to malignant transformation. 

Th e discovery of a module expressed at the stem cell position was unexpected. Genes 
within this module may serve as starting points to study intestinal stem cell biology. A role for 
Wnt signalling in the biology of the transient amplifying compartment of crypts has been fi rmly 
established previously5-7. A similar role in the biology of the intestinal stem cell has so far remained 
speculative31. Th e TCF target genes in the stem cell module may solidly link physiological Wnt 
signalling to intestinal stem cell biology.  
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Table 1: Target genes downregulated in all the four CRC cell lines upon over expression of 
dnTCFs
Gene Symbol References 

(#)
Aff ymetrix ID LS174T dnTCF1 LS174T dnTCF4 DLD1 dnTCF1 DLD dnTCF4

10 h 20 h 10 h 20 h 10 h 20 h 10 h 20 h
ASCL2 18 229215_at -4.3 -24 -2.3 -15 -2.8 -7.5 -3.0 -4.0
AXIN2 14-16 222696_at -2.5 -4.9 -2.3 -2.6 -2.8 -3.5 -2.8 -3.7
BMP4* 21 211518_s_at -2.0 -2.5 -2.3 -4.9 -3.0 -3.2 -1.6 -2.3

C1orf33* 220688_s_at -1.7 -3.2 -2.3 -2.8 -1.7 -2.0 -1.6 -2.0
HIG2 20 1554452_a_at -1.7 -4.0 -2.1 -3.2 -1.4 -2.6 -1.9 -2.0

HSPC111 203023_at -1.5 -3.0 -2.3 -2.5 -1.4 -1.6 -1.9 -1.7
HSPC111 214011_s_at -1.6 -3.0 -2.3 -2.3 -1.5 -1.9 -1.6 -1.6
KITLG* 226534_at -2.6 -3.0 -2.3 -2.3 -4.3 -2.6 -1.6 -2.8
LGR5* 19 213880_at -4.3 -9.8 -2.3 -3.5 -7.5 -7.5 -2.1 -3.2
MYC* 17 202431_s_at -2.1 -2.3 -2.3 -1.6 -2.8 -3.0 -2.1 -2.3
NOL1 214427_at -1.7 -2.8 -2.3 -2.1 -1.3 -1.9 -1.6 -1.6
PPIF 201490_s_at -1.4 -1.6 -2.3 -2.0 -1.5 -1.9 -1.5 -1.5
SOX4 22 201416_at -1.3 -2.1 -2.3 -2.1 -3.0 -3.2 -2.1 -2.0

WDR71 218957_s_at -2.8 -17 -2.3 -2.8 -1.9 -3.7 -2.0 -3.7
ZIC2 223642_at -1.7 -2.3 -2.3 -2.3 -1.4 -2.1 -1.7 -1.9

ZNRF3* 226360_at -4.6 -3.2 -2.3 -2.5 -3.5 -3.2 -2.1 -2.8

Fold changes of genes down regulated in all four CRC cell lines upon over expression of dnTCFs. Genes 
labeled with a * have also been identifi ed in the Stanford array experiment of van de Wetering et al., 2002. 
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Supplemental Data Table 1: β-catenin/TCF target genes as selected with the procedure 
described in Figure 2

Target genes found increased both in adenomas and in carcinomas
Fold diff erences *

Aff ymetrix ID Adenomas CRC Symbol GenBank Name
212942_s_at 54.8 38.8 KIAA1199 AB033025 KIAA1199 protein
227475_at 24.4 32.9 FOXQ1 AI676059 forkhead box Q1
223509_at 16.1 19.0 CLDN2 AF177340 claudin 2

1554576_a_at 5.4 14.4 ETV4 BC007242 ets variant gene 4 (E1A enhancer binding protein, 
E1AF)

225842_at 5.2 15.2 PHLDA1 AK026181 pleckstrin homology-like domain, family A, 
member 1

226446_at 4.6 7.9 HES6 AW249678 hairy and enhancer of split 6 (Drosophila)
212014_x_at 4.4 4.0 CD44 AI493245 CD44 antigen (homing function and Indian blood 

group system)
201195_s_at 4.3 12.3 SLC7A5 AB018009 solute carrier family 7 (cationic amino acid 

transporter, y+ system), member 5
201563_at 4.0 2.7 SORD L29008 sorbitol dehydrogenase
218704_at 3.8 4.5 FLJ20315 NM_017763 hypothetical protein FLJ20315
202613_at 3.8 5.6 CTPS NM_001905 CTP synthase

201340_s_at 3.6 2.5 ENC1 AF010314 ectodermal-neural cortex (with BTB-like domain)
41037_at 3.5 5.8 TEAD4 U63824 TEA domain family member 4
203510_at 3.4 3.7 MET BG170541 met proto-oncogene (hepatocyte growth factor 

receptor)
202431_s_at 3.2 4.4 MYC NM_002467 v-myc myelocytomatosis viral oncogene homolog 

(avian)
216913_s_at 3.1 5.5 KIAA0690 AK021460 KIAA0690 protein
224468_s_at 3.0 3.0 MGC13170 BC006151 multidrug resistance-related protein
225387_at 3.0 6.8 TM4SF9 AA059445 transmembrane 4 superfamily member 9
204695_at 2.9 4.5 CDC25A AI343459 cell division cycle 25A

1555758_a_at 2.8 2.5 CDKN3 AF213040 cyclin-dependent kinase inhibitor 3 
203612_at 2.8 3.1 BYSL NM_004053 bystin-like

200832_s_at 2.7 4.8 SCD AB032261 stearoyl-CoA desaturase (delta-9-desaturase)
202936_s_at 2.7 3.1 SOX9 NM_000346 SRY (sex determining region Y)-box 9 
224467_s_at 2.7 2.7 MGC13096 BC006146 hypothetical protein MGC13096
201416_at 2.7 4.0 SOX4 BG528420 SRY (sex determining region Y)-box 4

201420_s_at 2.7 2.5 WDR77 BF975273 WD repeat domain 77
210463_x_at 2.7 4.7 TRMT1 BC002492 TRM1 tRNA methyltransferase 1 homolog (S. 

cerevisiae)
223018_at 2.6 2.6 NOB1P BC000050 likely ortholog of mouse nin one binding protein
206102_at 2.6 3.6 PSF1 NM_021067 DNA replication complex GINS protein PSF1

203867_s_at 2.5 3.3 NLE1 NM_018096 notchless homolog 1 (Drosophila)
213226_at 2.5 2.4 PMSCL1 AI346350 polymyositis/scleroderma autoantigen 1, 75kDa

220198_s_at 2.4 4.3 EIF5A2 NM_020390 eukaryotic translation initiation factor 5A2
203313_s_at 2.4 2.0 TGIF NM_003244 TGFB-induced factor (TALE family homeobox)
222500_at 2.4 2.2 PPIL1 BC003048 peptidylprolyl isomerase (cyclophilin)-like 1

201329_s_at 2.4 2.0 ETS2 NM_005239 v-ets erythroblastosis virus E26 oncogene homolog 
2 (avian)
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225295_at 2.4 3.9 SLC39A10 AB033091 solute carrier family 39 (zinc transporter), member 
10

204133_at 2.4 2.9 RNU3IP2 NM_004704 RNA, U3 small nucleolar interacting protein 2
230656_s_at 2.3 2.2 CIRH1A AL578336 cirrhosis, autosomal recessive 1A (cirhin)
225307_at 2.3 3.3 ZNF511 AL583632 zinc fi nger protein 511

208152_s_at 2.3 3.4 DDX21 NM_004728 DEAD (Asp-Glu-Ala-Asp) box polypeptide 21
223151_at 2.3 3.1 DCUN1D5 BC004169 DCN1, defective in cullin neddylation 1, domain 

containing 5 (S. cerevisiae)
218507_at 2.3 6.2 HIG2 NM_013332 hypoxia-inducible protein 2
204175_at 2.3 3.2 ZNF593 NM_015871 zinc fi nger protein 593

220688_s_at 2.3 2.3 C1orf33 NM_016183 chromosome 1 open reading frame 33
201478_s_at 2.3 3.2 DKC1 U59151 dyskeratosis congenita 1, dyskerin
200790_at 2.3 2.5 ODC1 NM_002539 ornithine decarboxylase 1

202246_s_at 2.3 2.7 CDK4 NM_000075 cyclin-dependent kinase 4
228217_s_at 2.3 2.5 LOC389362 BF973374 hypothetical LOC389362
221649_s_at 2.2 3.7 PPAN BC000535 peter pan homolog (Drosophila)
212279_at 2.2 2.5 MAC30 BE779865 hypothetical protein MAC30
225799_at 2.2 6.1 MGC4677 BF209337 hypothetical protein MGC4677, hypothetical 

LOC541471
203023_at 2.2 2.1 HSPC111 NM_016391 hypothetical protein HSPC111
209464_at 2.2 2.3 AURKB AB011446 aurora kinase B
226349_at 2.2 2.0 MGC40397 BE264828 Hypothetical protein MGC40397
218529_at 2.2 2.4 CD320 NM_016579 CD320 antigen
222760_at 2.1 2.4 ZNF703 BG290193 zinc fi nger protein 703
218512_at 2.1 2.3 WDR12 NM_018256 WD repeat domain 12
217850_at 2.1 2.5 NS NM_014366 nucleostemin

209832_s_at 2.1 2.7 CDT1 AF321125 DNA replication factor
203622_s_at 2.1 2.6 LOC56902 NM_020143 putatative 28 kDa protein
221514_at 2.1 2.6 SDCCAG16 BC001149 serologically defi ned colon cancer antigen 16
218889_at 2.1 2.5 NOC3L NM_022451 nucleolar complex associated 3 homolog (S. 

cerevisiae)
218590_at 2.1 2.8 PEO1 NM_021830 progressive external ophthalmoplegia 1

Fold diff erences *
Aff ymetrix ID Adenomas CRC Symbol GenBank Name

202715_at 2.0 3.0 CAD NM_004341 carbamoyl-phosphate synthetase 2, aspartate 
transcarbamylase, and dihydroorotase

212160_at 2.0 2.8 XPOT AI984005 exportin, tRNA (nuclear export receptor for tRNAs)
223413_s_at 2.0 2.5 FLJ20425 AW958593 hypothetical protein FLJ20425
207515_s_at 1.9 1.9 POLR1C NM_004875 polymerase (RNA) I polypeptide C, 30kDa
217884_at 1.9 2.4 FLJ10774 NM_024662 N-acetyltransferase-like protein

224428_s_at 1.9 2.3 CDCA7 AY029179 cell division cycle associated 7
221712_s_at 1.9 2.1 WDR74 BC006351 WD repeat domain 74
213342_at 1.9 2.4 YAP1 AI745185 Yes-associated protein 1, 65kDa
203114_at 1.9 2.3 MTVR1 NM_006396 Mouse Mammary Turmor Virus Receptor homolog 

