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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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Chapter 2  

 
 
 
 
 
 
 
 
 
The role of ubiquitylation and degradation 

in RhoGTPase signalling 
 
 
 
    Micha Nethe and Peter L. Hordijk  
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Summary  

Rho-like guanosine triphosphatases (GTPases) control many aspects of cellular 

physiology through their effects on the actin cytoskeleton as well as on gene 

transcription. Signalling by RhoGTPases occurs in a manner that is tightly 

coordinated and requires a series of regulatory proteins including guanine 

nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs) and 

guanine nucleotide dissociation inhibitors (GDIs). GEFs and GAPs regulate 

GTPase cycling between the active (GTP-bound) and inactive (GDP-bound) 

state, whereas the GDI is a cytosolic chaperone that binds inactive 

RhoGTPases.   

Like many other proteins, RhoGTPases are subject to degradation following 

the covalent conjugation of ubiquitin. There have been increasing indications 

that ubiquitylation of small GTPases occurs in a regulated fashion, primarily 

upon activation, and is an important means to control signalling output. Recent 

work has identified cellular proteins that control Ras and RhoGTPase 

ubiquitylation and degradation and thus allows us to amend the canonical 

model for GTPase (in)activation. Moreover, accumulating evidence for indirect 

regulation of GTPase function through the ubiquitylation of GTPase regulators 

makes this post-translational modification a key feature of GTPase-dependent 

signalling pathways. Here we will discuss these recent insights in the regulation 

of RhoGTPase ubiquitylation and their relevance for cell signalling.  

 

Introduction 

RhoGTPases are members of the Ras GTPase superfamily and are key regulators of 

the cellular cytoskeleton. They control cell adhesion, migration, gene transcription 

and cell division (Bosco et al., 2009; Didsbury et al., 1989; Hall, 1990; Kozma et al., 

1997; Ridley et al., 1992; Ridley and Hall, 1992). Although the 22 different 

RhoGTPases show very high sequence homology, they have unique biological 

effects (Bishop and Hall, 2000; Bosco et al., 2009; van Aelst and D'Souza-Schorey, 

1997). In polarized, migrating cells, RhoA stimulates myosin-based contractility of 

the actin cytoskeleton, which drives retraction of the rear of the cell (Alblas et al., 
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2001; Worthylake and Burridge, 2001). Cdc42 and Rac1 promote actin 

polymerization resulting in formation of either lamellapodia (Rac1) or filopodia 

(Cdc42) via activation of the Arp2/3 complex, which drives cell protrusion at the 

leading edge of a migrating cell (Insall and Machesky, 2009).  
 
 
Fig1. RhoGTPases cycle between a 
GDP- and GTP-bound state. 
RhoGTPase activation is determined by 
the exchange of bound GDP for GTP, 
which is catalysed by GEFs. Subsequent 
GTP hydrolysis, promoted by GAPs, 
decreases RhoGTPases activity. Inactive 
RhoGTPases are stabilised by binding to 
a cytoplasmic chaperone, RhoGDI.  
 

 

 

Most RhoGTPases act as molecular switches, cycling between a GDP- and a GTP-

bound state (Fig. 1) (Bishop and Hall, 2000; Bosco et al., 2009; Rossman et al., 

2005; van Aelst and D'Souza-Schorey, 1997). Binding of GTP induces a 

conformational change which allows the binding and subsequent activation of 

effector proteins (Didsbury et al., 1989; Hall, 1990; Kozma et al., 1997; Ridley et 

al., 1992; Ridley and Hall, 1992). Intrinsic GTP hydrolysis then reverts the GTPase 

to its inactive GDP-bound conformation (Didsbury et al., 1989; Hall, 1990; Kozma 

et al., 1997; Ridley et al., 1992; Ridley and Hall, 1992). GEFs catalyse the exchange 

of GDP for GTP, thus activating the RhoGTPase. In contrast, GAPs  promote the 

intrinsic GTPase activity. Finally, RhoGTPases can associate with cytosolic 

chaperone proteins, the GDIs, which maintain the GTPase in its inactive 

conformation (Didsbury et al., 1989; Hall, 1990).  

 Although the GDP-bound form is generally considered to be inactive, GDP-

bound RhoGTPases can nevertheless exert signalling functions. Rac1, in complex 

with Rho-GDI, can activate the NADPH oxidase (NOX) complex (Grizot et al., 

2001). Similarly, binding of RhoGDI does not prevent the Rac1-, or Cdc42-driven 

activation of phospholipase C-β2 (Illenberger et al., 1998). Likewise, RhoB, which 

regulates vesicle traffic (Fernandez-Borja et al., 2005; Neel et al., 2007; Wherlock et 
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al., 2004), controls endosomal sorting both in the GDP- or GTP-bound form (Neel et 

al., 2007).  

These findings indicate that GDP-bound RhoGTPases are signalling 

competent and suggest that mechanisms, other than GTP hydrolysis, must exist to 

terminate RhoGTPase signalling. Recently, conjugation to ubiquitin and 

consequently proteasomal degradation has been shown to regulate signalling by 

RhoGTPases, such as RhoA and Rac1(Chen et al., 2009; Kovacic et al., 2001; Lerm 

et al., 2002; Lynch et al., 2006; Nethe et al., 2010; Visvikis et al., 2008; Wang et al., 

2003). Here, we will review recent data on the ubiquitylation of RhoGTPases that 

support the notion that this post-translational modification is an important aspect of 

GTPase regulation and signalling. 

 

Protein ubiquitylation in cell signalling 

Protein ubiquitylation represents a three-step process resulting in the 

covalent attachment of ubiquitin, a 76 amino acid protein, to lysine residues within 

target proteins. Ubiquitylation is initiated by an ubiquitin-activating enzyme (E1) 

which drives ATP-dependent transfer of ubiquitin to an ubiquitin-conjugating 

enzyme (E2) that, in conjunction with an ubiquitin protein (E3) ligase, covalently 

attaches the ubiquitin to the target. There are several hundreds of proteins that, based 

on established activity or structural features, could serve as potential E3 ligases 

(Deshaies and Joazeiro, 2009). These can be divided in two superfamilies, the RING 

(really interesting new gene) E3 ligases and the HECT (homologous to the E6-AP 

carboxyl terminus) E3 ligases (see Box 1) (Rotin and Kumar, 2009).   

A conjugated ubiquitin can serve as a new target for (poly-) ubiquitylation. 

