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Chapter 1 
 
 

 

 

 

 

  

The most exciting phrase to hear in science, 
 the one that heralds new discoveries,  

is not 'Eureka!' but 'Hey that's funny...'   
-  Isaac Asimov 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

http://www.brainyquote.com/quotes/quotes/i/isaacasimo109758.html
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Preface 

The cell exploits a large number of complex signal transduction pathways to adapt 

to its external environment. These pathways control a wide spectrum of cellular 

processes that include cell; polarization, migration, differentiation, division and 

adhesion to the extracellular matrix as well as to other cells. The actin and 

microtubule cytoskeleton are paramount to a cell’s capacity to adhere, polarize and 

migrate and as a consequence failure to (inappropriately) reorganize the 

cytoskeleton may lead to pathology, including inflammatory disorders and cancer 

(Abreu et al., 2010; Kamai et al., 2010; Qi et al., 2009; Qiu et al., 1995).  

The Rho-like small GTPases are members of the superfamily of Ras 

GTPases and are key regulators of the cellular cytoskeleton. The subfamily of 

RhoGTPases contains 22 members which show very high sequence homology but at 

the same time induce unique biological effects (Bishop and Hall, 2000; Bosco et al., 

2009; van Aelst and D'Souza-Schorey, 1997). Most small Rho GTPases cycle 

between an active, GTP-bound, state and an inactive GDP-bound state (Hall, 1990). 

Thus GTPases acts as switches, being either in an ‘on’ or an ‘off’ state. GTPase 

activation is controlled by guanine nucleotide exchange factors (GEFs) that partially 

‘unfold’ the GTPase, allowing binding of the GTP nucleotide. These GEFs show a 

limited specificity and outnumber the RhoGTPases by about fourfold. This suggests 

that cell-type specific expression, as well as selective subcellular localisation, are 

important aspects of regulating the activation of a particular GTPase by a specific 

GEF. The same holds true for the GTPase-activating proteins (GAPs), which 

promote the intrinsic hydrolase activity of the GTPases, converting the bound GTP 

to GDP, which brings the GTPase back in its inactive conformation.  

Superimposed on the above-described cycling is the translocation of 

RhoGTPases between the plasma membrane and the cytosol. In the cytosol, 

RhoGTPases are bound to the chaperone protein RhoGDI (guanine nucleotide 

dissociation inhibitor) (Bishop and Hall, 2000; Bosco et al., 2009; Rossman et al., 

2005; van Aelst and D'Souza-Schorey, 1997). GEF-mediated GTPase activation and 

dissociation from RhoGDI takes place at cellular membranes (plasma membrane as 
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well as internal membranes), as most GEFs associate with membranes through PH-

domain-mediated binding to phosphatidylinositol lipids (Bos et al., 2007; Rossman 

et al., 2005).  

It is generally accepted that the GDP-bound form of RhoGTPases 

represents the inactive conformation. However, evidence is accumulating that 

suggests that GDP-bound GTPases can exert signalling functions (Grizot et al., 

2001; Illenberger et al., 1998; Neel et al., 2007). This implicates that additional 

mechanisms must exist that serve to turn off these signalling, GDP-bound GTPases. 

A number of recent studies have identified GTPase modification by the covalent 

conjugation of ubiquitin (ubiquitylation) as an important means to regulate 

RhoGTPase signalling (Boyer et al., 2006; Chen et al., 2009; Doye et al., 2002; Ho 

et al., 2008; Lanning et al., 2004; Lerm et al., 1999b; Lerm et al., 1999a; Lerm et al., 

2002; Nethe et al., 2010; Perez-Sala et al., 2009; Pop et al., 2004; Rolli-Derkinderen 

et al., 2005; Sahai et al., 2007; Visvikis et al., 2008; Wilkins et al., 2004; Zhang et 

al., 2004). Ubiquitylation comprises a three-step process, resulting in the attachment 

of ubiquitin, a 76-amino-acid protein, to specific lysine residues within target 

proteins. Mono-ubiquitylation can serve as a targeting and/or internalisation signal 

and may also mediate protein-protein interactions. Poly-ubiquitylation, the process 

in which additional ubiquitin monomers are linked to the first ubiquitin on the target, 

usually leads to proteasomal degradation (Acconcia et al., 2009; Haglund et al., 

2003; Holler and Dikic, 2004; Welchman et al., 2005). Since ubiquitin modification 

is such an abundant event in cellular signalling, it is more than likely to play a role 

in modifying or limiting signalling by Rho-like GTPases. 

Rac1 is one of the most extensively studied Rho-like GTPases and 

functions primarily as a central regulator of cell adhesion and protrusion, through its 

control of the actin cytoskeleton. Rac1 thereby regulates a variety of cellular 

processes, including cell polarization and migration, cell division, cell-cell and cell-

matrix adhesion to the extracellular matrix as well as to neighbouring cells (Bosco et 

al., 2009; Didsbury et al., 1989; Ridley et al., 1992; Ridley and Hall, 1992). Despite 

the fact that almost 4000 studies regarding Rac1 signalling have already been 
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published we are just beginning to understand the complex regulatory events that 

initiate, control and mediate Rac1 signalling.  