1
201516_at 1.8 2.7 SRM NM_003132 spermidine synthase
218708_at 1.8 2.5 NXT1 NM_013248 NTF2-like export factor 1
225699_at 1.8 5.1 LOC285958 AI937446 hypothetical protein LOC285958. ACA9 snoRNA 

gene
227103_s_at 1.8 2.0 MGC2408 BE646208 hypothetical protein MGC2408
224331_s_at 1.8 1.6 MRPL36 AB049654 mitochondrial ribosomal protein L36
204977_at 1.8 2.2 DDX10 NM_004398 DEAD (Asp-Glu-Ala-Asp) box polypeptide 10
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210008_s_at 1.8 2.7 MRPS12 AA513737 mitochondrial ribosomal protein S12
203150_at 1.8 1.7 RAB9P40 NM_005833 Rab9 eff ector p40

201453_x_at 1.8 2.3 RHEB NM_005614 Ras homolog enriched in brain
218882_s_at 1.8 1.8 WDR3 NM_006784 WD repeat domain 3
210541_s_at 1.8 1.8 RFP AF230394 ret fi nger protein
223403_s_at 1.7 1.8 POLR1B BC004882 polymerase (RNA) I polypeptide B, 128kDa
224634_at 1.7 2.2 FLJ20249 AI911518 hypothetical protein FLJ20249

223331_s_at 1.7 1.6 DDX20 AF106019 DEAD (Asp-Glu-Ala-Asp) box polypeptide 20
224714_at 1.7 1.7 MKI67IP AL542544 MKI67 (FHA domain) interacting nucleolar 

phosphoprotein
202159_at 1.7 1.7 FARSLA NM_004461 phenylalanine-tRNA synthetase-like, alpha subunit

1554464_a_at 1.7 1.7 CRTAP BC008745 cartilage associated protein
37462_i_at 1.7 2.5 SF3A2 L21990 splicing factor 3a, subunit 2, 66kDa
225712_at 1.7 2.5 GEMIN5 AW024563 gem (nuclear organelle) associated protein 5
218258_at 1.7 1.9 POLR1D NM_015972 polymerase (RNA) I polypeptide D, 16kDa

204027_s_at 1.7 1.9 METTL1 NM_005371 methyltransferase-like 1
212846_at 1.7 2.3 KIAA0179 AA811192 KIAA0179 protein
200054_at 1.6 1.8 ZNF259 NM_003904 zinc fi nger protein 259
218695_at 1.6 2.0 RRP41 NM_019037 exosome complex exonuclease RRP41

1554678_s_at 1.6 2.9 HNRPDL AB066484 heterogeneous nuclear ribonucleoprotein D-like
210672_s_at 1.6 2.8 C16orf35 BC004185 chromosome 16 open reading frame 35
203119_at 1.6 2.3 MGC2574 NM_024098 hypothetical protein MGC2574
217754_at 1.6 2.2 DDX56 NM_019082 DEAD (Asp-Glu-Ala-Asp) box polypeptide 56

207891_s_at 1.6 1.9 TREX2 NM_017518 three prime repair exonuclease 2
219110_at 1.6 1.4 NOLA1 NM_018983 nucleolar protein family A, member 1 (H/ACA 

small nucleolar RNPs)
33307_at 1.6 1.8 CGI-96 AL022316 CGI-96 protein
212411_at 1.6 1.5 IMP4 BE747342 IMP4, U3 small nucleolar ribonucleoprotein, 

homolog (yeast)
218398_at 1.6 1.7 MRPS30 NM_016640 mitochondrial ribosomal protein S30

222703_s_at 1.6 1.9 FLJ23476 BE464161 ischemia/reperfusion inducible protein
218594_at 1.6 1.9 HEATR1 NM_018072 HEAT repeat containing 1

204717_s_at 1.6 2.0 SLC29A2 AF034102 solute carrier family 29 (nucleoside transporters), 
member 2

219131_at 1.6 1.7 TERE1 NM_013319 transitional epithelia response protein
225196_s_at 1.6 1.8 MRPS26 AF308301 mitochondrial ribosomal protein S26
211576_s_at 1.5 2.2 SLC19A1 BC003068 solute carrier family 19 (folate transporter), member 

1
227042_at 1.5 1.7 LOC150223 BE218514 hypothetical protein LOC150223
225402_at 1.5 2.3 C20orf64 BG339450 chromosome 20 open reading frame 64

219575_s_at 1.5 1.6 COG8 NM_022341 component of oligomeric golgi complex 8
220147_s_at 1.5 1.6 C12orf14 NM_021238 chromosome 12 open reading frame 14
219098_at 1.5 1.8 MYBBP1A NM_014520 MYB binding protein (P160) 1a
212422_at 1.4 1.6 PDCD11 AL547263 programmed cell death 11
214427_at 1.4 2.0 NOL1 NM_006170 nucleolar protein 1, 120kDa

200874_s_at 1.4 1.5 NOL5A BE796327 nucleolar protein 5A (56kDa with KKE/D repeat)
200924_s_at 1.4 2.3 SLC3A2 NM_002394 solute carrier family 3 (activators of dibasic and 

neutral amino acid transport), 2
201270_x_at 1.4 1.9 KIAA1068 NM_015332 KIAA1068 protein
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Target genes found increased only in adenomas
Aff y ID Fold 

diff erence*
Symbol GenBank Name

207607_at 17.3 ASCL2 NM_005170 achaete-scute complex-like 2 (Drosophila)
224176_s_at 6.6 AXIN2 AF205888 axin 2 (conductin, axil)
213880_at 5.8 GPR49 AL524520 G protein-coupled receptor 49

206286_s_at 4.7 TDGF1 NM_003212 teratocarcinoma-derived growth factor 1
229576_s_at 4.6 TBX3 N29712 T-box 3 (ulnar mammary syndrome)

1438_at 3.3 EPHB3 X75208 EPH receptor B3
209589_s_at 3.1 EPHB2 AF025304 EPH receptor B2
226360_at 2.6 ZNRF3 AK022809 zinc and ring fi nger 3
223253_at 2.5 UCC1 BC000686 upregulated in colorectal cancer gene 1

222829_s_at 2.5 IL20RA BE219979 interleukin 20 receptor, alpha
225202_at 2.5 RHOBTB3 BE620739 Rho-related BTB domain containing 3
206628_at 2.5 SLC5A1 NM_000343 solute carrier family 5 (sodium/glucose cotransporter), 

member 1
227607_at 2.2 AMSH-LP AI638611 associated molecule with the SH3 domain of STAM 

(AMSH) like protein
205527_s_at 2.2 GEMIN4 NM_015487 gem (nuclear organelle) associated protein 4
202831_at 2.1 GPX2 NM_002083 glutathione peroxidase 2 (gastrointestinal)

207826_s_at 2.0 ID3 NM_002167 inhibitor of DNA binding 3, dominant negative helix-
loop-helix protein

217786_at 2.0 SKB1 NM_006109 SKB1 homolog (S. pombe)
222922_at 1.9 KCNE3 AF302494 potassium voltage-gated channel, Isk-related family, 

member 3
52285_f_at 1.8 C18orf9 AW002970 chromosome 18 open reading frame 9
219037_at 1.8 CGI-115 NM_016052 CGI-115 protein

219050_s_at 1.8 C11orf5 NM_014205 chromosome 11 open reading frame 5
225667_s_at 1.8 NSE1 AI601101 NSE1
209893_s_at 1.8 FUT4 M58596 fucosyltransferase 4 (alpha (1,3) fucosyltransferase, 

myeloid-specifi c)
222875_at 1.7 DHX33 AI720923 DEAH (Asp-Glu-Ala-His) box polypeptide 33

219961_s_at 1.7 C20orf19 NM_018474 chromosome 20 open reading frame 19
219539_at 1.7 GEMIN6 NM_024775 gem (nuclear organelle) associated protein 6

216268_s_at 1.7 JAG1 U77914 jagged 1 (Alagille syndrome)
1558292_s_at 1.7 PIGW BF037819 phosphatidylinositol glycan, class W

204798_at 1.7 MYB NM_005375 v-myb myeloblastosis viral oncogene homolog (avian)
210027_s_at 1.7 APEX1 M80261 APEX nuclease (multifunctional DNA repair enzyme) 1
228654_at 1.7 LOC139886 AU145277 hypothetical protein LOC139886

219031_s_at 1.6 CGI-37 NM_016101 comparative gene identifi cation transcript 37
204405_x_at 1.6 HSA9761 NM_014473 putative dimethyladenosine transferase
218692_at 1.6 FLJ20366 NM_017786 hypothetical protein FLJ20366

200772_x_at 1.6 PTMA BF686442 prothymosin, alpha (gene sequence 28)
213237_at 1.6 MGC16824 AI652058 esophageal cancer associated protein

223172_s_at 1.6 HSPC242 AF060924 hypothetical protein HSPC242
209494_s_at 1.5 ZNF278 AI807017 zinc fi nger protein 278
218957_s_at 1.5 FLJ11848 NM_025155 hypothetical protein FLJ11848
218140_x_at 1.5 SRPRB NM_021203 signal recognition particle receptor, B subunit
228009_x_at 1.5 ZNRD1 NM_014596 zinc ribbon domain containing, 1
218605_at 1.5 TFB2M NM_022366 transcription factor B2, mitochondrial
209382_at 1.5 RPC62 U93867 polymerase (RNA) III (DNA directed) (62kD)
212614_at 1.4 ARID5B BG285011 AT rich interactive domain 5B (MRF1-like)
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201054_at 1.4 HNRPA0 BE966599 heterogeneous nuclear ribonucleoprotein A0
225253_s_at 1.4 METTL2 AI632244 methyltransferase like 2
202138_x_at 1.4 JTV1 NM_006303 JTV1 gene
228614_at 1.4 LOC205251 AW182614 hypothetical protein LOC205251
218027_at 1.4 MRPL15 NM_014175 mitochondrial ribosomal protein L15

211778_s_at 1.4 ZNF339 BC006148 zinc fi nger protein 339
203931_s_at 1.3 MRPL12 NM_002949 mitochondrial ribosomal protein L12

Target genes found increased only in carcinomas
Aff y ID Fold 

diff erence*
Symbol GenBank Name

214974_x_at 58.6 CXCL5 AK026546 chemokine (C-X-C motif ) ligand 5
223642_at 44.0 ZIC2 AF193855 Zic family member 2 (odd-paired homolog, Drosophila)
226473_at 11.6 CBX2 BE514414 chromobox homolog 2 (Pc class homolog, Drosophila)
235182_at 10.8 C20orf82 AI816793 chromosome 20 open reading frame 82