Whereas it is generally accepted that mono-ubiquitylation drives protein 

internalisation from the plasma membrane, poly-ubiquitylation serves primarily as a 

signal for proteasomal degradation, which, in addition to the lysosomal pathway, 

controls protein turnover. Ubiquitin contains within its sequence seven lysine 

residues (K6, K11, K27, K29, K33, K48 and K63) that can be used to form various 

types of ubiquitin-chains. K48-linked ubiquitylation is associated with proteasomal 

degradation, in contrast to K63-linked ubiquitylation, which plays a role in 
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regulating protein traffic as well as in DNA repair (Acconcia et al., 2009; Welchman 

et al., 2005; Xu et al., 2009). Ubiquitylation might also affect protein-protein 

interactions, enzymatic activity and subcellular localisation (Acconcia et al., 2009; 

Haglund et al., 2003; Holler and Dikic, 2004; Welchman et al., 2005). Conjugation 

by ubiquitin allows binding to proteins containing a ubiquitin-recognition motif such 

as the endocytic proteins Eps15 and Hrs (Polo et al., 2002). In addition, ubiquitin 

can also associate with a subset of SH3 domains, regions of ~ 60 amino acids that 

mediate protein-protein interactions  (Stamenova et al., 2007). Ubiquitin-

conjugation is reversible, as the ubiquitin moiety can be removed by Ubiquitin-

Specific Proteases (USPs) (Sowa et al., 2009).  

In summary, ubiquitin conjugation is a bona fide signalling event due to its 

regulation of protein localisation, protein-protein interactions and effects on 

expression levels. Ubiquitylation is also relevant for signalling by and regulation of 

the RhoGTPases, as discussed below (Chen et al., 2009; Kovacic et al., 2001; Lerm 

et al., 2002; Lynch et al., 2006; Nethe et al., 2010; Visvikis et al., 2008; Wang et al., 

2003).  

 

The role of ubiquitylation in RhoGTPase signalling 

Over the past two decades, Rac1, RhoA and Cdc42 have become the most 

extensively studied members of the RhoGTPase family. In line with this, 

information on GTPase ubiquitylation has been obtained primarily for these proteins 

(Table1). In this section, we will discuss the available information in more detail, 

underscoring the relevance of ubiquitylation for RhoGTPase regulation and 

signalling and supporting the notion that ubiquitylation represents an additional 

means of crosstalk between different RhoGTPases.   

 

Rac GTPases 

The first evidence for proteasome-mediated downregulation of the Rac GTPases 

came from analysis of Rac1-stimulated activation of NOXs, that lead to the 

production of reactive oxygen species (ROS) (Kovacic et al., 2001). Inhibition of 

NOX activity revealed an unexpected proteasome-dependent increase of ectopically 
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expressed, active Rac1 (V12) protein expression, but not of inactive Rac1 (N17) 

(Kovacic et al., 2001). As Rac1 acts upstream of NOX, this suggests that the 

production of ROS triggers a proteasome-dependent negative feedback loop that 

mediates Rac1 degradation and thus blocks Rac1 signalling.  

Inhibition of Rac1 by ubiquitin-proteasome system (UPS)-mediated 

degradation also occurs during the onset of epithelial-mesenchymal transition 

(EMT) (Lynch et al., 2006). EMT is marked by the disassembly of cell-cell contacts 

and increased cell motility (Perez-Moreno et al., 2003). Since Rac1 activation 

stimulates the formation of epithelial junctions, its activity needs to be down-

regulated during EMT  (Hordijk et al., 1997; Palamidessi et al., 2008) and a transient 

decrease of Rac1 activity was indeed shown in Madin-Darbey Canine Kidney 

(MDCK) cells. Unexpectedly, this decrease was accompanied by a reduction in 

Rac1 protein levels, in addition to Rac1 inactivation (Lynch et al., 2006). Inhibition 

of the proteasome impaired the HGF-induced decrease of Rac1 protein levels and 

inhibited EMT. This indicates that during EMT, Rac1 signalling is silenced by UPS-

mediated degradation, either in addition to or instead of its inactivation by a 

RacGAP. This notion is further supported by our own studies on the regulation of 

Rac1 levels by the membrane-associated adapter Caveolin-1 (Cav1) (Nethe et al., 

2010, see below).  

 The cytotoxic necrotizing factor 1 (CNF1) from Escherichia coli has been 

an important tool in the analysis of Rac1 degradation. CNF1 deaminates Rac1 at 

glutamine 61, which results in constitutive association of Rac1 to GTP, activating 

Rac1 (Lerm et al., 1999). Activation by CNF1 induces Rac1 ubiquitylation at lysine 

residue 147 and its subsequent proteasomal degradation (Boyer et al., 2006; Doye et 

al., 2002; Lerm et al., 1999; Visvikis et al., 2008).  In addition to lysine 147, the 

polybasic, hypervariable region at the C-terminal end of Rac1 is also involved in 

regulating its degradation (Lanning et al., 2004; Pop et al., 2004). When this region 

in Rac1 is replaced by that present in Rac2 or Rac3, its CNF1-induced degradation 

is inhibited, indicating that this domain is specifically required for Rac1 degradation  

(Pop et al., 2004). The Rac1 C-terminus mediates specific protein-protein 

interactions such as with the RacGEF β-PIX, Crk and CD2-associated protein 
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(Nethe et al., 2010; ten Klooster et al., 2006; van Duijn et al., 2010; van Hennik et 

al., 2003; Williams, 2003), and our laboratory showed that this region also binds to 

Cav1, an important regulator of protein internalization and of a large number of cell 

signalling pathways. We further showed that Cav1 regulates Rac1 ubiquitylation and 

degradation (Nethe et al., 2010). Loss of Cav1 induces accumulation of non-

ubiquitylated Rac1 as well as mono-ubiquitylated Rac1, which indicates that Cav1 

selectively regulates the degradation of poly-ubiquitylated activated Rac1 (Nethe et 

al., 2010). These findings further suggest that mono-ubiquitylated Rac1 might have 

a distinct biological function as a result of its differential localization and association 

to other regulatory proteins. 

It is currently unclear at which subcellular location Rac1 ubiquitylation and 

degradation occurs. Cav1 has been implicated in integrin-dependent internalization 

of Rac1-containing membrane domains, which is accompanied by a loss of 

interactions between Rac1-and its effectors  and inhibition of Rac1-mediated 

signalling (del Pozo et al., 2004). As loss of Cav1 does not impair Rac1 mono-

ubiquitylation, this step might occur at the plasma membrane. Similar to what has 

been described for Ras (see Box 2), we found that an N-terminally linked ubiquitin-

Rac1 fusion construct, used to mimic mono-ubiquitylated Rac1, localizes 

prominently to endosomal structures, rather than to the plasma membrane (Fig. 2). 

In addition, a K147R mutant of activated Rac1, which cannot be ubiquitylated, 

shows an enhanced accumulation at the plasma membrane (Nethe et al., 2010).  

