
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

The function of Tiam1 in tumor cell biology

Rygiel, T.P.

Publication date
2009
Document Version
Final published version

Link to publication

Citation for published version (APA):
Rygiel, T. P. (2009). The function of Tiam1 in tumor cell biology. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/the-function-of-tiam1-in-tumor-cell-biology(baf42a99-e84e-49c6-9095-8ff959aea9cc).html


Chapter 2

The Rac activator Tiam1 is a Wnt-responsive 
gene that modifies intestinal tumor 
development

Angeliki Malliri*, Tomasz P. Rygiel*, Rob A. van der Kammen, Ji-Ying Song, 
Rainer Engers, Adam F. L. Hurlstone, Hans Clevers and John G. Collard 
 
* equal contribution

Journal of Biological Chemistry 281, 543-548, 2006 



Chapter 2

44

absTracT

Mutations in the canonical Wnt signaling pathway, leading to its activation, are known 

to cause the majority of intestinal tumors. However, few genes targeted by this pathway 

have been demonstrated to affect tumor development in vivo. Here we show that Tiam1, 

a selective Rac GTPase activator, is a Wnt-responsive gene expressed in the base of in-

testinal crypts and up-regulated in mouse intestinal tumors and human colon adenomas. 

Moreover, by comparing tumor development in APC mutant multiple intestinal neoplasia 

(Min) mice expressing or lacking Tiam1, we found that Tiam1 deficiency significantly 

reduces the formation and growth of polyps in vivo. However, invasion of malignant 

intestinal tumors is enhanced by a lack of Tiam1. In line with this, knock-down of Tiam1 

reduced the growth potential of human colorectal cancer (CRC) cells and their ability to 

form E-cadherin-based adhesions, a prerequisite for local invasion of tumor cells. Our data 

indicate a novel crosstalk between Tiam1-Rac and canonical Wnt-signaling pathways that 

influences intestinal tumor formation and progression.
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inTroducTion

The lumen of the adult mammalian intestine is lined with an absorptive and secretory 

epithelium that undergoes continuous self-renewal. The epithelium is organized into two 

functional domains: one comprises proliferating progenitor cells located physically within 

crypts; the other, terminally-differentiated, specialized cells occupying predominantly the 

villi in the small intestine and the mucosal surface in the colon. In the adult intestinal mu-

cosa, the canonical Wnt signaling pathway (reviewed in (Nelson and Nusse, 2004)) main-

tains the undifferentiated, proliferative crypt phenotype (van de Wetering et al., 2002), 

controls cell positioning along the crypt-villus axis (Batlle et al., 2002), and regulates as-

pects of Paneth cell maturation (van Es et al., 2005). The canonical Wnt signaling pathway 

is initiated by extracellular Wnt glycoproteins binding transmembrane receptors. Ligand 

binding induces a cascade of protein-protein interactions, the ultimate consequence of 

which is stabilization and accumulation of cytosolic β-catenin. This protein, known also 

for its role in cadherin-mediated intercellular adhesion, relays the signal to the nucleus, 

where, through direct binding to TCF family transcription factors, it induces target gene 

expression: TCFs provide DNA-binding sequence specificity; β-catenin essential transacti-

vation domains (Nelson and Nusse, 2004). 

Mice deficient for TCF4 die around birth and lack proliferative cells specifically in 

intestinal crypt precursor regions (Korinek et al., 1998). Forced expression in the mucosa 

of dickkopf1, a secreted inhibitor of canonical Wnt signaling, blocks crypt formation and 

self-renewal in adult mice and impairs cell positioning (Pinto et al., 2003;Kuhnert et al., 