1564706_s_at 4.6 GLS2 AF110329 glutaminase 2 (liver, mitochondrial)
209406_at 4.5 BAG2 AF095192 BCL2-associated athanogene 2
227195_at 4.1 ZNF503 AA603467 zinc fi nger protein 503
65588_at 4.0 LOC388796 AA827892 hypothetical LOC388796

221558_s_at 3.6 LEF1 AF288571 lymphoid enhancer-binding factor 1
225857_s_at 3.1 FLJ12683 AA827892 RNA, U71A small nucleolar
221214_s_at 2.8 NELF NM_015537 nasal embryonic luteinizing hormone-releasing hormone 

factor
213823_at 2.6 HOXA11 H94842 homeo box A11
226017_at 2.4 CKLFSF7 AI708432 chemokine-like factor super family 7
212687_at 2.3 LIMS1 AL110164 LIM and senescent cell antigen-like domains 1
209681_at 2.1 SLC19A2 AF153330 solute carrier family 19 (thiamine transporter), member 

2
59705_at 2.1 SCLY AA911739 selenocysteine lyase

217427_s_at 2.1 HIRA X75296 HIR histone cell cycle regulation defective homolog A 
(S. cerevisiae)

218151_x_at 2.1 GPR172A NM_024531 G protein-coupled receptor 172A
205003_at 2.0 DOCK4 NM_014705 dedicator of cytokinesis 4
212360_at 2.0 AMPD2 AI916249 adenosine monophosphate deaminase 2 (isoform L)

200768_s_at 1.9 MAT2A BC001686 methionine adenosyltransferase II, alpha
218712_at 1.9 FLJ20508 NM_017850 hypothetical protein FLJ20508
204079_at 1.9 TPST2 NM_003595 tyrosylprotein sulfotransferase 2
223204_at 1.9 DKFZp434L142 AF260333 hypothetical protein DKFZp434L142

201490_s_at 1.9 PPIF NM_005729 peptidylprolyl isomerase F (cyclophilin F)
224966_s_at 1.9 LOC56931 AI857915 hypothetical protein from EUROIMAGE 1967720
212766_s_at 1.8 FLJ12671 AW294587 hypothetical protein FLJ12671
223222_at 1.7 SLC25A19 BC001075 solute carrier family 25 (mitochondrial deoxynucleotide 

carrier), member 19
208916_at 1.7 SLC1A5 AF105230 solute carrier family 1 (neutral amino acid transporter), 

member 5
1555764_s_at 1.7 TIMM10 AF152354 translocase of inner mitochondrial membrane 10 

homolog (yeast)
203782_s_at 1.7 POLRMT NM_005035 polymerase (RNA) mitochondrial (DNA directed)
210213_s_at 1.6 ITGB4BP AF022229 integrin beta 4 binding protein
225383_at 1.6 ZNF275 BF793625 zinc fi nger protein 275

214141_x_at 1.6 SFRS7 BF033354 splicing factor, arginine/serine-rich 7, 35kDa
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212168_at 1.5 RBM12 AL514547 RNA binding motif protein 12
209825_s_at 1.4 UMPK BC002906 uridine monophosphate kinase

* Fold diff erences in the transcript levels in adenomas or carcinomas versus normal mucosa. Th e non-
parametric Mann-Whitney test was used with a false discovery rate of 0.05 and Bonferroni correction for 
the group comparison analysis.

Supplemental Data Table 2: Wnt/TCF signature genes tested with in situ hybridizations
Symbol GenBank Name module
FOXQ1 AI676059 forkhead box Q1 1

PHLDA1 AK026181 pleckstrin homology-like domain, family A, member 1 1
SLC7A5 AB018009 solute carrier family 7 (cationic amino acid transporter, y+ system), member 

5
1

FLJ20315 NM_017763 hypothetical protein FLJ20315 1
CTPS NM_001905 CTP synthase 1
BYSL NM_004053 bystin-like 1
SCD AB032261 stearoyl-CoA desaturase (delta-9-desaturase) 1
SOX4 BG528420 SRY (sex determining region Y)-box 4 3

WDR77 BF975273 WD repeat domain 77 3
NOB1P BC000050 likely ortholog of mouse nin one binding protein 3

PSF1 NM_021067 DNA replication complex GINS protein PSF1 1
NLE1 NM_018096 notchless homolog 1 (Drosophila) 1

PMSCL1 AI346350 polymyositis/scleroderma autoantigen 1, 75kDa 3
PPIL1 BC003048 peptidylprolyl isomerase (cyclophilin)-like 1 1

RNU3IP2 NM_004704 RNA, U3 small nucleolar interacting protein 2 1
CIRH1A AL578336 cirrhosis, autosomal recessive 1A (cirhin) 3
ZNF511 AL583632 zinc fi nger protein 511 3

HIG2 NM_013332 hypoxia-inducible protein 2 1
ZNF593 NM_015871 zinc fi nger protein 593 1
C1orf33 NM_016183 chromosome 1 open reading frame 33 1
DKC1 U59151 dyskeratosis congenita 1, dyskerin 1
ODC1 NM_002539 ornithine decarboxylase 1 1

LOC389362 BF973374 hypothetical LOC389362 1
HSPC111 NM_016391 hypothetical protein HSPC111 1
AURKB AB011446 aurora kinase B 1

MGC40397 BE264828 Hypothetical protein MGC40397 1
WDR12 NM_018256 WD repeat domain 12 3
CDT1 AF321125 DNA replication factor 1

LOC56902 NM_020143 putatative 28 kDa protein 3
SDCCAG16 BC001149 serologically defi ned colon cancer antigen 16 1

NOC3L NM_022451 nucleolar complex associated 3 homolog (S. cerevisiae) 1
CAD NM_004341 carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and 

dihydroorotase
1

XPOT AI984005 exportin, tRNA (nuclear export receptor for tRNAs) 1
FLJ10774 NM_024662 N-acetyltransferase-like protein 1

YAP1 AI745185 Yes-associated protein 1, 65kDa 1
SRM NM_003132 spermidine synthase 1

NXT1 NM_013248 NTF2-like export factor 1 1
MRPS12 AA513737 mitochondrial ribosomal protein S12 1
RAB9P40 NM_005833 Rab9 eff ector p40 1

RHEB NM_005614 Ras homolog enriched in brain 1
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WDR3 NM_006784 WD repeat domain 3 1
RFP AF230394 ret fi nger protein 1

CRTAP BC008745 cartilage associated protein 1
SF3A2 L21990 splicing factor 3a, subunit 2, 66kDa 1

GEMIN5 AW024563 gem (nuclear organelle) associated protein 5 1
RRP41 NM_019037 exosome complex exonuclease RRP41 1

HNRPDL AB066484 heterogeneous nuclear ribonucleoprotein D-like 1
C16orf35 BC004185 chromosome 16 open reading frame 35 1
TREX2 NM_017518 three prime repair exonuclease 2 1
CGI-96 AL022316 CGI-96 protein 1
IMP4 BE747342 IMP4, U3 small nucleolar ribonucleoprotein, homolog (yeast) 1

HEATR1 NM_018072 HEAT repeat containing 1 1
SLC19A1 BC003068 solute carrier family 19 (folate transporter), member 1 1
C20orf64 BG339450 chromosome 20 open reading frame 64 1
C12orf14 NM_021238 chromosome 12 open reading frame 14 1
PDCD11 AL547263 programmed cell death 11 1

NOL1 NM_006170 nucleolar protein 1, 120kDa 1
ASCL2 NM_005170 achaete-scute complex-like 2 (Drosophila) 3
TDGF1 NM_003212 teratocarcinoma-derived growth factor 1 3
TBX3 N29712 T-box 3 (ulnar mammary syndrome) 3

EPHB3 X75208 EPH receptor B3 2
ZNRF3 AK022809 zinc and ring fi nger 3 3
IL20RA BE219979 interleukin 20 receptor, alpha 1

RHOBTB3 BE620739 Rho-related BTB domain containing 3 3
GEMIN4 NM_015487 gem (nuclear organelle) associated protein 4 3

ID3 NM_002167 inhibitor of DNA binding 3, dominant negative helix-loop-helix protein 1
SKB1 NM_006109 SKB1 homolog (S. pombe) 1

C11orf5 NM_014205 chromosome 11 open reading frame 5 1
FUT4 M58596 fucosyltransferase 4 (alpha (1,3) fucosyltransferase, myeloid-specifi c) 1
PIGW BF037819 phosphatidylinositol glycan, class W 1
APEX1 M80261 APEX nuclease (multifunctional DNA repair enzyme) 1 3

MGC16824 AI652058 esophageal cancer associated protein 3
ZNF278 AI807017 zinc fi nger protein 278 3
SRPRB NM_021203 signal recognition particle receptor, B subunit 1
ZNRD1 NM_014596 zinc ribbon domain containing, 1 1
TFB2M NM_022366 transcription factor B2, mitochondrial 1
RPC62 U93867 polymerase (RNA) III (DNA directed) (62kD) 1
JTV1 NM_006303 JTV1 gene 1

ZNF339 BC006148 zinc fi nger protein 339 1

Wnt signature genes tested with in situ hybridizations were expressed in wt crypts and in adenomas of 
Apcmin mice. Th e staining patterns in crypts could be divided into three categories. Genes within module 
1 are expressed by the rapidly dividing crypt progenitors of the transit amplifying compartment. Module 
2 is correlated with maturation of post-mitotic Paneth cells. Module 3 consists out of the target genes 
expressed at the stem cell position in the crypts.
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Abstract

 Th e canonical Wnt signaling pathway, transduced through β-catenin/Tcf4, plays a 
crucial role in driving the proliferation of epithelial cells in the intestine. Moreover, aberrant 
activation of Wnt signaling is strongly associated with the development of intestinal cancer. 
Despite this overwhelming evidence, the exact role of the Wnt regulated  factors involved in 
these processes is far from being clarifi ed. 

Mash-2 is a transcription factor of the basic helix-loop-helix family, the conserved 
mammalian cognates of the Drosophila Achaete-Scute complex. Mash-2 is best known for its 
role in stimulating mononucleate trophoblast cell proliferation. In a previous study, we showed 
that Mash-2 is strongly down regulated upon abrogation of Wnt signaling in colon cancer cell 
lines. 

