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summary and conclusions

The family of Rho GTPases consists of several small proteins that function as molecular 

switches regulating a wide variety of cellular signaling pathways. They control important 

cellular processes including cytoskeletal dynamics, cell migration, cell-cycle progression 

and gene expression. It is therefore not surprising that aberrant regulation of Rho GTPases 

can contribute to a wide range of diseases including cancer. The activity of Rho GTPases 

is controlled by three types of regulatory proteins that determine whether Rho proteins 

are bound to GDP or GTP. In the active form, when bound to GTP, Rho proteins can bind 

to their effector proteins and initiate downstream signaling. In the first chapter of this 

thesis Rho GTPases and their regulators are introduced. Furthermore, this chapter focuses 

on the involvement of Rho GTPases in the onset and progression of cancer. Most tumors 

are caused by genetic alterations such as the accumulation of DNA mutations which often 

lead to uncontrolled cell growth. Mutations are particularly found in oncogenes and tumor 

suppressor genes. So far no mutations have been found in the Rho GTPases suggesting 

that they do not play an essential role in tumor initiating events. Moreover, activating 

mutations in Rho GTPases are less effective in cell transformation than mutations found in 

their regulators. This suggests that Rho GTPases have to cycle between the GDP and GTP 

state in order to function efficiently in cell transformation. Recent studies indicate that Rho 

GTPases may contribute to various aspects of tumorigenicity including tumor initiation 

and progression. In particular, the expression levels of Rho GTPases may vary in tumors 

leading to increased or decreased Rho downstream signaling. 

The best characterized members of the Rho GTPase family are: RhoA, Rac1 and Cdc42. 

They regulate a broad variety of cellular processes ranging from actin and microtubule 

cytoskeleton dynamics to related processes such as cell polarization, cell adhesion, cell 

migration, and vesicle transport. In addition, these proteins are involved in the control of 

gene transcription leading to cell proliferation or differentiation. One of the specific activa-

tors of Rac1 is Tiam1. Like other GEF proteins, Tiam1 stimulates the exchange of GDP for 

GTP, thereby activating Rac1. Activated Rac1 binds to downstream effectors generally serine/

threonine kinases that trigger phosphorylation of other proteins or kinases, which exert than 

specific functions. However, the activation of Rac1 is not the only function of Tiam1, as GEFs 

may also associate with specific effector proteins or scaffold proteins thereby channeling the 

activation of Rac1 towards specific downstream signaling pathways. Thus, a specific GEF 

such as Tiam1 not only activates Rac1 but also determines the Rac1 downstream signaling.

Earlier in vitro studies established a role for Rac1 in Ras-induced transformation of 

fibroblasts. Rac1 is required for Ras-induced morphological transformation of cells and 

oncogenic Ras is able to activate Rac1. To test this hypothesis in vivo, we have studied 

Ras-induced skin tumorigenicity in Tiam1-deficient mice (Malliri et al Nature 417:867-871). 

Tumors were initiated with the Ras-activating carcinogen DMBA and subsequently tumor 
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growth was promoted by repeated treatments with the tumor promoter TPA. Interest-

ingly, the involvement of Tiam1 in tumor onset and progression was more complex than 

initially anticipated. Tiam1-deficient mice produced much less skin tumors than control 

wild type mice and these tumors also showed low growth potential. However, the few 

tumors that did arise in the Tiam1-deficient mice appeared to be more malignant than 

tumors from wild type mice. Tiam1-Rac1 signaling seems to function in survival signaling 

which prevents apoptosis during tumor initiation. Tumor initiation is thus reduced in 

Tiam1-deficient mice as a result of increased apoptosis in the tumor initiated cells. With 

respect to tumor cell proliferation, we found that tumors formed in Tiam1-deficient mice 

and promoted with TPA were much smaller that tumors induced in wild type controls. 

This growth difference was not observed when tumor growth was promoted by multiple 

DMBA applications. Apparently TPA-induced tumor growth requires Tiam1. TPA induces 

Cyclin D1 expression (Yan et al J Cell Physiol 186:338-349) a cell-cycle promoting protein. 