2004). In contrast, aberrant activation of the Wnt pathway results in intestinal tumor for-

mation (reviewed in (Bienz and Clevers, 2000)). Germline mutations in humans abolishing 

the function of APC, a key inhibitor of the canonical Wnt pathway, are responsible for an 

inherited tumor syndrome referred to as familial adenomatous polyposis (FAP) (Kinzler et 

al., 1991). Carriers develop multiple benign colorectal adenomatous polyps, a fraction of 

which generally progress to adenocarcinomas. Similar mutations are found in the majority 

of sporadic colorectal tumors (Bienz and Clevers, 2000). In sporadic tumors with wild-

type APC, β-catenin is frequently found to harbour activating gain-of-function mutations 

(Morin et al., 1997). A nonsense mutation in APC was also revealed to be responsible for 

the multiple intestinal neoplasia (Min) found in the mouse model of the same name (Su 

et al., 1992).

Tiam1 is a guanine nucleotide exchange factor (GEF) that selectively activates the Rho-

like GTPase Rac (Michiels et al., 1995). In turn, Rac regulates actin polymerization, cell 

adhesion and motility, and also cell survival and cell cycle progression (reviewed in 

(Burridge and Wennerberg, 2004;Coleman et al., 2004)). We have previously shown that 

Tiam1 expression is transcriptionally regulated during epithelial to mesenchymal transi-

tions (Malliri et al., 2004;Zondag et al., 2000). In addition, Tiam1 activity is regulated by 
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post-translational modifications and protein-protein interactions (reviewed in (Mertens 

et al., 2003)). Potentially oncoproteins could use these mechanisms to regulate Tiam1/

Rac signaling. Tiam1 is a potent modifier of oncogenic Ras-induced skin tumor initiation, 

promotion and progression (Malliri et al., 2002). Given the clinical significance of human 

colorectal tumors and the need to identify genes that influence intestinal tumor develop-

ment, we decided to examine the role of Tiam1 in intestinal tumorigenesis. Our findings 

indicate a novel crosstalk between Tiam1/Rac signaling and the canonical Wnt-signaling 

pathway, with Tiam1 itself appearing to be a significant component of the Wnt-regulated 

genetic program implicated in intestinal tumorigenesis.

maTerials and meThods

antibodies, immunohistochemistry and immunofluorescence 

Immunohistochemistry was performed on paraffin-embedded tissue sections (4 µm) using 

an anti-DH Tiam1-specific rabbit polyclonal antibody (Habets et al., 1994), antibodies 

against lysozyme (DAKO), and Ki-67 (Novocastra) as previously described (Batlle et al., 

2002;Malliri et al., 2002;van de Wetering et al., 2002). Periodic-acid Schiff (PAS) staining, 

to visualize goblet cells, was performed as standard (Pinto et al., 2003).  Human colon tu-

mors were collected from subtotal colectomy specimens of FAP patients and patients with 

sporadic colon adenomas. For immunofluorescence, cells grown on glass cover slips were 

processed as described previously (Malliri et al., 2004). Cells were stained for β-catenin us-

ing a monoclonal antibody obtained from BD Biosciences. Primary antibodies were visual-

ized with fluorescein isothiocyanate-labeled secondary antibodies (Zymed Laboratories 

Inc.). Images were recorded with a Leica TCS-NT confocal laser scanning microscope.

cell culture, constructs and transfection 

DLD1 cells carrying a doxycycline-inducible dominant negative (DN)TCF4 or P44 isoform 

of TCF1 (i.e. TCF proteins lacking the β-catenin interaction domain) (van de Wetering et 

al., 2002) were cultured in RPMI with 5% FBS. The doxycycline-inducible siRNA system 

and sequences of Tiam1 siRNA oligonucleotides used to inducibly down-regulate Tiam1 

were previously described (Malliri et al., 2004;van de Wetering et al., 2003). Rat intestinal 

epithelial (RIE) cells (from ATCC) were grown in DMEM with 5% FBS, supplemented with 

0.1 IU/ml insulin. RIE cells were infected with a retroviral expression vector encoding 

Wnt1 or an oncogenic form of β -catenin (S33Y) and protein was harvested 48 hrs later.