Here we show that Mash-2 is expressed in the developing intestine as early as 12.5 
dpc and in the crypts of the adult small intestine and colon. Moreover, Mash-2 is a direct in 
vivo target of the Wnt signaling pathway. Th e generated Villin-Mash-2 transgenic mice, that 
express Mash-2 throughout the intestinal epithelium, show the formation of aberrant crypt like 
structures in their intestinal villi. Furthermore, three presumed Wnt target genes (Sox-4, Ets-2, 
c-Myc) and a Wnt inhibitor (sFRP5), are strongly expressed in the villi of the Villin-Mash-2 
transgenic mice. Th e expression of these genes is normally restricted to certain regions of the 
intestinal crypt. Mash-2 seems to regulate these crypt specifi c genes. Sox-4 and sFRP5 are of 
special interest since recent data strongly suggest that these genes mark the so far unidentifi ed 
and much sought after intestinal stem cell. Th us, our data indicate that Mash-2, a gene sofar only 
known to function in trophectoderm development, is also essential in the regulation of intestinal 
homeostasis and development. 
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Introduction

Th e gastrointestinal tract is established during mid- to late gestation. It is a complex and 
highly dynamic organ system in which a specialized epithelium performs its primary functions1. 
Th e epithelium of the small intestine is organized into fi nger-like villi and adjacent invaginations 
called crypts of Lieberkühn. Th e colon lacks villi and has a fl at surface epithelium. In the small 
intestine, the crypt compartment contains the Paneth cells and the rather ill-defi ned pluripotent 
stem cells which give raise to the pool of transit amplifying cells. Th ese cells divide vigorously 
before they terminally diff erentiate into one of the four principle cell types: enterocytes, goblet 
cells, enteroendocrine cells and Paneth cells. Th e Paneth cells move to the bottom of the crypt, 
while the other cell types move upwards in the villi, where they perform their own and unique 
cell type specifi c function.  
 Th e canonical Wnt signaling cascade is known to control multiple biological 
phenomena’s2. Th ese processes involve either cell fate determination or maintenance of stem/
progenitor cells in compartments with predefi ned fates3,4. Central to this highly conserved 
signaling pathway is β-catenin5. Signaling by Wnt factors, through its Frizlled/LRP5/6 receptor 
complex, results in stabilization of cytoplasmatic β-catenin which subsequently translocates into 
the nucleus. Th ere it interacts with a member of the nuclear Tcf family of transcription factors 
to drive the transcription of specifi c target genes e.g. c-Myc6. In the absence of Wnt signals, 
free cytoplasmic ß-catenin is actively targeted for degradation in a destruction complex. Th is 
complex consists of two scaff olding proteins, the tumour suppressor’s APC and Axin/Axin2 
and two kinases, CK-I and GSK3-β. Th e kinases phosphorylate ß-catenin, which targets it for 
ubiquitination and proteosomal degradation7. As a result, levels of free ß-catenin in the cells 
remain virtually undetectable. Deregulation of the Wnt pathway, through mutations in APC, 
Axin or β-catenin, results in tumor formation8,9. Current evidence indicates that this canonical 
Wnt signaling pathway is the most dominant force in controlling epithelial physiology of the 
intestine10. Despite this evidence, the identifi cation of Wnt regulated transcription factors and 
their function in these processes is only starting to emerge. 

In previous studies we searched for Wnt targets in colorectal cell lines to clarify the 
molecular mechanisms of intestinal development and carcinogenesis via Wnt signaling4,11. 
One of the identifi ed genes was Mash-2. Mash-2 is a transcription factor of the basic helix-
loop-helix family which control transcription through dimerisation of their helix-loop-helix 
domains12. Th is interaction facilitates their basic domains to bind canonical E-box elements12. In 
rodents, two Mash genes have been identifi ed so far; Mash-1 and –213. Th ey function as lineage-
specifi c transcription factors essential for development of the neurectoderm and trophectoderm, 
respectively14,15. In humans four members of the achaete-scute complex family of genes have been 
identifi ed16,17,18. Th e purpose of this study was to demonstrate that Mash-2 is a direct target of 
the Wnt pathway and to gain further insight in the potential role of Mash-2 in the (developing) 
intestine. 
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Mash-2 is expressed in the crypts of the developing and adult intestine.
In order to unravel the role of Mash-2 in the intestine we fi rst studied its expression 

pattern during embryonic development and in the adult intestine, using in situ hybridisation. 
During embryogenesis the intestinal epithelium initiates as a pseudostratifi ed layer of endodermal 
origin that proliferates vigorously (12.5 dpc). Th e intestine subsequently converts to a in the 
single-layered epithelium and starts to form invaginations, the intervillous pockets, were cell 
divisions take place. Th e expression of Mash-2 can be observed in the epithelium as early as 
day 12.5 dpc (Fig 1A) and day 14.5 dpc (Fig1B). Once intervillous pockets are formed around 
15.5 dpc, Mash-2 expression becomes restricted to those area’s (16.5 dpc shown in Fig. 1C). 
Development of the intestinal epithelium is completed around E18.5 and in the fi rst week 
after birth the proliferative pockets of the small intestine reshape into mature crypts. In adult 
intestine Mash2 expression is restricted to the crypts of the small intestine and colon (Fig1 D,E), 
expression reaching beyond the Paneth cell compartment (Fig. 1D). Th is correlates well with the 
proliferative cells at the bottom of crypts of the small intestine and the colon that accumulate 
nuclear β-catenin.

FIG. 1. Expression of Mash-2 in the mouse intestine.
 (A) In situ hybridization with a Mash-2 probe revealed that Mash-2 is expressed in the mouse gut as early 
as 12.5 dpc. At 14.5 dpc, Mash-2 is seen in area’s where invaginations start to emerge (B). (C) Mash-2 

A CB

D E
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expression is restricted to intervillous pockets (16.5 dpc). In adult mice Mash-2 expression is restricted to 
the crypts (D), expression reaching beyond the Paneth cell compartment (white arrows in inset). In the 
colon of adult mice Mash-2 expression is restricted to few cells (black arrows in inset) at the bottom of the 
crypts (E).

Mash-2 is a direct target of the Wnt pathway
Mash-2 is highly upregulated in colorectal cell lines11. To further demonstrate Mash-

2 is a direct target the Wnt-pathway we manipulated Wnt signaling in colorectal cell lines. 
Downregulation of β-catenin in these cell lines, by introducing RNAi against β-catenin, indeed 
resulted in downregulation of Mash-2 (Fig. 2A). In a former study we already showed that Mash-
2 expression could also be downregulated by introducing dnTcf4 in these cell lines (van der 
Flier et al, 2006). To further demonstrate that Mash-2 is an in vivo target gene of the Wnt 
pathway we studied Mash-2 expression in the intestine of the TCF4 knock-out and the APCmin 
mice. TCF4 knock-out mice show no Mash-2 expression in the intervillous pockets of the small 
intestine during embryogenesis and in the crypts of the small intestine and colon of newborn 
mice (16.5 dpc shown in Fig. 2B). Mash-2 could be, at least in part, responsible for the Wnt 
dependant phenotype in TCF4 knockout mice. Activation mutations in the Wnt pathway can 
lead to colorectal cancer in humans19,20, as well as to adenomatous polyp formation in the murine 
intestine as shown in the APCmin mice21. In the intestine of the APCmin mice Mash-2 expression 
in the cryps is normal (Fig. 2C). However, in adenomas of the APCmin mice, were Wnt signaling 
is continuously activated, Mash-2 is highly expressed (Fig 2C). In addition, in Drosophila, the 
homologue of Wnt, Wingless is required for the expression of Drososphila homologue of Mash-
2 ASCL22. Moreover, we recently showed that Mash-2 indeed contains Tcf binding sites in his 
enhancer23. On basis of these facts, we conclude that Mash-2 is a well conserved direct target of 
the canonical Wnt pathway. Th ese data were underlined by recent publishes study24,11.
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FIG. 2. Mash-2 expression dependant on Wnt signaling activity.
(A) Colorectal cells lines (clone 1 and 2), stably transfected with an inducible siRNA vector producing 
β-catenin hairpinRNA’s leading to the down-regulation of β-catenin, subsequently down-regulate Mash-2 
shown by Northern blotting. In the intervillous pockets in the gut of TCF4 KO embryos Mash-2 expression 
could not be detected, visualized at 16.5 dpc (B), (WT control shown in Fig 1C). In the small intestine of 
APCmin mice, Mash-2 is abundantly expressed in adenomas (white arrows) next to normal expression in 
the crypts (black arrows) (C). 

Generation and characterization of Mash-2 transgenic mice. 
To further elucidate the role of Mash-2 in gut, we generated transgenic mice, which 