Indeed, we found increased levels of Cyclin D1 in wild type tumors suggesting that 

Tiam1 is required for efficient TPA-induced Cyclin D1 production required for optimal 

cell proliferation. As discussed below, the increase in tumor progression by the lack of 

Tiam1 is most likely due to the fact that Tiam1 plays an essential role in the formation and 

maintenance of apico-basal cell polarity in epithelial cells. Lack of Tiam1 would thus lead 

to reduced cell-cell adhesions, loss of cell polarity and increased epithelial-mesenchymal 

transition, which are all hallmarks of tumor progression.  

As Tiam1 appeared to play a role in various aspects of Ras-induced tumorigenicity, we 

wondered whether other oncogenic pathways required Tiam1-mediated Rac1-signaling. 

As most of the familiar and spontaneous intestinal tumors are driven by the activation of 

Wnt canonical signaling pathway we also addressed the possible involvement of Tiam1 in 

Wnt-induced intestinal tumorigenicity in mice. As discussed in chapter two, APC Min/+ 

mice, which are prone to develop intestinal tumors, were crossed with Tiam1-deficient 

mice. Similarly to what we found for Ras-induced skin tumors, Tiam1-deficient mice with 

an APC mutation developed fewer tumors with decreased growth potential when com-

pared with control animals. In addition, these tumors showed increased invasion into 

tissues underlying the intestinal epithelium. Consistent with these in vivo observations, 

knock-down of Tiam1 in colon tumor cells resulted in inhibition of cell proliferation and 

disorganization of epithelial morphology by loss of E-cadherin-based cell-cell adhesions. 

We found that Tiam1 represents a Wnt responsive gene and that the expression of Tiam1 

is increased in human and mouse intestinal tumors. The dependency of Tiam1 on Wnt 

signaling was demonstrated by inhibition of Wnt transcriptional activity, which led to a 

similar block in Tiam1 expression as found for other Wnt target genes such as c-Myc and 

Cyclin D1. This indicates that Tiam1 is indeed one of the genes controlled by the Wnt 

canonical signaling and Tcf/β-catenin transcriptional complex.
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Thus, tumor initiation and progression induced by two completely different oncogenic 

pathways are affected by the presence or absence of Tiam1, but the mechanism by which 

Tiam1 contributes to tumorigenicity is completely different in these two tumor models. 

As mentioned above, Wnt signaling enchances Tiam1 expression whereas oncogenic Ras 

can activate Tiam1 by two independent pathways. The Ras-PI3-kinase pathway promotes 

Tiam1 activity, and Tiam1 in turn activates Rac1. In addition, activated Ras can bind Tiam1 

directly; thereby connecting activated Ras via Tiam1 to the activation of Rac1.

We subsequently investigated the function of Tiam1 in tumorigenesis induced by ad-

ditional oncogenic signaling pathways. As described in chapter three, we have analyzed 

the function of Tiam1 in mammary tumorigenesis induced by either the Neu/Her2 or the 

c-Myc oncogenes. In these studies, mice were used in which Neu/Her2 or c-Myc were 

expressed in the mouse mammary gland under the control of the Mouse Mammary Tumor 

Virus (MMTV) promoter. Intriguingly, Tiam1 affected Neu-induced tumorigenicity but not 

Myc-induced tumors. The effect of Tiam1 on the Neu-induced tumors was similar to the 

effects of Ras- and Wnt-driven tumors, where lack of Tiam1 decreased tumor initiation. 

However, in contrast to the Ras and Wnt tumors, Tiam1 deficiency did not affect tumor 

growth in Neu-induced tumors. As found in Ras- and Wnt-induced tumors, Tiam1-deficien-

cy increased the sensitivity to apoptosis in the Neu-expressing tumors, thereby most likely 

influencing tumor initiation. Indeed, upon downregulation of Tiam1 we measured in-

creased apoptosis sensitivity in human mammary tumor cells with high Neu expression.

Myc-induced mammary tumors appeared to be completely independent on the presence 

or absence of Tiam1 with respect to tumor initiation and tumor growth. Apparently, Myc-

induced tumors do not require Tiam1/Rac1-mediated survival signaling to prevent apopto-

sis or Rac1-induced Cyclin D1 production to promote proliferation. Thus Tiam1 contributes 

to tumorigenicity induced by different but not all oncogenic signaling pathways. 