Protein and rna analysis

Tiam1 protein levels were analyzed by western blotting using anti-Tiam1 polyclonal anti-

bodies either from Santa Cruz Biotechnology, Inc. or as previously described (19). North-
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ern blot analysis was performed as previously described (Habets et al., 1994). Protein 

levels of Cyclin D1 were analyzed using an anti-Cyclin D1 monoclonal antibody (Upstate), 

Myc using the 9E10 anti-Myc monoclonal antibody, TCF1 using the anti-TCF1 7H3 mono-

clonal antibody (Upstate), TCF4 using the anti-TCF4 6H5-3 monoclonal antibody (Upstate) 

and Rac using an anti-Rac1 monoclonal antibody (BD Biosciences). 

growth curves

DLD1 cells were plated in triplicate in twelve-well plates at density 4 x 104 cells per well. 

Cells were grown in the presence or absence of doxycycline, which was refreshed every 

48 hrs. Cell proliferation was determined from total protein amount in a dye-binding as-

say. Briefly, cells were fixed daily in 10% TCA and later stained with 1% bromophenyl blue 

(BPB). BPB was eluted with 10mM Tris and the absorbance was measured in a spectro-

photometer at wavelength 590 nm. The readings were normalized for final concentration 

of BPB in control cells. 

mice

Tiam1-/- mice generated as described in (Malliri et al., 2002) on a C57BL/6 background 

as well as C57BL/6 Tiam1+/+ mice were crossed with Balb/c Min/+ mice. Animals with a 

mixed C57BL/6//Balb/c background were used throughout the experiments. Mice were 

genotyped, and those carrying the Min allele were analyzed for intestinal tumor develop-

ment (Tiam1+/+//Min/+ n = 37, Tiam1+/-//Min/+ n = 79, Tiam1-/-//Min/+ n = 27). All mice 

analysed were sacrificed at week 14 after birth. The entire small intestine as well as the 

colon were coiled into a Swiss-roll like configuration, fixed in formalin and paraffin-

embedded. Sections through the widest part of the roll were stained with haematoxylin/

eosin, and a pathologist scored the number and grades of tumors blindly. For determining 

the size of lesions, a graticule was used to measure the largest dimension of all lesions 

from 8 randomly selected mice of each genotype (Tiam1+/+//Min/+, Tiam1+/-//Min/+, and 

Tiam1-/-//Min/+) of the same gender and age at sacrifice. In total we measured the size of 

315 lesions from Tiam1+/+//Min/+ mice, 297 lesions from Tiam1+/-//Min/+ mice and 134 

lesions from Tiam1-/-//Min/+ mice. 

resulTs

Immunohistochemical staining of the intestine of wild-type mice revealed Tiam1 expres-

sion in cells at the base of small intestine crypts (Fig. 1A). The cells occupying these 

positions include Paneth cells and neighboring progenitor cells. The Paneth cells are 

terminally differentiated secretory cells that control the intestinal bacterial flora. Interest-

ingly, both Paneth- and progenitor cells possess high levels of nuclear β-catenin (Batlle 
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et al., 2002), a hallmark of active canonical Wnt signaling, suggesting that Tiam1 might 

be a Wnt responsive gene. As expected, no Tiam1 staining was observed in intestines 

from Tiam1-/- mice (Fig. 1A). We did not find abnormalities in the intestines of adult 

Tiam1-/- mice when compared with wild-type mice. Analysis of markers of differentiation 

(such as lysozyme staining of Paneth cell granules, PAS staining of mucin production in 

goblet cells, and alkaline phosphatase staining of enterocytes) and proliferation (Ki67 
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Figure 1. Tiam1 expression in intestinal mucosa and histology of intestines from adult wild type and Tiam1-/- mice. A, 
Immnuohistochemical staining revealed Tiam1 expression at the base of small intestine crypts (arrowheads) of Tiam1+/+ mice, where Wnt signaling 
takes place. No Tiam1 expression was detected in intestines of Tiam1-/- mice. B, Lysozyme staining of Paneth cell granules. C, PAS staining of mucin 
production in goblet cells. D, Ki67 staining of proliferating cells. Sections in A-D are from adult wild-type and Tiam1-/- mice.
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expression) revealed no differences between wild-type and Tiam1-/- mice (Fig. 1B, C, D 

and data not shown). This indicates that Tiam1-deficiency does not visibly affect intestinal 

development or subsequent homeostasis. 