mis- and overexpress the Mash-2 gene in the intestine. Th ese mice express a mouse cDNA 
encoding the bHLH transcription factor Mash-2 under control of the Villin gene promoter. Th is 
promoter drives expression throughout the intestinal epithelium and becomes fully active during 
late gestation25. Two independent transgenic mice exhibited progressive runting and might die 
before weaning. In situ hybridization with a Mash-2 specifi c riboprobe revealed that Mash-2 was 
indeed expressed in the intestinal crypts and villi (Fig. 3A,B). Th e two independent mouse lines 
display completely identical architectural abnormalities throughout the small intestine.  
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Remarkably, these mice showed two independent phenotypes. Th e fi rst phenotype, 
is the presence of a high number of vacuolated, neutral lipid-fi lled enterocytes, especially at 
the top of the villi. Some regions were more aff ected than others (Fig. 3D and E). Th ese cells 
were visualized by electron microscopy and staining positive for oil-red-O (Fig. 3F, and H). A 
more detailed analysis of this phenotype will be described elsewhere (P. Peters, in preparation). 
Th is intestinal phenotype is very similar to the induced phenotype after administration of an 
anti-hedgehog monoclonal antibody into developing embryos or neonatal mice26. Th ese data 
further underscore the existence of an interplay between the Wnt and Hedgehog signaling 
pathways27,28,29. Th e second abnormality is the presence of enlarged crypts, disorganization of the 
villi and the presence of crypt-like-structures in the villi (Fig 3D). Ki-67-staining revealed that 
proliferation in the intestine was no longer restricted to the crypt of Villin-Mash-2 transgenic 
intestine (Fig. 4A and B). Proliferation was seen in the villi especially in the crypt-like-structures, 
per crypt-like-structure approximately 3-4 cells were Ki67 positive (Fig. 4A and B). Moreover, the 
Wnt target gene c-Myc, a transcription factor implicated in the control of cellular proliferation, 
diff erentiation and apoptosis, is normally expressed in epithelial cells at the bottom of the crypts. 
In the transgenic mice it could also be detected in the villi and crypt-like-structures in the villi 
of the intestines of Villin-Mash-2 mice (Fig. 4C and D). No diff erence could be seen in the 
amount and/or localisation of Goblet cells, enteroendocrine cells and Paneth cells, as shown by 
PAS, Nkx2.2 or Lysozyme staining respectively (results not shown). Furthermore, the number 
of apoptotic cells, as shown by Caspase-3 staining, was unchanged (results not shown). Th e 
number of β-catenin positive cells, the key regulator of the Wnt pathway and EphB3, a target of 
the Wnt pathway, did not show a diff erence in staining either (results not shown). We screened 
the Villin-Mash-2 mice for the presence of mRNA of two other presumed Wnt target genes 
Sox-4 and Ets-2. Sox-4 is a member of the HMG box family and Ets-2 is a transcription factor 
implicated in tumor progression. Th e expression of these genes is normally restricted to the 
crypts. In the intestines derived from the Villin-Mash-2 transgenic mice the expression of Ets2 
and Sox-4 were changed compared to normal littermates (Fig. 5 A and C versus B and D, resp). 
Th e expression was no longer restricted to the bottom of the crypts but could be detected in the 
entire enlarged crypts and througout the villi. Th is indicates that Mash-2 regulates the expression 
of these genes. Sox-4 is of special interest; since recent data strongly indicates that this gene is a 
marker of the sofar unidentifi ed intestinal stem cells (JH van Es, unpublished observation). In 
addition, the expression of another unpublished potential stem cell marker sFRP5 was studied 
(A. Gregorief, unpublished observations). sFRP5 is an inhibitor of the Wnt pathway, which 
expression normally is restricted to intestinal crypts30. Th e expression of sFRP5 seemed to be 
regulated by Mash-2, as it was strongly expressed in the regions where Mash-2 was mis- and 
overexpressed (Fig. 5E and F).
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FIG. 3. Histology of Villin-Mash-2 
transgenic mice 
Mash-2 in situ hybridization on sections 
of the small intestine of normal (A) and 
Mash-2 transgenic mice (B). In transgenic 
mice Mash2 is abundantly expressed in the 
crypts as well as the villi. HE staining of 
the guts of transgenic mice show enlarged 
crypts, disorganization of the villi and 
ectopic crypt-like structures (black arrows) 
and a high number of vacuolated cells 
(white arrows) (D). Some areas’s show 
more vacuolated cells (E) than others (D).  
Th ese highly vacuolated cells are visualized 
by electron microscopy (F) and oil-red-O 
positive (H). WT intestines are negative for 
oil-red-O staining (G).
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FIG. 4. KI67 and c-myc staining in the small intestine of WT and Villin-Mash-2 transgenic mice.
(A) Proliferation indicated by positive staining for ki67 is restricted to the crypts of the small intestine of 
WT mice. In Mash-2 transgenic mice, expression of ki67 is present in ectopic crypt-like structures (inset 
B), next to expression in evidently enlarged crypts (B). c-Myc, a known Wnt target, normally expressed in 
the crypts (C) is also expressed in the enlarged crypts (D) and in the ectopic crypt-like structures of Mash-2 
transgenic mice (oa inset D).
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FIG. 5. In situ hybridization analysis of Ets-2, Sox-4 and sFRP5 in the small intestine of WT and Villin-
Mash-2 transgenic mice.
Expression of Wnt target Ets-2, normally restricted to the crypts (A), is abundantly present in the small 
intestine of transgenic mice (B), correlating with Mash-2 (over)expression. Sox-4, another Wnt target, 
normally expressed in a few distinct cells in the crypt (C) is expressed over the full length of the crypts 
and in the villi of transgenic mice, fading out towards the top of the villi (D). sFRP5 a presumed inhibitor 
of the Wnt pathway shows a similar expression pattern as Sox-4 in WT and transgenic mice (E and F 
respectively).
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In conclusion
We examined Mash-2 expression pattern in the (developing) intestine and we generated 

Villin-Mash-2 transgenic mice, which express Mash-2 throughout the intestinal epithelium. Th e 
analysis shows that Mash-2 is expressed in the crypts of the small intestine and colon and is a 
direct in vivo target of the Tcf4/ β-catenin signaling pathway. Moreover, Villin-Mash-2 transgenic 
mice, that express Mash-2 throughout the intestinal epithelium, show a.o. the formation of 
aberrant crypts-like-structures in their intestinal villi. Furthermore, three presumed direct Wnt 
target genes (Sox-4, Ets-2, c-Myc) and a Wnt inhibitor (SFRP5), which expression normally is 
restricted to certain regions of the intestinal crypts, are highly expressed in the villi of Villin-
Mash-2 transgenic mice. Th erefore, Mash-2 seems to regulate genes involved in intestinal crypt 
compartment formation. Th us, our data indicate that Mash-2, a gene sofar only known to function 
in trophectoderm development, is also essential in intestinal homeostasis and development. 

Materials and Methods

Mouse Lines
Tcf4-/- mice and APCmin mice were previously described31,21. 

Generation of stable Beta-catenin RNAi cell lines
 Ls174T cells were cultured in RPMI with 10% FCS. PCDNA6TR (Invitrogen) was used 
according to manufacturer’s instructions to generate Tet repressor expressing clones4. Tetracycline 
repressor clone 1 (Tr1) was subsequently transfected with pTER-βcat. Zeocin resistant clones 
were tested by northern blotting for their ability to down reguate β-catenin32. Th e parental 
LS174 TET-repressor cell line, Tr1, was used as negative control in this experiment.

Northern Blotting
 10 μg of total RNA, was separated on 1.25 % agarose and transferred to Zeta-Probe 
Membrane (Bio Rad). Loading was checked by EtBr staining. Hybridization was performed 
using ExpressHyb Hybridization Solution (Clontech). β-catenin and Mash-2 probes were labeled 
using RadPrime DNA labeling system (Invitrogen).

Generation of Villin-Mash-2 mice
Th e Villin-Mash-2 transgenic expression construct was generated by cloning the 

murine Mash-2 sequence (Image clone: 4163833) at the initiation codon of the 9-kb regulatory 
region of the mouse Villin gene  using standard techniques. For proper expression, an SV40 
termination and polyadenylation cassette was added downstream of the sequence encoding for 
Mash-2 sequence. Villin-Mash-2 transgenic mice were generated by microinjection of linearized 
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plasmid into the pronuclei of fertilized eggs using standard procedures. Transgenic mice were 
identifi ed by Southern blotting and PCR analysis using tail genomic DNA. Founder mice were 
bred to C57BL/6 wild-type mice to produce F1 hemizygous mice. All mice were maintained at 
the Hubrecht Laboratory Animal Institute (Utrecht, Th e Netherlands) according to institutional 
guidelines.

Histology, immunohistochemistry and in situ hybridization
Tissues of day 12.5, 14.5, 16.5 and day 18.5 mouse embryos and of 7, 10 day old 

and adult mice were fi xed in 10% formalin or 4% paraformaldehyde, paraffi  nembedded, and 
sectioned at 3-6 μm for hematoxylin/eosin staining or immunostaining procedure as described. 
Th e primary antibodies were mouse anti-Ki67 (1:100; Novacastra), rabbit anti-c-myc (1:500; 
Upstate Biotechnology). Th e peroxidase conjugated secondary antibodies used were Mouse or 
Rabbit EnVision+ (DAKO). For the Oil Red O staining, tissues were fi xed in 4% PFA/PBS at 4°C 
overnight, equilibrated in 30% sucrose overnight, and embedded in OCT. Frozen gut sections 
were stained with Oil Red O (Sigma) for 10 minutes and counterstained with Hematoxylin. For 
in situ hybridization, the transcripts for Mash-2, sFRP5, SOX4 and Ets-2 were obtained as ESTs 
from the IMAGE consortium. Riboprobes were synthesized and the procedure was performed as 
described (Gregorief et al., 2005).
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 Th e intestinal epithelium provides an excellent model system for investigating molecular 
mechanisms regulating cell lineage establishment, stem cell proliferation, morphogenesis, the 
specialization of cell function during terminal diff erentiation and the deregulation of these 
processes during cancer initiation and development. In vertebrates, the intestinal lumen is lined 
by an endoderm-derived epithelial sheet, a monolayer consisting of four principal cell types: 
Paneth cells, Enterocytes, Goblet cells and Enteroendocrine cells. Lineage tracing experiments 
demonstrated that these four cell types are all derived from a small population of multipotential 
stem cells present near the villus base (the crypt)1,2. Th e diff erentiating cells migrate from the 
crypt towards the villus tip, where they eventually die and are extruded into the lumen. Within 
the epithelium, the absorptive enterocytes are the predominant cell type and they form a highly 
organized apical brush border. Goblet cells secrete mucus through exported granules and 
Enteroendocrine cells secrete various hormones and growth factors. Th e fourth cell type, the 
anti-microbial secreting Paneth cell, diff erentiates during migration toward the base of the crypt 
[reviewed in3]. 
 Th e intestine constitutes the most rapidly self-renewing tissue in adult mammals that 
produces an impressive number of descendant epithelial cells each day: ∼70 billion in humans 
( ∼0.25 kg) and ∼200 million in mice. Th is massive rate of cell production is compensated by 
apoptosis at the tip of the villus. In the mouse, the intestinal epithelium turns over entirely within 
3–5 days. Th is enormous cell renewal, which takes places throughout life, makes the intestine 
sensitive for additional mutations and, as a consequence, increases the risk of developing of 
cancer.∼
 Th e cessation of proliferation, the induction of diff erentiation, migration, adhesion and 
cell death in the intestine are highly coordinated processes. Th is width variety of cellular responses 
is coordinated by a relatively small number of highly evolutionarily conserved signalling pathways. 
Th ese pathways include the BMP, Sonic Hedgehog, Notch and Wnt signalling pathway [reviewed 
in 4]. Th is is particularly well illustrated by the role of the Wnt pathway in the development and 
maintenance of intestinal epithelium and by the fact that deregulation of this pathway causes 
intestinal cancer.  
 Current evidence indicates that the Wnt cascade is the dominant force in controlling cell 
fate along the crypt-villus axis. In neonatal mice lacking Tcf4, the diff erentiated villus epithelium 
appears unaff ected, but the crypt progenitor compartment is entirely absent5. Th is implies that 
physiological Wnt signaling is required for the establishment of this progenitor compartment. 
Inhibition of Wnt signaling by transgenic or viral expression of a secreted Wnt inhibitor (Dkk-1) 
in adult mice induces the complete loss of crypts, identifying Wnt as the dominant mitogen for 
crypt progenitor cells throughout life6,7. Th is notion has been confi rmed by transgenic expression 
of the Wnt agonist R-spondin-1, which results in a massive hyperproliferation of intestinal 
crypts8. Wnt proteins are physiologically expressed by the crypt epithelial cells rather than by 
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the surrounding mesenchyme9. Th ese Wnt proteins not only stimulate the proliferation of crypt 
progenitors but also promote the terminal diff erentiation of Paneth cells, residing at the bottoms 
of the crypts10.
 Th ree regulatory genes in the Wnt pathway encoding APC, β-catenin and Axin, 
are known to be mutated in human cancers [reviewed in11]. All of these mutations result in 
constitutively, uncontrolled activation of gene transcription and thereby promoting proliferation 
and carcinogenesis. Moreover, recent evidence indicates that loss of functional APC may also 
aff ect other cellular processes besides transcription that can promote carcinogenesis, such as 
interference with normal chromosome segregation12,13.