 

Scope of the thesis 
Previously, we and others established that Rac1 signalling is controlled by two 

different regions within the Rac1 molecule; the effector domain localised in the N-

terminus and the hypervariable region, upstream of the C-terminal end of the protein 

(Nethe et al., 2010; ten Klooster et al., 2006; van Duijn et al., 2010; van Hennik et 

al., 2003; Williams, 2003). This region shows the highest sequence diversity among 

the, sometimes highly homologous, members of the RhoGTPase family. To gain 

more insight in the mechanisms that control and drive Rac1 signalling, we used 

peptides resembling these two domains, to identify new proteins that interact with 

Rac1 through these regions. Interestingly, several new proteins were identified to 

bind to Rac1, and these were subsequently examined in detail to unravel the 

biological relevance of their interaction with Rac1. Our findings are presented in this 

thesis. The following overview briefly summarises each chapter 

Chapter 2 provides an overview of recent literature regarding the 

regulation of Rho-like GTPases by ubiquitylation. In this review we focus on the 

relevance of ubiquitylation for RhoGTPase signalling, and underscore the notion 

that controlled degradation of activated RhoGTPases may well represent an 

important feature of their regulation. In addition, we discuss the potential of this 

important post-translational modification for the cross-talk between the different 

RhoGTPases.  

Chapter 3 presents our finding that the hypervariable C-terminal region of 

Rac1 binds to the membrane-associated adapter protein caveolin-1 (Cav1). 

Activation of Rac1 significantly promoted translocation of a pool of Cav1 to Focal 

Adhesions (FAs). This was unexpected, since immunostainings for endogenous 

Cav1 previously did not reveal its presence at FAs. Moreover in polarized cells 

Cav1 accumulates primarily at the rear of migrating cells. We show that a fraction of 

Cav1 is in fact at the leading edge of polarized cells for a brief period, after which 

the protein travels on intracellular vesicles towards the rear of the cell. In addition 
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we show that cell adhesion stimulates both the association of Rac1 with Cav1 as 

well as the recruitment of Cav1 towards FAs. This suggests that Rac1 and activated 

integrins cooperate in the targeting of Cav1 to FAs, followed by internalization of 

FA-associated membrane domains and signalling proteins. 

 Chapter 4 discusses our findings that signalling by Src kinase is involved 

in the Rac1-mediated targeting of Cav1 towards FAs. Within the field, the relevance 

and requirement of Src-driven tyrosine phosphorylation of Cav1 to drive Cav1 

towards FAs has been under debate. In this chapter we propose a new model to 

explain the requirement for tyrosine phosphorylation to target Cav1 to FAs. This 

model comprises that Src kinase-driven phosphorylation of Cav1 at Tyr14 stimulates 

the translocation of Cav1 from cholesterol-enriched membranes towards cholesterol-

poor membrane regions such as those within FAs. Dephosphorylation of Cav1, by 

an as yet unidentified tyrosine phosphatase, would subsequently destabilize Cav1 at 

FAs, thereby leading to the internalization of Cav1 and Cav1-associated FA 

components. 

Cav1 has been recognized in many previous studies to act as a negative 

regulator of Rac1. We confirmed this notion and furthermore identified a 

mechanism that explains this feature of Cav1. In Chapter 5, we show that depletion 

of Cav1 induced a significant increase in the levels of total Rac1 protein and its 

activated, GTP-bound form. Next, we established that Cav1 controls Rac1 protein 

expression by regulating ubiquitinylation and degradation of activated, but not of 

non-activated Rac1 in an adhesion-dependent fashion. This is in line with the data in 

chapter 3, in which we show that adhesion promotes the association between Rac1 

and Cav1. Finally, we show that ubiquitinylation of Rac1 is not required for its 

capacity to bind to effector proteins, but that ubiquitylation regulates the dynamics 

of Rac1 at the periphery of the cell. Using a Rac1 mutant that cannot be 

ubiquitinated, we found that this protein showed a prolonged residence at the plasma 

membrane, suggestive for a reduction in the efficiency of its internalisation. These 

data further underscore the idea that ubiquitylation of activated Rac1 acts as an 

additional mechanism to limit Rac1 signalling.  
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Finally, Chapter 6 reports the identification of the HECT E3 ligase Nedd4-

1 as a new binding partner of Rac1. Despite this association, we did not find 

evidence that Nedd4-1 regulates Rac1 ubiquitylation. The finding that Rac1 

colocalises with Nedd4-1 at cell-cell junctions, led us to discover a novel Rac1-

signalling-pathway that promotes the maturation of cell-cell contacts, and in which 

Nedd4-1 acts as a central regulator. In the course of this study, we show that Nedd4-

1, in cooperation with Rac1, targets the adapter protein dishevelled-1 (DVL1) for 

poly-ubiquitylation and proteasomal degradation. Downregulation of DVL1 protein 

levels subsequently altered the level of acetylation of microtubules (MTs). This 

post-translational modification affects MT stability and directionality of MT-

dependent intracellular transport, and translates directly into a reduction of 

transepithelial electrical resistance. Thus, by controlling degradation of DVL1 by 

Nedd4-1 dependent ubiquitylation, Rac1 negatively controls MT acetylation, 

thereby promoting the maturation of cell-cell contacts.  
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