 
Fig 2. Fusion of ubiquitin with Rac1 relocates Rac1 
towards endocytic vesicles.  Imaging of Rac1-
Q61LK147R and a Rac1 N-terminal fusion construct 
with ubiquitin (Ub-Rac1-Q61LK147R) by confocal 
microscopy in fixed Hela cells showed a significant 
accumulation of the Ub-Rac1 fusion at endosomal 
structures indicated by the arrows (Bar, 10μm). This 
localization is in marked contrast to the active 
Rac1Q61LK147R construct that can not be 
ubiquitylated and which localises predominantly at the 
plasma membrane, indicating that mono-ubiquitylation 
of Rac1 can regulate Rac1 subcellular targeting.  
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Thus, it is tempting to speculate that (mono)-ubiquitylation of Rac1 drives 

its internalisation in a Cav1-dependent fashion. Several studies reported that 

proteasomal degradation of poly-ubiquitylated Rac1 occurs in the nucleus (Esufali et 

al., 2007; Lanning et al., 2004; Sandrock et al., 2009). Proteosomal degradation of 

Rac1 was inhibited when the nuclear localisation signal (NLS) found within the 

Rac1 C-terminus is mutated, (Lanning et al., 2004; Sandrock et al., 2009) or when 

Karyopherin-α2, a nuclear import factor which has also been implicated in the 

nuclear translocation of Rac1, is silenced (Lanning et al., 2004; Sandrock et al., 

2009). Moreover, inhibition of Wnt signalling within the nucleus correlates with an 

increase in K48-linked poly-ubiquitylation and stabilization of active Rac1 in the 

nucleus (Esufali et al., 2007). These data indicate that Rac1 localization and thus its 

degradation is regulated by Cav1 and by Karyopherin-α2 (Fig. 3).  
 

Fig 3. Schematic overview of Rac1 regulation 
by ubiquitylation. Active Rac1 recruits Cav1 
towards Focal Adhesions (FAs), clusters of 
ligand-bound integrins and –associated proteins 
that concentrate at the end of F-actin stress fibers. 
Subsequent mono-ubiquitylation of Rac1 
stimulates Rac1 internalisation in a Cav1-
dependent fashion. Mono-ubiquitylated Rac1 can 
either be de-ubiquitylated by members of the 
USP (Ubiquitin-Specific Protease) family or be 
poly-ubiquitylated followed by proteasomal 
degradation. Karyopherin-α2 controls the poly-
ubiquitylation and proteasomal degradation of 
Rac1 in the nucleus and could therefore be 
required for the translocation of mono-
ubiquitylated Rac1 into the nucleus. 

 

The E3 ubiquitin ligase(s) that target(s) Rac1 are unknown, as is the 

subcellular location of Rac1 ubiquitylation. Rac1 associates with several ubiquitin 

ligases, including the RING-finger ligase plenty of SH3s (POSH) (Kim et al., 2006; 

Visvikis et al., 2008), Cbl (Cas-Br-M (murine) ecotropic retroviral transforming 

sequence) (Sattler et al., 2002; Schmidt et al., 2006; Teckchandani et al., 2005) and 

the SCF(βTrCP)-E3 ligase complex (Boyer et al., 2004; Senadheera et al., 2001). 

However none of these E3 ubiquitin ligases were shown to target Rac1 for 

ubiquitylation (Senadheera et al., 2001; Visvikis et al., 2008). Thus, the 
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identification of the ubiquitin ligase for Rac1 remains a key objective for future 

research in this area. 

 

Cdc42 

The RhoGTPase Cdc42 is best known for its induction of actin polymerization and 

formation of filopodia, finger-like membrane protrusions. Cdc42 is, similar to RhoA 

and Rac1, susceptible to CNF1-mediated degradation (Doye et al., 2002), but the 

mechanism by which Cdc42 is targeted for ubiquitylation remains to be elucidated. 

Interestingly, Cdc42 prevents the proteasomal degradation of the epidermal growth 

factor (EGF) receptor by sequestering the Ring E3 ligase Cbl (Feng et al., 2006; 

Hirsch et al., 2006; Wu et al., 2003). However, Cbl does not target Cdc42 for 

ubiquitylation, but regulates the ubiquitylation and degradation of the Cdc42/Rac1 

GEF β-Pix  (Schmidt et al., 2006) (Fig 4A). This is part of a negative feedback 

mechanism for EGF-induced signalling, as inactive Cdc42 fails to sequester Cbl, 

which allows Cbl-mediated degradation of the EGF receptor. For Cdc42, inhibition 

of its signalling by targeting a GEF appears an important pathway, as Smurf-1 can 

ubiquitylate the Cdc42 GEF hPEM-2 but not Cdc42 itself (Yamaguchi et al., 2008) 

(Fig 4A). This suggests that Smurf-1, upon its recruitment by PKCζ into the Par6-

Cdc42 polarity complex, facilitates the degradation of active RhoA and also forms 

part of a negative feedback loop by inhibiting hPEM-2-mediated activation of 

Cdc42. Similarly, another E3 ligase Cullin-1, which exists in a complex with Skp1 

and Rbx-1 inhibits Cdc42 activation by targeting its GEFs FGD1 and FGD3 for 

ubiquitylation (Hayakawa et al., 2005; Hayakawa et al., 2008). Thus, while the exact 

underlying mechanisms of UPS targeting of Cdc42 remain to be elucidated, a 

growing number of studies indicate that the UPS controls Cdc42 through regulating 

the available pool of Cdc42 GEFs (Fig. 4A).  

 

RhoA 

UPS targeting and degradation of RhoA was first observed following 

CNF1-stimulated activation of RhoA, analogous to its regulation of Rac1 (Doye et 

al., 2002; Lerm et al., 2002; Schmidt et al., 1997). CNF1 induces proteasomal 
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degradation of activated RhoA in different cell types, including 804G and HEK293 

epithelial cells, NIH-3T3 fibroblasts, human endothelial cells, primary fibroblasts 

and macrophages (Boyer et al., 2006; Doye et al., 2002). In this respect, RhoA is 

regulated very differently compared to its close relative RhoB, which is primarily 

degraded via the lysosomal pathway (Adamson et al., 1992; Perez-Sala et al., 2009; 

Stamatakis et al., 2002). 

Smurf-1 (smad ubiquitin regulatory factor-1), initially identified to control 

TGF-β signalling by targeting the SMAD family of transcriptional regulators for 

proteasomal degradation (Zhu et al., 1999), was the first E3 ligase found to target 

RhoA for ubiquitylation (Wang et al., 2003). Smurf-1 induces membrane protrusion, 

loss of actin stress fibres and reduced cell motility in Mv1Lu epithelial, HEK-3T3 

cells and MDAMB-231 breast cancer cells and induces enhanced neurite outgrowth 

in Neuro2a neuroblastoma cells, suggestive for inhibition of RhoA signalling (Bryan 

et al., 2005; Sahai et al., 2007; Wang et al., 2003). Smurf-1 appears to be RhoA-

specific, as it ubiquitylates RhoA, but not Rac1 or Cdc42, and, moreover, Smurf-2, a 

Smurf-1 homologue, is incapable of ubiquitylating RhoA (Wang et al., 2003). 