The use of Tiam1-deficient mice in combination with mouse tumor models proved 

to be a powerful technique to investigate the function of Tiam1 in various aspects of 

tumorigenicity. chapter four describes detailed experimental methods  that can be used 

to study the function of specific genes in tumorigenesis. Focus is on the chemical carcino-

genesis protocol in the skin in which the tumor initiator DMBA and the tumor promoter 

TPA are used. This approach allows studying different aspects of tumorigenicity including 

the initiation, promotion, and progression of tumors. In addition, we described methods 

to isolate cells from solid mouse tumors as well as healthy tissues; these tissues include 

embryonic fibroblasts and primary keratinocytes. Furthermore, we discussed experimental 

protocols to investigate the transformation and apoptosis sensitivity of cells in vitro. 

As described above, Tiam1 is involved in the regulation of cell survival and apoptosis 

sensitivity especially in the context of cell transformation. chapter five describes the 

molecular mechanisms by which Tiam1 influences apoptosis sensitivity. We have made 

use of keratinocytes isolated from wild type and Tiam1 knock-out mice. We found that 
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Tiam1-deficient keratinocytes showed increased sensitivity to apoptosis induced by stress 

conditions such as growth factor deprivation and heat shock treatment. Decreased ERK 

activation (phosphorylation) in Tiam1-deficient cells was responsible for the increased 

apoptosis sensitivity. Interestingly, ERK activation was dependent on cellular ROS pro-

duction. Tiam1 regulates the sensitivity of keratinocytes for apoptosis by targeting Rac1 

activity towards ROS production and ERK activation. Rac1 can stimulate ROS production 

by activation of Nox family enzymes. This Rac-ROS-ERK-mediated anti-apoptotic pathway 

could thus support cell survival during tumor initiation. Deregulation of cellular signaling 

caused by oncogenic activation often triggers apoptosis and inhibition of apoptosis in 

tumor initiated cells may therefore promote tumor formation. Importantly, a similar signal-

ing cascade was recently described for the viral protein Tat, another stress factor which 

triggers an anti apoptotic pathway (Wu et al J Biol Chem 282:37412-37419). Tat induces 

activation of Rac1 downstream of Nox4 and ROS production which in turn induces ERK 

activation and survival of endothelial cells. 

De-differentiation of epithelial cells into migratory mesenchymal cells is part of nor-

mal organogenesis and is called Epithelial Mesenchymal Transition (EMT). During tumor 

progression, tumor cells may also undergo EMT which is characterized by the loss of 

apico-basal cell polarity, cell-cell contacts and the acquisition of migratory potential. Thus, 

proteins that regulate cellular polarity may also control EMT of tumor cells. chapter six of 

this thesis describes the involvement of Tiam1 in the establishment of epithelial cell polar-

ity by controlling tight junction (TJ) formation. We found that loss of Tiam1 impairs the 

formation of functional TJs. Tiam1 binds to Par3, one of the components of the Par-polarity 

complex. By activation of Rac1, Tiam1 triggers the Par complex leading to the activation 

of PKCζ, the effector protein of the Par-complex. Indeed, Tiam1-deficiency leads to weak-

ened E-cadherin-based cell-cell adhesions and promotes EMT and cell migration. Tiam1, 

in conjunction with the Par-polarity complex, controls also other aspects of cell polarity 

such as front-rear polarity and hence persistent migration in lymphoid and epithelial cells 

(Gerard et al., J Cell Biol 176:863-875, 2007)(Pegtel et al., Curr Biol 17:1623-1634, 2007). The 

presence of Tiam1 may thus promote apical basal cell polarity and thereby prevent EMT 

and tumor cell migration. On the other hand, in single epithelial and lymphoid cells, Tiam1 

promotes front-rear cell polarity and thereby enhances persistent migration of these cells. 

In conclusion, we found that specific oncogenic signaling pathways collaborate with the 

Tiam1/Rac1 signaling pathway in various aspects of tumorigenicity including tumor initia-

tion, tumor growth, and tumor progression. Tumor initiation is influenced by the effects 

of Tiam1/Rac1 signaling on apoptosis sensitivity, whereas tumor growth is influenced by 

the effects of Tiam1/Rac1 signaling on cell proliferation through Cyclin D1 production. 

Tumor progression can be influenced by the function of Tiam1/Rac1 signaling in various 

aspects of cell polarization including apical basal and front-rear polarization. The latter 

may influence EMT and cell migration and thereby tumor progression and metastasis. 