In contrast to the restricted expression of Tiam1 at the base of small intestine crypts of 

mice, the protein was expressed uniformly in adenomatous polyps arisen in Min/+ mice 

mouse
small int.

mouse
small int.

human
colon

human
colon

human
colon

human
colon

B

A

C

T T

N
N

Figure 2. Tiam1 expression in mouse neoplastic intestinal mucosa and in human normal and neoplastic colonic mucosa. A, Tiam1 
is uniformly expressed in adenoma cells of Tiam1+/+//Min/+ mice. Note the absence of Tiam1 expression in normal tissue (arrowheads in right 
panel). B, Sections from human colon adenomas were immunohistochemically stained for Tiam1. In all cases studied and as shown here for a 
representative FAP polyp, Tiam1 expression was increased in dysplastic crypts compared to adjacent normal colonic mucosa. Dashed line depicts 
the boundary between normal (N) and tumour (T) tissues. C, In normal human colonic mucosa, the level of Tiam1 protein is highest within cells at 
the base of the crypt (black arrowheads) and decreases towards the luminal surface (blue arrowheads). Note strongly stained plasma cells in the 
stroma. (Boxed regions in A and B and C are magnified and shown in adjacent right panels).



Chapter 2

50

(Fig. 2A). These mice carry a nonsense mutation in the APC gene and produce intestinal 

tumors as a result of increased Wnt signaling (Su et al., 1992). In addition, immuno-

histochemical staining of human colon adenomas from both FAP patients (n=38) and 

sporadic cases (n=13) revealed strong and uniform Tiam1 protein expression in all cases 

examined. The protein levels exceeded the levels in adjacent normal mucosa as found 

in mice (for example see Fig. 2B). Additionally, in normal human colonic mucosa, we 

observed a gradient of Tiam1 protein decreasing from cells at the base of the crypt to the 

luminal surface (Fig. 2C). This expression pattern parallels the gradient of Wnt pathway 
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Figure 3. Tiam1 is a Wnt-responsive gene. A, DLD1 human colon carcinoma cells inducibly overexpressing DN TCF4 (DN15) or P44 TCF1 
(P4), as well as control DLD1 cells expressing the tetracycline repressor plasmid alone (TR7), were cultured in the presence (+) or absence (-) 
of doxycycline for either 24 or 48 hrs. RNA was isolated and Northern blot analysis performed for Tiam1 and GAPDH mRNA levels. B, TR7, DN15 
and P4 cells were incubated with (+) or without (-) doxycycline for the indicated times before protein lysates were isolated and immunoblotting 
performed for Tiam1, c-Myc, cyclin D1, TCF, and Rac. C, Rat intestinal epithelial (RIE) cells were infected with either empty vector, a retroviral vector 
encoding for Wnt1 or a retroviral vector encoding for a dominant active form of β-catenin. Protein was extracted 48h later and immunoblotting for 
Tiam1 and β-actin (loading control) performed. 
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activity as documented in the colon (van de Wetering et al, 2002). Since Paneth cells are 

absent in the colon, positive cells within the base of the human crypt should represent 

progenitor cells.