Smurf-2 might even counteract Smurf-1, as it can induce Smurf-1 ubiquitylation and 

degradation (Fukunaga et al., 2008). Ubiquitylation by Smurf-1 is limited to 

activated RhoA, since genetic loss of Smurf-1 blocked proteasomal-degradation of 

CNF-1 activated RhoA in fibroblasts (Boyer et al., 2006) (Fig. 4B). In agreement 

with this, protein kinase A (PKA)-induced phosphorylation of RhoA at Serine 188, 

which enhances RhoA inactivation through its association with Rho GDI, 

significantly impairs Smurf-1-mediated degradation of RhoA (Rolli-Derkinderen et 

al., 2005).  

Interestingly, Smurf-1 ubiquitylation of RhoA is regulated by atypical 

protein kinase C zeta (PKCζ), and PKCζ binds to and co-localises with Smurf-1 at 

membrane protrusions (Wang et al., 2003). PKCζ is a key component of the PAR6-

Cdc42 polarity complex (Joberty et al., 2000; Suzuki et al., 2001; Yamanaka et al., 

2001), which localizes at the leading edge in migrating cells (Etienne-Manneville 

and Hall, 2001). PKCζ has been proposed to target Smurf-1 to the PAR6-Cdc42 

polarity complex, thereby stimulating a local down-regulation of RhoA signalling at 
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the leading edge to promote cell motility (Sahai et al., 2007; Zhang et al., 2004) 

(Fig. 4B). In line with this model, Smurf-1 was found to associate with 

phosphorylated PAR6 following TGFβ stimulation of murine mammary gland cells, 

which results in local degradation of RhoA, necessary to dissolve tight-junctions 

during EMT (Ozdamar et al., 2005). 

 A second E3 ligase for RhoA is Cullin-3, which does not bear any 

resemblance to Smurf-1 (Chen et al., 2009). Cullin-3  belongs to the class of cullin 

proteins that function as scaffolds in multi-protein Cullin-Ring Ligases (CRLs) 

(Petroski and Deshaies, 2005). HeLa cells depleted of Cullin-3 show a remarkable 

increase in actin stress fiber formation, which was associated with an increase in 

RhoA protein levels. In line with this, Cullin-3 only targets GDP-bound RhoA for 

ubiquitylation, but not RhoB, RhoC, Cdc42 or Rac1 (Chen et al., 2009) (Fig. 4B). 

Thus, next to its GTPase specificity, Cullin-3 stands out as it regulates inactive 

rather than active RhoA. Intriguingly, loss of Cullin-3 induces an increase in both 

the total pool of RhoA as well as of active, GTP-bound RhoA (Chen et al., 2009). 

Whether this is a consequence of an increase in the amount of RhoA protein that is 

available for activation, or whether it points to a role of Cullin-3 in regulating the 

balance between RhoA GEFs and GAPs remains to be established.  

 Cullin-3 recruits BTB (bric-à-brac, tramtrack, broad-complex) proteins 

which act as scaffolds, recruiting substrates for ubiquitylation by CRLs (Petroski 

and Deshaies, 2005). Chen and colleagues (Chen et al., 2009) identified a BTB 

protein encoded by the gene CG10465 that facilitates RhoA targeting by cullin-3 

and they named this  protein BACURD for BTB-containing adaptor for Cullin-3 

mediated RhoA degradation. The physiological relevance of Cullin-3 and BACURD 

mediated degradation of RhoA is further underscored by the observation that 

depletion of Cullin-3 or of BACURD impairs cell movement in vitro and in vivo 

(Chen et al., 2009).  

The identification of Smurf-1 and Cullin-3 E3 ligases, which do not show 

any structural homology and also target different forms of RhoA, underscores the 

complexity of UPS-targeting of RhoA (Fig. 4B). As different E3 ligases can target 

RhoA for proteasomal degradation, it is thus tempting to speculate that, analogous to 
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the role of different GEFs and GAPs in driving the spatio-temporal (in)activation of 

RhoA, the UPS might employ distinct E3 ligases to control the spatio-temporal 

degradation of RhoA. 

 

Rho bric-à-brac, tramtrack, broad-complex-2 (RhoBTB-2) 

A number of RhoGTPases such as RhoE and RhoH exhibit a rather poor intrinsic 

GTPase hydrolysis and do not appear to be regulated by GEFs or GAPs. Insights 

into the regulation by the UPS of these atypical RhoGTPases (Aspenstrom et al., 

2007; Chardin et al., 1993) are currently limited, but the association of the atypical 

RhoGTPase RhoBTB2 with the ring ligase Cullin-3 (Aspenstrom et al., 2007; 

Wilkins et al., 2004) is of interest. The RhoGTPase subfamily of RhoBTBs 

comprises three members (RhoBTB1-3), of which RhoBTB2, also known as DBC2 

(Doubly deleted in breast cancer2), is the best characterised (Aspenstrom et al., 

2007). RhoBTB2 associates with Drosophila PakB and with mammalian Cullin-3 

(de la et al., 2005; Wilkins et al., 2004). Binding to Cullin-3 mediates RhoBTB2 

ubiquitylation and leads to its downregulation in HeLa, 293T and SK-MES-1 cells 

(Wilkins et al., 2004) (Fig. 4C). Interestingly, reintroducing a RhoBTB2 mutant 

(Y284D) that is unable to bind Cullin-3 and therefore not susceptible to Cullin-3-

mediated degradation, cannot compensate for the loss of RhoBTB2. As BTB-

proteins, such as BACURD, mediate Cullin-3 target recognition (Chen et al., 2009), 

the failure of RhoBTB2(Y284D) to overcome the loss of RhoBTB2 suggests that 

RhoBTB2 acts as a scaffold protein and needs to associate with Cullin-3 to function.  