 Th e aim of the study described in this thesis was to address a number of questions 
related to the role of the Wnt signaling pathway in normal development and maintenance of 
the intestine in relation to the development of intestinal cancer. Th ese questions were: what 
is the contribution of aberrant activation of Wnt signalling to the colorectal transformation 
process, how can genes that are overexpressed in cancer and/or contribute to the survival and 
progression of tumor cells be silenced, what is the overlap between the Wnt responsive genes 
with the gene profi le of adenomas, adenocarcinomas versus normal colonic epithelium and what 
is the contribution of individual Wnt target genes to these processes? Answering these questions 
is of paramount importance since unraveling the growth regulatory pathways and the process 
of tumorgenesis may lead to new diagnostic and prognostic markers and potential targets for 
therapeutic intervention. 

 Th e transition of an intestinal epithelial cell into a fully transformed, metastatic cancer 
cell requires mutations in multiple proto-oncogenes and key tumor suppressor genes, including 
those of the Wnt pathway14. To further delineate the contribution of aberrant activation of 
Wnt signalling to this colorectal transformation process, we described in chapter 2 a large-
scale analysis of the downstream genetic program activated by β-catenin/TCF4 in colorectal 
cancer cells (CRC’s). Inhibition of Wnt signalling in these cells leads to downregulation of genes 
expressed in the proliferating region of the crypt, e.g. c-Myc, BMP-4, EphB3 and NRP/B. 
Simultaneously, upregulated genes represented diff erentiation markers of mucosecretory and/
or absorptive intestinal cells, for example MUC-2, FABPL, CAII. Physiological evidence by 
immunohistochemical analyses of adult colonic crypts, adenomas and early colorectal lesions 
confi rmed the array results. In cells that exhibit nuclear β-catenin, proliferation markers are 
highly expressed and diff erentiation markers are absent. Identically, inducing cell cycle arrest 
by inhibition of β-catenin/TCF-4 activity forces the CRC cells into a diff erentiation program. 
From this study, we concluded that constitutive Wnt signalling in CRC cells activates the genetic 
program that is physiologically expressed in the crypt progenitor cells, in order to maintain 
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progenitor cell proliferation. As a consequence, they continue to behave as crypt progenitor cells in 
the surface epithelium, persisting for many years and given ample opportunity for the acquisition 
of further mutations. Th is study validated the disruption of the β-catenin/TCF complex as a 
therapeutic strategy to revert the transformed phenotype in colorectal cancer. So far, a number of 
diff erent approaches have successfully been used to disrupt Tcf/β-catenin signalling in preclinical 
studies, including the inhibition of β-catenin expression, the induction of β-catenin degradation, 
the modulation of the subcellular localisation of β-catenin, the activation of oncolytic viruses or 
the induction of apoptosis inducing genes upon aberrant β-catenin signalling activity [reviewed 
in15]. Moreover, small molecules have been identifi ed that disrupt Tcf-4/β-catenin complexes 
using a high throughput in vitro screen of natural products16. However, further challenges will be 
to improve on the selectivity and/or in vivo effi  cacy.

 Silencing genes that contribute to the survival and progression of tumor cells is a major 
research objective. However, mammalian genetic approaches to study gene function have been 
hampered by the lack of effi  cient tools to generate stable loss-of-function phenotypes. Recently 
RNAi technology for gene knockdown in mammalian cells has been proven to be eff ective. Using 
polymerase III H1-RNA gene promoters like H1 and U7, vectors for stable expression of small 
interfering RNAs (siRNAs) have been generated (for example pSUPER.)17. Th ese vectors drive 
expression of shRNAs, allowing effi  cient and specifi c inactivation of targeted genes, generating a 
loss-of-function phenotype. 
 In chapter 3, we described the generation of a doxycycline-inducible version of a 
Polymerase III H1-RNA gene promoter driven shRNA vector (pTER). As a proof of principle, 
we inactivated the key regulator of the Wnt pathway: β-catenin. Down-regulation of β-catenin 
in stable pTER LS174T CRC cells transfectants resulted in a G1 arrest and diff erentiation. Th e 
knockdown of β-catenin/TCF activity by a loss-of-function approach reproduced the phenotypic 
changes that occur in CRC cells in which dominant-negative versions of TCF proteins (dnTCF) 
are overexpressed. Th e results of the study described in chapter 2 are thus confi rmed by inducible 
knock-down of β-catenin gene expression by siRNA. Moreover, the successful knockdown of two 
other independent genes (Pygopus-2, c-Myc) showed that this vector system is widely applicable 
for the inducible knockdown of gene expression. Th is is particularly useful for the analysis of 
genes which functions are diffi  cult to evaluate due to eff ects on growth or diff erentiation of cells, 
like cell-cycle regulators, oncogenes, tumor suppressor genes and genes that control apoptosis. 
Moreover, RNAi may also lead to promising novel therapeutic strategies. However, one critical 
factor is the ability to deliver intact siRNAs into target cells/organs in vivo. Recently, several 
studies based on the systemic or local application of naked siRNAs or the uses of various viral 
and non-viral siRNA delivery systems weredescribed [reviewed in18]. 
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 DNA array techniques are rapidly evolving and genome-wide oligonucleotide array 
platforms are now common use, containing up to 55000 probes. DNA arrays are extensively 
used to get a gene profi ling set in a whole array of human carcinomas, relating it to growth 
characteristics, prognosis and the expected response to therapy. 
 In chapter 4 we analyzed the expression profi le of LS174 CRC cells stably transfected 
with inducible dnTCF1 and dnTCF4. Th e 300-400 selected Wnt responsive genes were 
subsequently compared to the gene profi le of adenomas and adenocarcinomas versus normal 
colonic epithelium. Th is analysis provided us with a list of genes that were expressed both in 
adenomas and carcinomas and controlled by TCF. We believe these genes represent the Wnt 
signature. In situ hybridizations were performed on intestinal tissue of APCmin mice for 80 of 
the Wnt signature genes. Th ese genes could be divided into 3 groups based on diff erential 
expression in distinct parts of the crypts. One group, 80% of the selected genes, is expressed in 
the proliferative compartment of the crypts. A second category consists of Paneth cell maturation 
markers. A third category, expressed near the crypt bottom, distinct from the Paneth cells, 
correlating with the supposed stem cell compartment in the crypts. Th ese data demonstrated that 
diff erent transcriptional outputs of Wnt signalling in one organ system, the gut, correspond with 
the proposed Wnt functions of maintaining the crypt progenitor phenotype, driving the terminal 
diff erentiation of Paneth cells and stem cell renewal, respectively. Moreover, the identifi cation 
of the Tcf/β-catenin target gene program activated in Wnt driven cancers should facilitate the 
selection of novel targets for therapeutic antibodies or small-molecule inhibition [reviewed 
in19]. However, it will be a challenge to target colon cancer by abrogating Wnt signalling while 
not aff ecting normal gut homeostasis, since ample experimental evidence indicates that Wnt 
signalling is crucial for tissue renewal in the intestine.

 As noted above Wnt signalling regulates both proliferation and diff erentiation of 
intestinal crypt cells. By now numerous TCF target genes have been identifi ed but little is known 
about their individual role in these processes. In a study described in chapter 5 we focused on 
Mash-2, one of the identifi ed target genes of the Wnt signalling pathway. Mash-2 is a basic 
helix-loop-helix transcription factor, so far only known to be required for the development of the 
spongiotrophoblast in order to form a functional placenta. 
 In the normal intestine, Mash-2 is expressed at the position of the presumptive crypt 
stem cell. No Mash-2 expression was found in the TCF4 KO mice and in adenomas of APCmin 
mice Mash-2 is highly expressed. Th is confi rmed the observation that Mash-2 is indeed a target 
of the Wnt pathway. 
 To further defi ne the contribution of Mash-2 to the Wnt dependent phenotype in the 
gut, we generated a Villin-Mash-2-transgenic mouse. In the small bowel of these mice Mash-2 
is highly expressed in both crypt and villus. Th is over- and misexpression leads to architectural 
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abnormalities, i.e. enlarged crypts, disorganization of the villi and the formation of aberrant 
crypt-like structures in the villi. A few cells in the aberrant crypt foci stained positive for the 
proliferation marker Ki67 and/or the Wnt target gene c-Myc. c-Myc, normally expressed at the 
bottom of the crypts, is implicated in the control of cellular proliferation, diff erentiation and 
apoptosis. Mash-2 expression in the crypts and villi of transgenic mice induced upregulation 
of the Wnt targets Sox-4 and Ets-2, as well as sFrp5, a Wnt inhibitor. Th ese Wnt target genes, 
whose expression is normally restricted to the intestinal crypts, seemed to be regulated by Mash-
2. Ets-2 is being implicated in tumour progression. Sox-4 and sFRP5 are both expressed by the 
cells at position plus 4, the position were the potential stem cells reside. Th ese data implicate a 
role for Mash-2 in the Wnt dependent proliferation and stem/progenitor cell maintenance in 
the crypts as well as in unrestricted cell growth seen in colorectal cancer. Th is makes Mash-2, a 
possible stem cell regulator which might confer selective advantage to the cancer cell, a promising 
and more selective target for anti-cancer therapy.

 Th e Wnt signalling cascade plays a central role in embryonic patterning, stem cell 
renewal, maintenance of the crypt progenitor phenotype, tissue repair and regeneration. Aberrant 
activation drives the formation of various human cancers. Th e results described in this thesis, 
using a width variety of sophisticated techniques, has further increased our knowledge of the 
role of the Wnt pathway in these processes. Th is may be a basis for the ongoing eff orts for the 
development of drugs targeting the inhibition of the Wnt pathway. 
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 Het in dit proefschrift beschreven onderzoek gaat over de wnt signaleringsketen. Een 
signaleringsketen is een soort doorgeefsysteem in een cel, de bouwsteen van alle organen en 
weefsels in het lichaam. Hierbij worden signalen uit de omgeving aan het celoppervlak herkend 
en opgevangen. Vervolgens wordt het signaal trapsgewijs doorgegeven tot in de kern van de cel. 
 In de celkern bevinden zich de genen, dragers van de erfelijke eigenschappen, die in 
alle cellen van het lichaam dezelfde zijn. In de celkern wordt het signaal gelezen en worden 
de bedoelde genen geactiveerd. Wanneer een gen actief is wordt het DNA waaruit het is 
opgebouwd overgeschreven naar mRNA, dat werkt als een boodschapper. Het mRNA wordt 
dan op zijn beurt vertaald tot een eiwit. Zo leidt een signaal van buitenaf in de cel tot verhoogde 
productie van specifi eke sets van eiwitten. Eiwitten zijn de structurele bouwstenen van een cel 
en tevens de uitvoerders van uiteenlopende processen in de cel, zoals delen, specialiseren, de 
energiehuishouding en celtype specifi eke functies zoals de voedsel opname en verwerking in de 
darm.