The specific expression of Tiam1 at sites of endogenous canonical Wnt signaling and 

its apparent up-regulation in neoplastic lesions resulting from excessive Wnt signaling 

prompted us to evaluate further whether Tiam1 is a Wnt responsive gene. For this we 

used a human CRC cell line, DLD1, engineered to express inhibitory forms of TCF tran-

scription factors upon addition of doxycycline (van de Wetering et al, 2002). Abrogation 
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Figure 4. Tiam1 influences human CRC cell growth and cell–cell adhesion. A, Tiam1 protein levels in a representative clone of DLD1 
cells inducibly expressing Tiam1 siRNA (clone C2) as compared to control TR7 cells. Protein was harvested 48 hrs after plating in the presence (+) 
or absence (-) of doxycycline and immunoblotted for Tiam1 or β-actin (loading control). B, C2 cells induced with doxycycline grow slower than 
untreated C2 cells or control TR7 cells in the presence or absence of doxycycline. C, Phase contrast images of control TR7 cells or C2 cells 48 hrs 
after plating in the presence (+) or absence (-) of doxycycline. Control cells grow in tightly packed colonies even in the presence of doxycycline. 
C2 cells display reduced colony formation specifically in the presence of doxycycline. D, Confocal images of colonies of either control TR7 cells or C2 
cells fixed and stained for β-catenin 48 hrs after plating in the presence (+) or absence (-) of doxycycline. Tiam1 siRNA induction leads to reduced 
β-catenin at sites of cell–cell contact. 
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of Wnt signaling by the induced expression of the inhibitory forms of TCF resulted in a 

complete loss of Tiam1 messenger RNA by 48 hours (Fig. 3A). Protein expression was also 

significantly reduced in this interval (Fig. 3B). Down-regulation of Tiam1 was temporally 

correlated with appearance of the inhibitory forms of TCF and occurred with similar 

kinetics to c-Myc and Cyclin D1 (Fig. 3B), both considered direct TCF targets (He et al., 

1998;Tetsu and McCormick, 1999). Together these findings indicate that Tiam1 is a Wnt-

responsive gene and potentially a direct TCF target. To further substantiate these findings, 

we overexpressed Wnt1 and an oncogenic form of β-catenin (lacking the Ser 33 regulatory 

phosphorylation site) in rat intestinal epithelial (RIE) cells in which the Wnt pathway is 

not activated. Exogenous expression of both Wnt1 and β-catenin in RIE cells resulted in 

a significant up-regulation of Tiam1 protein levels (Fig. 3C), consistent with the canonical 

Wnt pathway controlling levels of expression of Tiam1.

To further study the consequences of changes in the levels of Tiam1 in colon tumor 

cells, we engineered the human DLD1 cells to express small interfering (si) RNA designed 

to knock-down Tiam1 upon addition of doxycycline. In earlier studies, we have success-

fully used the Tiam1-specific siRNA sequence to downregulate Tiam1 protein levels in 

other cell types (Malliri et al., 2004). We generated several independent DLD1 cell clones 

in which doxycycline addition induced a selective reduction in Tiam1 expression. The 

induced expression of siRNA of Tiam1 significantly reduced Tiam1 levels when compared 

to parental control TR7 cells as shown for clone C2 (Fig. 4A). Compared to TR7 control 

cells, all individual clones (as well as a population of mixed clones) showed decreased 

growth potential in the presence of doxycycline (see Fig. 4B for clone C2). This sug-

gests that reduction of Tiam1 protein levels negatively affects cell growth in DLD1 cells. 

Knock-down of Tiam1 also influenced the growth pattern and morphological appearance 

of DLD1 cells. DLD1 cells normally grow in regular tessellated colonies and display an 

epithelioid phenotype with characteristic cadherin-based cell–cell adhesions (Fig. 4C and 

D). Knock-down of Tiam1 resulted in diffuse colonies containing scattered, fibroblast-like 

cells (Fig. 4C) and release of beta-catenin from the plasma membrane (Fig. 4D). These 

findings are consistent with the earlier reported requirement of Tiam1 in the formation 

and maintenance of cadherin-based cell adhesions (Hordijk et al., 1997;Malliri et al., 2004). 