Because RhoBTB2 might be involved in determining Cullin-3 target specificity, it 

(Chen et al., 2009) could play a role in the regulation of RhoA by Cullin-3 and 

facilitating Cullin-3-dependent ubiquitylation of RhoA (Fig. 4C). Interestingly 

breast, head and neck cancer show loss of RhoBTB2 protein and a concomitant 

increase of RhoA protein levels, which could lead to increased RhoA signalling 

(Abraham et al., 2001; Beder et al., 2006; Fritz et al., 1999; Hamaguchi et al., 2002).  
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Fig 4. Overview of the 
ubiquitin-mediated cross-
talk between different 
RhoGTPases. (A)  The 
association of Cbl with 
active Cdc42 stimulates a 
negative feedback loop by 
initiating the ubiquitylation 
and proteasomal mediated 
degradation of the 
Cdc42GEF βpix. In 
addition, active Cdc42 
itself is also susceptible to 
poly-ubiquitylation and 
proteasomal degradation,  
but the ubiquitin E3 ligases 
involved are unknown. (B) 
Recruitment of the HECT 
E3 ligase Smurf-1 by 
active Cdc42 in complex 
with PAR6 and PKCζ 
subsequently stimulates the  

local degradation of active RhoA. In parallel, this triggers a negative feedback loop as Smurf-1 poly-
ubiquitylates the Cdc42 GEF hPEM-2, driving its proteasomal degradation. In addition, inactive GDP-
bound RhoA is targeted by BACURD which promotes its Cullin-3-driven ubiquitylation and proteasomal 
degradation. (C) Similarly, Cullin-3 regulates the ubiquitylation and proteasomal degradation of 
RhoBTB2. Interestingly, RhoBTB2, like BACURD, contains a BTB region and may thus also bind to and 
act as a scaffold for Cullin-3, regulating degradation of Cullin3 substrates. As loss of the RhoBTB2 
protein correlates with an increase in RhoA expression in several cancers, RhoBTB2 may well be 
involved in Cullin-3-driven ubiquitylation and proteasomal degradation of RhoA. 

 

Crosstalk between the UPS and RhoGTPases by RhoGDI 

There are three RhoGDIs genes in mammals: RhoGDIα, RhoGDIβ (also 

know as Ly- GDI or D4-GDI) and RhoGDIγ. Recent data suggest that GDIs act not 

only as chaperones for inactive GTPases, but also regulate the expression of 

RhoGTPase proteins (Boulter et al., 2010; Ho et al., 2008). Ho and co-workers 

found that siRNA-based silencing of RhoA and RhoC expression leads to the 

accumulation of RhoB protein in human adenocarcinoma cells, melanoma cells and 

primary human fibroblasts (Ho et al., 2008). As the number of RhoGDI molecules 

approximately equals the number of RhoGTPase molecules in the cell (Michaelson 

et al., 2001), reduced expression of RhoA and RhoC could result in an enhanced 

binding of RhoGDI to RhoB, thus protecting it from degradation. This hypothesis 

was supported by expression of RhoGDIα which substantially increased the stability 

of RhoB (Ho et al., 2008).  
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 A recent study of Boulter and co-workers showed that siRNA-induced 

depletion of RhoGDIα was found to reduce the levels of RhoA, RhoC, Rac1 and 

Cdc42, but not RhoB (Boulter et al., 2010). In a complementary set of experiments, 

overexpression of RhoGTPases was found to reduce the stability and activity of 

endogenous Rho proteins as a result of competitive binding to RhoGDI (Boulter et 

al., 2010). These findings indicate that association of RhoGDIs with RhoGTPases 

not only maintains them in an inactive state, but also protects them from degradation 

by the UPS. This is in good agreement with the general notion that activated 

GTPases are more susceptible to degradation (Jura et al., 2006; Kovacic et al., 2001; 

Schmidt et al., 1997; Visvikis et al., 2008). Finally, it is important to underscore the 

relevance of the analysis of endogenously expressed proteins in studies on 

ubiquitylation and protein stability. Although expression of GTPase mutants can be 

informative, the Boulter study shows that these may, indirectly, also affect the levels 

of the endogenous GTPases, potentially confounding experimental results.  

 

Concluding remarks 

It has been over two decades since the identification of RhoGTPase-based signalling 

(Bosco et al., 2009; Didsbury et al., 1989; Hall, 1990; Kozma et al., 1997; Ridley et 

al., 1992; Ridley and Hall, 1992). During this period, work on the large number of 

GEFs and GAPs and on the role of RhoGDI have led to a widely accepted model in 

which GDP- or GTP-binding is a direct measure for the inactive or active state of a 

RhoGTPase. However, it has been questioned whether GTP hydrolysis alone is 

sufficient to block RhoGTPase signalling (Grizot et al., 2001; Illenberger et al., 

1998; Neel et al., 2007). The UPS likely represents a parallel mechanism for 

inactivating RhoGTPases by targeting them for degradation. The more we 

appreciate the complexity of RhoGTPase regulation in time and space (Pertz, 2010), 

the more it becomes it is likely that additional mechanisms such as the UPS 

discussed here play a role through controlled degradation of either activated 

RhoGTPases or their regulators. In addition, ubiquitylation of RhoGTPases might 

mediate additional yet unidentified protein interactions and so modify their 

subcellular localisation, further complicating the canonical cycling model (Fig 1). 
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Novel techniques, such as the FRET-based detection of ubiquitylation (Batters et al., 

2010; Ganesan et al., 2006) will be important to allow visualisation of protein-

ubiquitin conjugation in live cells. Identification of the relevant E3 ligases at play, 

their target lysine residues, the type of ubiquitylation and its functional 

consequences are therefore obvious goals for future research, making analysis of 

RhoGTPase signalling all the more fascinating.    

 

Table 1. Ubiquitylation of RhoGTPases. 

RhoGTPases Ubiquitylati
on 

Position  E3-ligase References 

Rac1 mono-, poly  K147  (Doye et al., 2002; Esufali et al., 2007; 
Kovacic et al., 2001; Lanning et al., 2004; 
Lerm et al., 2002; Nethe et al., 2010; Sandrock 
et al., 2009; Visvikis et al., 2008) 

Rac1b poly   (Visvikis et al., 2008) 

Cdc42 poly   (Doye et al., 2002) 

RhoA poly K6, K7 Smurf-1, 
Cullin-3 

(Boyer et al., 2006; Bryan et al., 2005; Chen et 
al., 2009; Doye et al., 2002; Ozdamar et al., 
2005; Rolli-Derkinderen et al., 2005; Sahai et 
al., 2007; Wang et al., 2003; Wang et al., 
2006; Zhang et al., 2004) 

RhoB poly   (Perez-Sala et al., 2009; Stamatakis et al., 
2002) 

RhoBTB2 poly  Cullin-3 (Wilkins et al., 2004) 
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Box 1. RING vs HECT: Two superfamilies 

of E3 ligases. The E3 ligases can be divided 

in two superfamilies, the RING E3 ligases and 

the HECT E3 ligases (Deshaies and Joazeiro, 

2009; Rotin and Kumar, 2009). The conserved 

HECT domain comprises ~350 amino acids 

and was first identified in human papilloma  

virus E6-associated protein (Huibregtse et al., 1995). Based on their N-terminal 

domains, the 28 identified human HECT E3 ligases are classified as either Nedd4- 

or HERC- (HECT and RLD domain) family proteins or as the unrelated HECT E3 

ligases. In contrast to the small HECT superfamily, 616 human genes have been 

identified to encode a RING motif, exceeding significantly the number of HECT E3 

ligases (Li et al., 2008). The RING domain is characterised by conserved cysteine 

and histidine residues that maintain the RING three-dimensional structures by 

supporting the binding of two zinc atoms. Numerous RING variants have been 

reported to exist in multi-protein complexes, as exemplified by the class of cullin-

RING ubiquitin ligases (CRL), these ligases comprises a cullin isoform as well as 

associated subunits involved in stabilising the RING structure and driving target 

recognition (Deshaies and Joazeiro, 2009). RING and HECT E3 ligases can 

furthermore be distinguished by the way that they transfer ubiquitin to a substrate. 