FIG. 1 De wnt signaleringsroute: Links een cel waarin de wnt signaleringsroute niet actief is. Op het 
celoppervlak wordt geen signaal ontvangen. Zodoende is er in de cel een complex actief met de eiwitten 
GSK3β, APC en axin.In dit complex wordt het eiwit β-catenine vastgehouden en klaargemaakt om 
afgebroken te worden. Rechts een cel waar op het celoppervlak een wnt signaal aankomt bij het eiwit Frizzled. 
Vervolgens wordt een signaal doorgegeven in de cel, dat het hiervoor genoemde complex verstoord. Het 
eiwit β-catenine wordt niet meer afgebroken en verplaats naar de celkern. In de celkern zet het β-catenine 
in samenwerking met het eiwit TCF de wnt gedreven genen tot eiwitproductie aan.
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 Cellen in een zich ontwikkelend embryo communiceren met elkaar met behulp van een 
gelimiteerd aantal signaleringsketens die in de cellen aanwezig zijn. De ontwikkeling van een cel 
naar een heel organisme is  een zeer complex en nauwkeurig gereguleerd proces dat door deze 
signaleringsketens gedirigeerd wordt. Naast proliferatie, dwz. vermeerdering van cellen, vindt 
diff erentiatie plaats, dwz. het specialiseren van cellen naar een specifi eke functie, vb. een huidcel. 
 Tegelijkertijd wordt de ligging ten opzichte van elkaar van de verschillende organen 
binnen het embryo bepaald. De wnt-signaleringsketen is een van deze signaleringsketens die aan 
de basis staan van het zich ontwikkelende organisme.
 Ook in volwassenen is de wnt signaleringsketen belangrijk voor het reguleren van de 
balans tussen celvermeerdering en celspecialisatie in continu zelf-vernieuwende weefsels zoals 
de darmen, het beenmerg (bloedaanmaak) en de huid. Deze continue zelfvernieuwing kan 
plaatsvinden door de aanwezigheid van continu delende moeder- cq. stamcellen. Na deling, is 
er een nieuwe stamcel  en een cel die zich gaat specialiseren om het weefsel in stand te houden. 
 Overactiviteit van de wnt signalering door bijvoorbeeld een fout in het DNA leidt tot 
ongeremde groei van cellen en uiteindelijk tot kanker.
 De darm heeft een golvend oppervlak met diepgelegen crypten, waar de stamcellen zich 
bevinden en toppen genaamd villi. De darm-stamcellen delen continu en genereren cellen die 
omhoog migreren en zich specialiseren om diverse functies te kunnen uitvoeren, zoals de adsorptie 
van water en voedingstoff en. Op het topje van de villus gaan deze cellen geprogrammeerd dood 
en verdwijnen via het darmkanaal. De darm is een van de snelst zelfvernieuwende weefsels in het 
lichaam, elke dag worden er ongeveer 70 biljoen nieuwe cellen aangemaakt, ongeveer 0.25 kg. Zo 
wordt het celverval aan het oppervlak gecompenseerd. Dit alles wordt geregeld via een nauwgezet 
gecoordineerd proces. Dit proces, waarbij celvermeerdering, migratie, specialisatie en celdood 
plaatsvindt, gebeurt onder invloed van een beperkt aantal signaleringsketens, waarvan de wnt 
signalering er een is. 
 Kanker van de dikke darm ontwikkeld zich via de volgorde van normaal weefsel naar 
adenoom, een goedaardig uitgroeisel ook wel poliep genoemd, naar carcinoom. Kankercellen 
kunnen ongeremd groeien en het omliggende weefsel daarbij beschadigen en verdringen. Om 
van adenoom naar kankergezwel te kunnen evolueren moeten er in de loop van de tijd meerdere 
fouten optreden in het DNA (de genen) zodat meerdere signaleringssystemen ontregeld  raken. 
Bij de vorming van adenomen is in eerste instantie de wnt signaleringsketen in vrijwel alle 
gevallen ontregeld.
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FIG. 2 De volwassen darm: Onderin de krypten van de darm bevinden zich de stamcellen en de 
voorlopercellen. Deze voorlopercellen migreren richting de villus terwijl ze zich specialiseren tot een van de 
drie gespecialiseerde celtypes in de villus van de darm. Dit zijn de darmbekledingscellen, de enteroendocriene 
cellen die hormonen en groeifactoren uitscheiden en de goblet cellen, die slijm produceren. Een vierde 
celtype, de Paneth cellen blijven na specialisatie in de krypt, zij verzorgen de afweer.

 Het doel van deze studie is een aantal vragen te beantwoorden met betrekking 
tot de rol van wnt signalering bij de normale darmonwikkeling en het onderhoud van de 
darmbekleding in relatie tot de ontwikkeling van darmkanker. Via welke weg leidt overactivatie 
van wnt signalering tot de ongeremde groei van darmkanker cellen? Hoe kan de productie van 
kankergroeistimulerende eiwitten worden stilgelegd? Wat is de overeenkomst aan geactiveerd 
DNA in normaal darmweefsel, adenomen/poliepen en in darmkanker? En wat is de rol van 
individuele, door wnt signalering gedreven genen in dit alles? 
 De overgang van gezonde darmbekledingscel naar kankercel vereist fouten in 
meerdere genen die celgroeistimulerende eiwitten produceren, danwel eiwitten produceren 
die celgroeiremmers blokkeren. In hoofdstuk 2 proberen we de rol van ontregeling van wnt 
signalering bij het ontstaan van darmkanker te verduidelijken. Hierbij wordt gebruik gemaakt van 
in het laboratorium gekweekte darmkankercellen vanuit vermeerdering van een darmkankercel 
met ongeremde groeicapaciteit. Vervolgens zijn deze darmkankercellen zodanig veranderd dat ze, 
als ze hiertoe gestimuleerd worden, specifi eke eiwitten aanmaken die de  wnt signaleringsketen 
blokkeren, dwz uitzetten. Door blokkade van de wnt signalering stoppen deze darmkankercellen 
met groeien. Deze cellen zijn voor en na stimulatie, dwz. met en zonder actieve wnt signalering, 
onderzocht middels DNA  micro-array. DNA micro-array is een techniek waarbij we van 
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duizenden genen tegelijkertijd kunnen bepalen of ze wel of niet geactiveerd zijn. Via deze techniek 
zien we dat als de wnt signalering in darmkankercellen wordt uitgezet dit gepaard gaat met 
verlaagde aanmaak van eiwitten die normaal verhoogd aanwezig zijn in de darmcrypten, waar de 
celvermeerdering plaatsvindt. Tegelijkertijd is er een verhoogde aanmaak van eiwitten die duidt 
op specialisatie van de cellen in de richting van een darmbekledingscel. Het bijzondere is dat 
ondanks dat er meerdere signaleringsketens ontregeld zijn in deze darmkankercellen het specifi ek 
stoppen van de wnt signaleringsketen leidt tot een volledige groeistop. Dit is veelbelovend voor 
het ontwikkelen van medicijnen die de wnt signaleringketen afremmen, om hiermee dikke darm 
kanker te behandelen.