From these in vitro studies we conclude that Tiam1 is a Wnt responsive gene, which influ-

ences the growth rate of colorectal cancer cells as well as the strength of cadherin-based 

adhesions between these cells. Reduced cell–cell adhesion is frequently associated with 

progression of epithelial tumors.

To address whether Tiam1 expression contributes to the formation and progression of 

Wnt-induced intestinal tumors in vivo, we examined tumor formation in Min/+ mice in 

different Tiam1 backgrounds. In comparison to Tiam1+/+//Min/+ mice, Tiam1-/-//Min/+ 

mice demonstrated a 50% reduction (p<0.005, t-test) in intestinal tumor numbers (Fig. 

5A). A similar proportional reduction in numbers was observed across the spectrum of tu-
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mor types including hyperplasias, adenomas, and adenocarcinomas (see Fig. 5B). Further 

analysis of the various tumors revealed that their growth was also significantly reduced in 

heterozygous Tiam1+/-//Min/+ mice and was reduced further in Tiam1-/-//Min/+ mice (Fig. 

5C). The intermediate phenotype of the heterozygous mice indicates that the observed 

differences depend on the level of Tiam1 expression. From these studies we conclude 

that Tiam1 is a Wnt responsive gene, which is implicated in the formation and growth of 

Wnt-induced intestinal tumors.  

We also attempted to determine the rate of malignant progression of intestinal tumors 

in Tiam1+/+ or Tiam1-/- backgrounds. However, malignant progression is infrequently ob-

served in Min/+ mice, since they are typically sacrificed at a young age due to morbidity 

arising from bowel obstruction and anemia. Malignant progression in the small intestine 

is defined as tumor invasion into the lamina propria or beyond. Upon sacrificing mice at 

14 weeks, we observed a similar fraction of adenocarcinomas (approximately 8% of all le-
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Figure 5. Absence of Tiam1 impairs intestinal tumour formation in Min/+ mice. A, Average number of total intestinal lesions per mouse 
found in Tiam1+/+//Min/+, Tiam1+/-//Min/+ and Tiam1-/-//Min/+ mice. Y-error bars show standard error of the mean. *The 50% reduction in 
lesions in Tiam1-/-//Min/+ mice compared to Tiam1+/+//Min/+ mice is statistically highly significant (p<0.005; student t-test). B, Average number 
of intestinal hyperplasias, adenomas, and adenocarcinomas per mouse is depicted for each genotype. Y-error bars show standard error of the 
mean. *The reduction in hyperplasias and adenomas in Tiam1-/-//Min/+ mice compared to Tiam1+/+//Min/+ mice is statistically highly significant 
(p<0.005; student t-test). C, Percentage of tumours with a largest dimension bigger than 1mm. *The reduction in tumour size in both Tiam1+/-//
Min/+ and Tiam1-/-//Min/+ mice is statistically highly significant (p<0.005; ANOVA). 
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sions) independently of Tiam1 status, suggesting that Tiam1-deficiency does not affect the 

progression from adenomas to adenocarcinomas. However, when examining the extent 

of tumor invasion, we found a significantly larger fraction (p<0.05; chi-squared test) of 

malignant tumors to have invaded into the submucosa and muscularis propria in Tiam1-

/-//Min/+ mice compared to Tiam1+/+//Min/+ mice (Fig. 6A). Representative examples 

of invasion of malignant tumors into the submucosa and muscularis propria are shown 

in Fig. 6B and Fig. 6C respectively. These data suggest that adenocarcinomas arisen in 