The HECT domain contains a conserved catalytic cysteine, which, upon association 

with E2 enzymes carrying the ubiquitin, initiates a thio-esther bond with the 

ubiquitin C-terminus. This facilitates the subsequent transfer of ubiquitin to a 

substrate. In contrast, RING E3 Ligases act as a platform that scaffolds E2 enzymes 

and subsequent substrates, catalysing the direct transfer of ubiquitin from the E2 

enzyme to the substrate as illustrated in the Box Figure. 
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Box 2. Ubiquitylation regulates 

Ras signalling Regulation of Ras 

signalling, like activation and its 

sub-cellular targeting, comprises 

many similarities with that of 

RhoGTPases (Fehrenbacher et al., 

2009). The proto-oncogenic Ras 

GTPases H- and N-Ras are  

subject to mono- and K63-linked di-ubiquitylation (Jura et al., 2006), which acts as a 

regulatory signal that triggers the internalization of membrane-bound proteins 

towards endocytic compartments (Acconcia et al., 2009; Welchman et al., 2005). 

Because ubiquitylation of Ras is initiated by its activation and requires farnesylation 

or palmitoylation, Ras ubiquitylation likely occurs at the plasma membrane (Jura et 

al., 2006). Since endosomes are derived from internalised plasma membrane 

domains, ubiquitylation of Ras could provide a molecular mechanism that drives the 

internalisation of activated N- and H-Ras (Box Figure). The removal of activated 

Ras from the plasma membrane suggests that ubiquitylation serves to downregulate 

Ras signalling. In agreement with this notion, ubiquitylation of Ras prevents 

uncontrolled Ras activation in Drosophila (Yan et al., 2009). Recently, the βTrCP 

RING E3 ligase was found to drive poly-ubiquitylation and subsequent proteasomal 

degradation of H-Ras in HEK293 cells (Kim et al., 2009) (Box Figure). This 

pathway is reminiscent of the βTrCP-mediated down-regulation of β-catenin (Kim et 

al., 2009). Mutations in β-catenin have been implicated in the most common human 

malignant tumor, hepatocellular carcinoma (HCC) (Harada et al., 2004). Although 

mutations leading to constitutive activation of H-Ras are not sufficient to induce 

HCC, activating mutations in both β-catenin and H-Ras cause a 100% incidence of 

HCC in mice (Harada et al., 2004). Thus, βTrCP-driven downregulation of Ras 

could act as a safety mechanism to avoid excessive activation of Ras during Wnt/β-

catenin signalling, preventing tumor development. Taken together, the 

ubiquitylation, internalisation and downregulation of activated Ras might serve, in 
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addition to RasGAP-stimulated GTP hydrolysis, to control the extent of Ras 

signalling. 
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Summary 

Directional cell migration is dependent on the spatiotemporal control of 

intracellular signalling events. These events regulate polarised actin dynamics, 

resulting in protrusion at the front of the cell and contraction at the rear. The 

actin cytoskeleton is regulated through signalling by Rho-like GTPases such as 

RhoA, which stimulates myosin-based contractility, and CDC42 and Rac1, 

which promote actin polymerization and protrusion. Here we show that Rac1 

binds the adapter protein Caveolin-1 (Cav1). This interaction is mediated by 

the Rac1 hypervariable C-terminus and the scaffolding domain of Cav1. We 

show that in resting, polarised cells, Cav1 primarily localizes to the rear of the 

cell, with a small fraction trafficking from the leading edge towards the cell 

center. We find that Rac1 activation regulates this distribution and stimulates 

the accumulation of Cav1 in leading edge focal adhesions (FAs). This was 

observed following ectopic expression of an activated Rac1 protein, as well as 

following activation of endogenous Rac1 either with the cytotoxic necrotizing 

factor1 or after seeding of the cells on fibronectin. Finally, we show that the 

Rac1-Cav1 association is stimulated by cell adhesion. In conclusion, these data 

show that Rac1 activation recruits Cav1 to leading edge focal adhesions, 

suggesting that Cav1 localisation to FAs serves to promote cell spreading and 

migration.   

 

Introduction 

Directional cell motility is dependent on the spatiotemporal regulation of 

intracellular signalling events. These control cytoskeletal dynamics providing both 

driving force at the front of the cell and contraction at the rear. The actin 

cytoskeleton is central to these processes and is regulated through signalling by Rho-

like small GTPases such as RhoA, which stimulates myosin-based contractility, and 

CDC42 and Rac1, which promote actin polymerization and cell protrusion (Ridley 

et al., 2003; Vicente-Manzanares et al., 2005).  

Like most other small GTPases, Rho family members act as molecular 

switches, cycling between an active, GTP-bound state and an inactive, GDP-bound 
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state. These transitions are stimulated by guanine nucleotide exchange factors 

(GEFs) and GTPase-activating proteins (GAPs), respectively (Bernards and 

Settleman, 2004; Bos et al., 2007; Rossman et al., 2005). Additionally, RhoGTPases 

cycle between the plasma membrane and the cytosol; in the cytosol they are bound 

to RhoGDI (guanine nucleotide dissociation inhibitor) (DerMardirossian and 

Bokoch, 2005; Dovas and Couchman, 2005). GEF-mediated GTPase activation and 

dissociation from RhoGDI takes place at cellular membranes, as most GEFs 

associate with membranes through PH-domain-mediated binding to 

phosphatidylinositol lipids (Bos et al., 2007; Rossman et al., 2005).  

Recently, we and others have identified a series of regulatory proteins that 

associate with the hypervariable C-terminus of the Rac1 GTPase (Modha et al., 

2008; ten Klooster et al., 2006; ten Klooster et al., 2007; van Hennik et al., 2003). 