 De in hoofdstuk 2 aangepaste darmkankercellen maken bij stimulatie een onnatuurlijke 
hoeveelheid van specifi eke eiwitten die vervolgens de wnt signalering afremmen. Deze 
overproductie van eiwitten kan leiden tot onbedoelde neveneff ecten. Dit is de reden te zoeken 
naar een zuiverder systeem waarmee we DNA activatie ofwel de daardoor gedreven productie van 
specifi eke eiwitten kunnen afremmen.
 Het blijkt mogelijk eiwitproduktie in het laboratorium te blokkeren door aan mRNA, 
de boodschapper van het DNA,  kleine stukjes gespiegeld RNA te plakken. Dit wordt toegepast 
in darmkankercellen door ze zodanig aan te passen dat ze unieke kleine gespiegelde stukjes 
mRNA maken en zo de productie van een specifi ek eiwit remmen. Tot nog toe bestond er enkel 
een systeem waarbij de bedoelde eiwitten vanaf het begin zijn uitgeschakeld. Omdat de eiwitten 
die men wil onderzoeken mn. degene zijn die belangrijk zijn voor celgroei en specialisatie, 
biedt het voordelen deze eiwitten te kunnen uitschakelen op elk willekeurig moment, om de 
functie en het eff ect ervan te kunnen bestuderen. In hoofdstuk 3 wordt een systeem beschreven 
waarbij we in de cel de productie van deze kleine gespiegelde en specifi eke RNA deeltjes op elk 
willekeurig moment aan kunnen zetten. Door op deze manier een onmisbaar eiwit in de wnt 
signaleringsketen uit te schakelen, nl. β-catenine, wordt de wnt signalering stop gezet en stoppen 
de cellen met groeien, vergelijkbaar met de cellen uit het vorige hoofdstuk. Als controle zijn er 
ook darmkankercellen gekweekt waarin andere specifi eke eiwitten worden uitgeschakeld, met als 
conclusie dat het systeem specifi ek en eff ectief is.
 DNA array technieken zijn de afgelopen jaren sterk verbeterd, zodat nu per DNA array 
tot 55.000 DNA genen bekeken worden. Deze arrays worden veel gebruikt voor kankeronderzoek. 
In tumorweefsel zijn andere genen actief dan in gezond weefsel. De micro-array vist de actieve 
genen in een bepaald stukje tumorweefsel eruit en biedt de mogelijkheid om deze te vergelijken 
met de actieve genen uit gezond weefsel. Dit kan vaak essentiële kennis opleveren over het 
ziekteproces bv. wat betreft de groeikarakteristieken, de prognosis en de verwachte reactie op 
behandeling van specifi eke tumoren. In hoofdstuk 4 worden de geactiveerde genen van de in 
hoofdstuk 2 beschreven darmkankercellijnen voor en na stimulatie (resp. met en zonder actieve 
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wnt signalering) met de nieuwere arrays bepaald. De 300-400 geselecteerde genen die reageren 
op wnt signalering hebben we vergeleken met de geactiveerde genen in darmpoliepen, in 
darmkanker en in gezond darmbekledingsweefsel. Deze analyse levert een set van genen op die 
in uitgekweekte darmkanker cellijnen maar ook in levend weefsel specifi ek door wnt signalering 
geactiveerd worden. Het overgrote deel van deze genen komt tot expressie in de darmkrypt waar 
celvermeerdering plaatsvind. Een 2e categorie genen is specifi ek voor uitgediff erentieerde Paneth 
cellen, die de afweer in de darm verzorgen. Een 3e categorie komt tot expressie vlakbij de bodem 
van de krypt, waar de stamcellen zich bevinden. Verschillende door wnt signalering gereguleerde 
sets van genen binnen een orgaan nl. de darm komen zo overeen met de veronderstelde functies 
van wnt signalering, nl. het onderhouden van darm voorlopercellen, de specialisatie tot Paneth 
cel en de continue vernieuwing van stamcellen, respectievelijk.
 Inmiddels zijn talrijke door wnt signalering gereguleerde genen geidentifi ceerd. Over 
hun individuele rol in de bovengenoemde wnt gereguleerde processen, zoals hierboven genoemd, 
is weinig bekend. In hoofdstuk 5 wordt de functie bestudeerd van een van de door wnt signalering 
geactiveerde genen, namelijk Mash-2. Mash-2 is een gen dat onmisbaar is voor de aanleg van de 
placenta bij muizen. Verder is over de functie van dit gen weinig bekend. In weefselkleuringen 
op darmen van muizen laten we zien dat het RNA van Mash-2 al vroeg in de ontwikkelingvan 
het embryo in de crypt van de darm tot expressie komt. Bij volwassen muizen komt Mash-2 
tot expressie in de krypten van de darm en in darmtumoren. Hieruit blijkt dat op de plekken 
in de darm waar wnt signalering actief is, Mash-2 tot expressie komt. In muizen die genetisch 
gemanipuleerd zijn zodat wnt signalering in de darm uitgeschakeld is, komt Mash-2 niet tot 
expressie. Dit geeft aan dat Mash-2 expressie afhankelijk is van actieve wnt signalering.
 Vervolgens zijn er muizen gekweekt waar Mash-2 specifi ek in de darmen verhoogd 
tot expressie komt, ook op plekken waar Mash-2 normaal niet aantoonbaar is, nl buiten de 
krypten in de villi. Bij analyse van het darmweefsel van deze muizen zien we vergrote krypten 
en op krypten lijkende structuren in de villi en vervormde villi.  Waar we verhoogde expressie 
van Mash-2 zien in de darm, wordt ook overexpressie van een aantal andere specifi eke genen 
gevonden. Hierbij zijn 3 genen die door wnt signalering geactiveerd worden en normaal alleen in 
de krypten aanwezig zijn, Sox-4, Ets-2 en sFRP-5. Waarschijnlijk vindt activatie van deze genen 
indirect plaats via activatie van Mash-2. Sox-4 en sFRP5 zijn 2 genen die normaal aankleuren 
in de krypt op de plek waar de stamcellen zich bevinden. Mogelijk speelt  Mash-2 een rol bij de 
celvermeerdering en het onderhouden van stamcellen in de darm, als mede bij de ongeremde 
groei van darmkankercellen. 
 Wnt signalering speelt een belangrijke rol in de embryogenese, het onderhoud van 
stamcellen en bij de proliferatie van cellen in de krypten van de darm. Verhoogde activatie van de 
genen die door wnt signalering geregeld worden leidt tot de vorming van verscheidende vormen 
van kanker, waarvan darmkanker de bekendste. De resultaten in dit proefschrift, waarbij een 
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diversiteit aan geavanceerde moleculair biologische technieken gebruikt is, hebben onze kennis 
van de rol van wnt signalering in deze processen vergroot. Deze kennis kan als basis dienen voor 
verdere pogingen tot het ontwikkelen van medicijnen die de wnt signalering en daarmee de groei 
van darmcellen kunnen afremmen, om zo darmkanker te kunnen behandelen.
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Irma Mathilde Oving werd geboren op 15 mei 1966 in Bennekom, gemeente Ede. Na 
het behalen van haar VWO+ diploma aan het Christelijk Streeklyceum te Ede, begon zij in 
1984 met de studie geneeskunde aan de vrije Universiteit te Amsterdam. In 1990 haalde zij 
het doctoraalexamen, en in 1993 werd het artsexamen afgelegd. Hierna was zij voor een korte 
periode werkzaam als wetenschappelijk medewerkster bij het Laboratorium Experimentele 
Haematologie van het Academisch ziekenhuis te Leiden onder leiding van Prof. Dr. J.H.F. 
Falkenburg, hematoloog. Vervolgens was zij werkzaam als agnio interne geneeskunde en later 
deels ook klinisch onderzoeker in het Bosch Medicentrum, lokatie WAZ te Den Bosch. Op 
1 januari 1996 startte zij in Blaricum met de specialisatie interne geneeskunde, opleider Dr. 
P. Niermeijer. In september 1998 werd deze opleiding in het Universitair Medisch Centrum 
te Utrecht vervolgd, opleider Prof. Dr. D.W. Erkelens, en eind december 2001 afgerond. Het 
laatste jaar van de opleiding tot internist, nl. 2001, bracht ze in het Laboratorium immunologie 
van Prof. Dr. Hans Clevers door, als wetenschappelijk onderzoeksjaar gesubsidieerd door het 
KWF. Uiteindelijk is dit uitgemond in het hierin beschreven promotieonderzoek, welke van 
januari 2002 tot januari 2004 is voortgezet in het Hubrecht instituut voor ontwikkelingsbiologie 
met als promotor Prof. Dr. Hans Clevers.
Vanaf januari 2004 werd de loopbaan vervolgd als internist-oncoloog in opleiding op de afdeling 
medische oncologie van het UMC te Utrecht met als opleider Prof. Dr. E.E. Voest. Vanaf 1 maart 
2006 is zij werkzaam als internist-oncoloog in het Twenteborg ziekenhuis te Almelo.
Sinds 2003 woont zij samen met Marc Dirks. Samen hebben ze twee kinderen, Suzanna (2004) 
en Charlotte (2005).
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Wie had gedacht dat het ooit zover zou komen? Mijn promotieonderzoek afgerond met dit 
proefschrift. Nog even en ik kan weer zonder enige schuldgevoelens genieten van mijn vrije tijd! 
Dat ik dit alles niet op eigen krachten bereikt heb is meer dan duidelijk. Iedereen die een bijdrage 
heeft geleverd aan de totstandkoming van dit proefschrift, op welke wijze dan ook, wil ik bij deze 
dan ook hartelijk bedanken! Ik zal mijn best doen zij die mij hebben bijgestaan en/of hebben 
bijgedragen aan de totstandkoming van dit proefschrift persoonlijk te bedanken.
 
Allereerst dank aan Prof.Dr. Hans Clevers, mijn promotor en leider van het Clevers lab in het 
Hubrecht Instituut voor Ontwikkelingsbiologie te Utrecht. Ik herinner me nog als de dag van 
vandaag onze eerste kennismaking. Mijn wens basaal wetenschappelijk onderzoek te doen en 
jouw verbazing en ongeloof. Gelukkig bood je me de mogelijkheid om promotieonderzoek te 
doen in je laboratorium en kennis te maken met de fascinerende wereld van de moleculaire 
biologie. Voor mij was het een fantastische tijd, de sfeer in het lab, het proeven doen en de 
technieken die ik geleerd heb. 

Marc van de Wetering een maatje op goede en slechte dagen. Zonder jouw charmes en kritische 
noten was het niets met mij geworden. Jij hebt mij na een half jaar zwemmen in het laboratorium 
op het goede been gezet. En met de N-TCF4 begon voor mij het echte werk.

Marielle, mijn paranimf, je hebt mij fantastisch geholpen door de proeven met transgene muizen 
voort te zetten. Als jij me niet was blijven stimuleren, zou dit proefschrift niet tot stand zijn 
gekomen. Ik hoop nog lang van je vriendschap te kunnen genieten. 

Johan, wat niemand zich realiseert is dat al het muizenwerk op het laboratorium zonder jouw 
vanzelfsprekende inzet niet mogelijk is. Jouw onbaatzuchtige hulp bij het afronden van mijn 
proefschrift was onmisbaar voor me. 

Helen, jouw altijd enthousiaste persoonlijkheid was een frisse wind in het lab. Ik ben blij dat we 
vrienden geworden zijn. Als paranimf heb je me erg gesteund bij de allerlaatse loodjes. 

Menno en Vanesa, dank voor alle gezelligheid achter de fl ow-kast, in het lab en op onze kamer.  
Jeroen, Talitha, Petra, Annette, Suzanne, Anna, Nick, Wim, Linda, Harry, Maaike, Janny, 
Madelon, Janny,  Jan, Mascha, Daniel, Adam, Rachel, Elena, Edu en tevens de rest van de 
medewerkers in het laboratorium, veel dank voor een plezierige samenwerking en erg gezellige 
tijd.



Dankwooord

107

Ik wil alle leden van de beoordelingscommissie bedanken voor hun bereidheid dit proefschrift 
te lezen en te beoordelen. Prof. Dr. E.E. Voest en Prof. Dr. R.H. Medema, afdeling Medische 
Oncologie en laboratorium Experimentele Oncologie van het UMC Utrecht, Prof. Dr. S. Van 
den Heuvel, afdeling Ontwikkelingsbiologie Universiteit Utrecht en Prof. Dr. C. Wijmenga, 
afdeling Biomedische Genetica UMC Utrecht.

Collega’s van de vakgroep interne geneeskunde van het Twenteborg ziekenhuis Almelo ik heb 
me in het afgelopen jaar als een vis in het water gevoeld in de fi jne werkomgeving die jullie me 
bieden. De aankomende tijd hoop ik meer ruimte te hebben om me in te zetten voor de vakgroep. 
Hetty en Germy, jullie hebben veel geduld met me gehad, ik zal snel mijn leven beteren. 

Anne Marcel, al lang niet gezien maar zeker niet vergeten. Je bent jarenlang een grote inspiratiebron 
voor me geweest en hebt me met vertrouwen leren genieten van alles zoals het komt. Ik ben blij 
dat ik jou in mijn leven ben tegengekomen.

Pa en ma, jullie hebben de stabiele basis gelegd voor wat ik in mijn leven allemaal bereikt heb. 
Nog steeds kan ik ten alle tijden volledig op jullie steun rekenen en in de afgelopen tijd is jullie 
hulp regelmatig ingeroepen. Nu wordt het tijd de rollen, in ieder geval deels, om te draaien.

Marc, betere tijden breken aan. Vooral het laatste jaar met een intensieve en nieuwe baan, de 
diensten en dat proefschrift dat als een zwaard van Damocles boven mijn hoofd hing, was ik niet 
altijd even gezellig. Ik ben blij dat ik jou aan mijn zijde had en jij wat druk van me af kon nemen 
door op belangrijke momenten de zaken goed te regelen. Suzanna en Charlotte, sorry voor mijn 
ongeduld de laatste maanden, ik zal nog meer genieten van jullie fantastische persoontjes.