Tiam1-deficient mice are more aggressive than those arisen in Tiam1 wild type.
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Figure 6. Absence of Tiam1 seems to increase invasiveness of malignant tumours in Min/+ mice. A, Table summarizing the maximum 
extent of invasion of intestinal adenocarcinomas found in Min/+ mice of Tiam1+/+ or Tiam1-/- backgrounds. The increased percentage of tumours 
invading into both the submucosa and muscularis propria in Tiam1-/-//Min/+ mice is statistically significant (p<0.05; chi-squared test). B, Section 
of an adenocarcinoma showing invasion in the submucosa, stained with haematoxylin and eosin. C, Section of an adenocarcinoma showing 
invasion in the submucosa and muscularis propria, stained with haematoxylin and eosin. (Boxed areas in B and C are magnified (right panels) and 
tumour cells invading the submucosa and muscularis propria respectively are indicated by arrowheads).
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Female Min/+ mice also develop mammary tumors at low incidence, which are likewise 

attributed to aberrant Wnt signaling. Interestingly, in addition to the effect of Tiam1 deple-

tion on intestinal tumorigenicity, we also observed a dramatic reduction in the incidence of 

mammary tumors in Tiam1+/-//Min/+ mice that was even more apparent in Tiam1-/-//Min/+ 

mice (Fig. 7A). Mammary tumors in Tiam1+/+//Min/+ mice were invariably squamous cell 

carcinomas and, when immunohistochemically stained for Tiam1, displayed Tiam1 up-

regulation compared to normal mammary tissue (Fig. 7B). These findings further support 

our conclusions that Tiam1 is a Wnt-responsive gene that is implicated in the formation 

of Wnt-induced tumors including intestinal and mammary tumors. 

discussion

Due to its central role in intestinal tumorigenesis, several groups have concentrated on 

the identification of genes that are regulated by the canonical Wnt signaling pathway, 

and especially those up-regulated in CRC cells (Fujita et al., 2001;He et al., 1999;Mann 

et al., 1999;Sansom et al., 2004;van de Wetering et al., 2002). Certain of these targets 

have been demonstrated to regulate intestinal homeostasis, including notably c-Myb and 

EphB family members. However, few Wnt target genes have as yet been demonstrated to 

influence intestinal tumorigenesis in vivo (Park et al., 2001;Wilson et al., 1997;Zhu et al., 

2004;Batlle et al., 2005). Our data presented here indicate that Tiam1 is a Wnt target gene 

involved in Wnt-induced tumorigenicity. Additional confirmation was recently provided 

by a gene-profiling screen that identified Tiam1 as a gene up-regulated in the intestines 
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Figure 7. Absence of Tiam1 impairs mammary tumour formation in Min/+ mice. A, Percentage of female mice with one or more 
mammary tumours. The reduction in incidence in both Tiam1+/-//Min/+ (n=34) and Tiam1-/-//Min/+ (n=12) mice is statistically significant when 
compared to Tiam1+/+//Min/+ (n=23) mice (p<0.05; chi-squared test). B, Tiam1 immunohistochemical staining in a representative mammary 
tumour found in a Tiam1+/+//Min/+ mouse. Arrowhead points to a normal mammary gland which is negative for Tiam1.
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of APC conditional mutant mice (Sansom et al., 2004). The effects of Wnt signaling on 

Tiam1 levels could be either direct through TCF, or indirect through another regulator that 

is itself a direct TCF target. The similar kinetics of downregulation of Tiam1, c-Myc and 

Cyclin D1 by the inhibitory forms of TCF suggest that Tiam1 is a direct target of TCF. Using 

bioinformatics, we have identified two consensus TCF binding sites directly upstream of 

the transcription start of Tiam1. These sites were located at –206 and –902 bp upstream 

of the transcription start in the human genome. Moreover, an additional six potential TCF 

sites were found in the region 2 to 5 kb downstream of the transcription start of human 

Tiam1. These sites might allow TCF to influence directly Tiam1 expression. 