With the exception of the effector kinase PRK (Protein kinase C-related kinase 1) 

(Modha et al., 2008), these proteins act as regulators, rather than as effectors, which 

usually associate to the Rac1 effector domain once Rac1 is activated. We have 

shown that the Rac1GEF β-PIX  recruits Rac1 to focal adhesions (ten Klooster et al., 

2006), probably prior to Rac1 activation at these sites. Another novel Rac1 

interactor, the nuclear oncogene and PP2A inhibitor  SET/I2PP2A, translocates from 

the nucleus to the cytosol upon Rac1 activation, cooporating with Rac1 in the 

control of cell motility (ten Klooster et al., 2007).   

Here we show that the membrane-associated adapter protein caveolin-1 

(Cav1) associates to Rac1, though the Rac1 hypervariable C-terminus. In Cav1-

deficient fibroblasts, Cav1 has previously been implicated in Rac1 signaling as a 

regulator of internalization of membrane domains (i.e. rafts) (del Pozo et al., 2004). 

This has been linked to the control of integrin signalling and proposed to negatively 

regulate Rac1 (del Pozo et al., 2005). More recently, Cav1 was shown to negatively 

affect Rac1 and CDC42 while stimulating RhoA as part of a pathway regulating cell 

polarity (Grande-Garcia et al., 2007). In endothelial cells, Cav1 has also been 

suggested to negatively regulate Rac1 signaling (Gonzalez et al., 2004). Cav1 

localizes to the rear of polarized cells and its phosphorylation on Tyr14 has been 

suggested to regulate focal adhesion dynamics (Goetz et al., 2008; Gonzalez et al., 
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2004). The binding of Cav1 to Rac1 is independent of the phosphorylation of Cav1. 

Interestingly, Rac1 activation recruits endogenous Cav1 to peripheral focal 

adhesions, co-localizing with endogenous Rac1, paxillin and β1-integrins. Finally, 

the Rac1-Cav1 association is promoted by cell adhesion to fibronectin, suggestive 

for a regulatory role by integrins.  

 

Results 

 

The Caveolin-1 scaffolding domain associates to the C-terminus of Rac1 

We recently identified Caveolin-1 (Cav1) as a Rac1-binding protein in the course of 

our studies on the ICAM-1-filamin-Cav1 complex (Kanters et al., 2008). This 

finding is in agreement with an earlier study (Zuluaga et al., 2007) that showed Rac1 

binding to immunoprecipitated Cav1 in cardiomyocytes.  Using biotinylated 

peptides, we found that endogenous Cav1, but not Cav2, binds to the Rac1 C-

terminus, but does not associate to amino acids 17-32, a part of the Rac1 effector 

domain (Fig. 1A) (Vastrik et al., 1999). Peptides encoding the C-termini of RhoA 

and RhoC also bound to Cav1, complementing published data (Gingras et al., 1998; 

Lin et al., 2005), but the C-termini of CDC42, RhoG, Rac2 and RhoB did not (Fig. 

1A). Bacterially-purified, full-length GST-Rac1, but not GST-Rac1ΔC, which lacks 

the Rac1 C-terminus, bound endogenous Cav1 (Fig. 1B), indicating that the Rac1 C-

terminus is both necessary and sufficient for Cav1 binding.  

Tyrosine phosphorylation of Cav1 on Tyr-14 (pYCav1) has been implicated 

in Cav1-mediated signalling as well as in its internalisation (del Pozo et al., 2005). 

Levels of tyrosine-phosphorylated Cav1 in cells are in the order of 1% only and we 

therefore induced higher levels of pYCav1 by treatment of cells with pervanadate 

(Grande-Garcia et al., 2007). This pYCav1, detected with a pY14Cav1-specific 

antibody, associated to the C-terminus of Rac1 (Fig. 1C), indicating that Cav1 

phosphorylation does not interfere with its interaction with Rac1. Conversely, a 

mutant of Cav1, Y14FCav1 that cannot be phosphorylated on residue 14, also 

associated to the Rac1-C-terminus (Fig. 1D). Together, these data suggest that 
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tyrosine phosphorylation of Cav1 does not play a regulatory role in the interaction 

with Rac1. 
Figure 1.Rac1 associates to Cav1. 
(A) Biotinylated peptides encoding 
the C-terminal domains of different 
RhoGTPases, fused to a 
transduction domain, were assayed 
for binding to endogenous Cav1 or 
to Cav2 in streptavidin-based 
peptide pull-down assays. In 
addition to Rac1, also the C-termini 
of RhoA and RhoC showed binding 
to Cav1, but not to Cav2. (B) 
Bacterially purified, full-length 
GST-Rac1 but not GST-Rac1ΔC 
lacking the Rac1 C-terminal 
domain (arrow) associates to 
endogenous Cav1. EV, empty  
vector (C)  HeLa cells were treated 
with pervanadate to induce Cav1 
tyrosine phosphorylation and were 
used to analyze binding of 
endogenous pY14Cav1, detected 
with a phospho-specific antibody, 
to Rac1 peptides encoding part of 
the effector loop (17-32) or the C- 

terminus. (D) Conversely, the association of a transiently expressed, non-phosphorylatable GFP-
Y14FCav1 protein was tested in a Rac1 C-terminal peptide pull-down. Since this protein associates 
equally well to the Rac1 C-terminus as the wild type Cav1, this result shows that tyrosine 
phosphorylation does not regulate this interaction. (E) Alignment of the hypervariable C-terminal 
domains of Rac1, Rac2 and Rac3. (F) Biotinylated peptides encoding the Rac1 C-terminal domain in 
which the proline-stretch or polybasic region were changed to alanines are no longer able to bind 
endogenous Cav1 in HeLa cell lystaes. The association to I1PP2A, which we previously described to bind 
the Rac1 C-terminus, was included as a control. (G) The association to Cav1, as compared to Rac1 
binding to β-Pix, was tested for the C-termini of Rac1, Rac2 and Rac3. The Rac3 C-terminal domain, like 
Rac1,  harbors a poly-proline stretch and associates to Cav1. (H) Bacterially purified GST-Cav1 (arrow) 
associates to endogenous Rac1 from HeLa cell lysates. EV, empty vector. (I) Biotinylated Cavtratin, 
encoding the scaffolding domain of Cav1, was used to test its binding to HA-tagged, ectopically 
expressed Rac1. (J) Myc-tagged full-length Cav1 or a Cav1Δ80-100 mutant, which lacks the scaffolding 
domain, were used to further map the Cav1 interaction with Rac1.  