Our data implicate Tiam1 in intestinal tumorigenesis. We find that Min/+ mice lacking 

Tiam1 have a significantly reduced susceptibility to develop Wnt-induced intestinal and 

mammary tumors. Moreover, the growth of these tumors is also significantly impaired. Our 

in vitro experiments using a human CRC-derived cell line in which Tiam1 was downregu-

lated confirmed the requirement for Tiam1 for optimal growth. Moreover, we observed 

increased Tiam1 expression in human colorectal tumors, suggesting that this gene is 

implicated in both mouse and human intestinal tumorigenesis. 

We previously observed that susceptibility to develop Ras-induced skin tumors, follow-

ing application of a two-step chemical carcinogenesis protocol, was significantly reduced 

in Tiam1-/- mice (Malliri et al., 2002). Tiam1 physically associates with the activated Ras-

GTPase and this association stimulates Rac activity (Lambert et al., 2002). The Tiam1/Rac 

signaling module thus appears to be selectively recruited by at least two independent 

oncogenic signaling pathways of major clinical significance, albeit by distinct mecha-

nisms. This suggests that Tiam1-mediated Rac activation is a significant modifier of tumor 

development, and therefore a potentially interesting therapeutic target. The requirement 

for Tiam1 for optimal tumor cell growth is a consistent finding in both skin and intestinal 

tumor models, and was also recently demonstrated for MDCK cells, an immortalized 

kidney epithelial cell line (Malliri et al., 2004). Our data are also consistent with a previ-

ously published study showing that targeted expression of a dominant-active mutant of 

Rac1 to the mouse intestine resulted in enlarged crypts and increased proliferation (Malliri 

et al., 2004;Stappenbeck and Gordon, 2001). It is possible that Tiam1-deficiency results 

in reduced intestinal tumor numbers by increasing susceptibility to apoptosis of initiated 

intestinal epithelial cells, although this is very difficult to address in this model. However, 

TUNEL labeling did not reveal increased apoptosis in polyps arising in Tiam1-/-//Min/+ 

mice (data not shown).

Knock-down of Tiam1 in DLD1 cells by siRNA reduced their ability to form cadherin-

mediated cell–cell adhesions, consistent with earlier in vitro studies showing that Tiam1 

is critical for the formation and maintenance of cell–cell adhesions and for suppressing 

epithelial cell motility and invasion (Hordijk et al., 1997;Malliri et al., 2004). In vivo, 

and particularly with Ras-induced skin tumors, it appears that loss of Tiam1 expression 
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facilitates malignant progression, presumably by its effect on cadherin based cell adhe-

sions. The observed increased invasive growth in the intestinal tumors could be due to 

the same phenomena, as we found reduced cadherin-based adhesions in DLD1 cells in 

which Tiam1 was downregulated by siRNA. In a recent study overexpression of Tiam1 

was found to increase the in vitro migration of SW480 colorectal carcinoma cells as well as 

their ability to metastasize in an orthotopic nude mouse model (Minard et al., 2005). The 

apparent discrepancy between our present data and the above study could potentially be 

attributable to the specific nature of the selected SW480 cells, in which Tiam1 overexpres-

sion does not promote cadherin-based cell–cell adhesions. Earlier studies have indicated 

that the effect of Tiam1 on invasion is cell type specific and dependent on its capac-

ity to influence E-cadherin-based adhesions (Sander et al., 1998). Intriguingly, another 

Rac-specific exchange factor, Asef, expressed in CRC-derived cells, is able to antagonize 

cadherin-mediated adhesion and to promote cell motility in vitro (Kawasaki et al., 2003). 

Asef is hyperactivated by truncated, mutant APC, found in the majority of CRC cells. 

Knock-down of Asef impaired CRC cell motility. Thus despite both molecules activating 

Rac, Asef and Tiam1 promote different biological outcomes, consistent with the concept 

that GEFs not only activate Rho-like molecules, but also direct that activity to particular 

downstream signaling and biological ends (Malliri and Collard, 2003). 

Taken together, our data indicate a crosstalk between the canonical Wnt and Tiam1/

Rac signaling pathways that influences the initiation, growth and progression of intestinal 

tumors. 
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