 

The Rac1 C-terminal domain comprises two binding sites for protein-

protein interactions (van Hennik et al., 2003). Use of mutant peptides showed that 

both the proline-stretch and the polybasic region are required for Rac1 binding to 

Cav1 (Fig. 1E,F). In this experiment, we used I1PP2A (inhibitor 1 of PP2A, (ten 

Klooster et al., 2007) as a control for binding to the Rac1 C-terminal peptide in 

which the prolines were mutated. The relevance of this sequence for Cav1 binding 

was further supported by the reduced binding of Cav1 to the C-terminus of Rac3, a 

closely related homologue of Rac1, of which the C-terminus also encodes three 



 38

consecutive proline residues but differs by two amino acids in the polybasic region 

(Fig. 1E,G).  In agreement with the data that showed Rac1 binding to endogenous 

Cav1 (Fig. 1B), GST-Cav1, but not GST alone, bound to endogenous Rac1 (Fig. 

1H). Many of the protein-protein interactions described for Cav1, which binds to a 

series of signalling proteins (Razani et al., 2002), are mediated by the ‘Caveolin  

 

Scaffolding Domain’ (CSD), encoded by amino acids 82-101. This sequence is 

divergent between Cav1 and Cav2 (Razani et al., 2002). Use of cavtratin, a cell-

permeable peptide encoding the Cav1 CSD, showed that this region is sufficient to 

mediate the Cav1–Rac1 interaction (Fig. 1I). Conversely, the association of a myc-

tagged version of Cav1 lacking the CSD (myc-Cav1 Δ80-100) showed reduced 

binding to the Rac1 C-terminal domain (Fig. 1J). The observed residual binding 

could be due to additional regions, outside the scaffolding domain of Cav1, 

contributing to the Cav1-Rac1 association. Together, these findings show that the 

Cav1 CSD is necessary and sufficient for optimal association to Rac1 and that 

additional regions in the Cav1 protein may further promote formation of the 

complex.  

Rac1 activation recruits endogenous Caveolin-1 to peripheral focal adhesions 

Detection of endogenous Rac1 has previously been hampered by the quality and the 

specificity of available antibodies. We recently tested a novel anti-Rac1 antibody for 

its specificity on Western blots and immunoctainings. The antibody recognizes a 

single band of approximately 22 kDa on Western blots, which is strongly diminished 

when lysates are used from cells transfected with a Rac1 siRNA (Fig. 2A).  
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Figure 2. Detection and 
localisation of 
endogenous Rac1. (A) 
Western blot of cell lysates 
from control and Rac1 
siRNA transfected HeLa 
cells was stained for Rac1, 
to demonstrate the 
specificity of the antibody. 
(B) Immunostainings for 
Rac1 of HeLa cells 
transfected with control 
siRNA or Rac1 siRNA 
(bar, 40μm) show lack of 
detectable staining in the 
siRNA- treated cells. In 
cells in stationary culture, 
endogenous Rac1 localizes 
to membrane ruffles, the 
nucleus and to FAs, 
whereas endogenous Cav1 
primarily localizes to the 
contractile rear of 
polarized cells and to a 
perinuclear area, partly 
colocalizing with a fraction 
of Rac1. (C) Basal and 
apical confocal sections of  

semi-confluent HeLa cells, stained with monoclonal anti-Rac1 and polyclonal anti-Cav1 antibodies to 
define the (co) localisation of the endogenous Rac1 and Cav1 proteins. Bar, 10μm. (D) Analysis of GFP-
Cav1-positive vesicle trafficking from the leading edge of the cell as depicted by still images (t=sec) of a 
zoom of a time-lapse analysis of GFP-tagged Cav1 in a polarised HeLa cell. Bar, 10μm 
 

Subsequent analysis by immuno-staining in combination with confocal microscopy 

showed that cells, transfected with a Rac1 siRNA were negative in immunostaining, 

further confirming the specificity of the Rac1 detection (Fig. 2B). Endogenous Rac1 

could be detected in membrane ruffles, focal adhesions (FAs) and a perinuclear 

compartment (Fig. 2B,C). Colocalisation of Rac1 with endogenous Cav1, which 

concentrates at the contractile rear end of polarised cells with little Cav1 in 

membrane ruffles (Fig. 2C), was limited. However, live-cell imaging of polarised 

cells revealed that a portion of the pool of GFP-Cav1, which, like endogenous Cav1 

accumulates in the rear of the cells, translocates from the front of the cell, back 

towards the centre, likely on vesicles (Fig. 2D).  

Interestingly, expression of an activated mutant of Rac1, Rac1Q61L, in 

HeLa cells induced a marked re-localisation of endogenous Cav1 to Rac1Q61L-

positive, peripheral sites of adhesion (Fig. 3A).  Similarly, activating endogenous 
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Rac1 with CNF-1 (Flatau et al., 1997; Pop et al., 2004), induced the accumulation of 

endogenous Cav1 at peripheral adhesions that also stained positive for the FA 

marker paxillin (Fig 3B,C). Immunostainings of CNF-1-treated human umbilical 

vein endothelial cells (HUVEC) confirmed that also in this cell type, activation of 

endogenous Rac1 promotes Cav1 accumulation at paxillin-positive FAs (Fig. 3D). 

In these adhesion structures, Cav1 colocalizes with endogenous Rac1, as well as 

with β1-integrin (Fig. 3B,E). Unlike Cav1, the localisation of clathrin did not change 

upon CNF-1-mediated Rac1 activation (not shown). 

 
Figure 3. Active Rac1 
recruits Cav1 to 
peripheral FAs. (A) HeLa 
cells were transfected with 
myc-tagged Rac1Q61L 
(arrows) and stained for (co) 
localisation of Rac1Q61L 
and endogenous Cav1 (bar, 
20μm). Untransfected cells  
are indicated with asterisks 
and zoomed images are 
included to underscore the 
Rac1-Cav1 colocalization at  

the periphery of the cells. (B) Rac1 activation 
in control or CNF-1-treated HeLa cells was 
analysed by a Pak-Crib pull-down assay 
(upper panel), parallel to imaging the 
(co)localisation of endogenous Rac1 and Cav1 
in CNF-1-treated HeLa cells. Bar, 10μm. (C) 
(Co) localisation of endogenous Cav1 with 
paxillin was analysed by immunostainings in 
control and CNF-1-treated HeLa cells (bar, 
10μm). Bar diagram shows percentage of cells 
in which Cav1 co-localises with paxillin-
marked sites of adhesion upon stimulation 
with CNF-1, as analysed by Zen co-
localisation software (Zeiss) (50 
cells/condition; n=3). (D) Immunostainings of 
CNF-1 treated HUVEC cells for F-actin, 
endogenous Cav1 and paxillin (bar, 10μm) or 
(E) endogenous beta-1- 
integrin in Hela cells. Bar, 20 μm. Rac1 
ativation by CNF1 also recruits Cav1 to 
peripheral adhesions in endothelial cells, 
underscoring that this effect is not cell-type 
specific. Co-staining with beta-1-integrin 
underscores the notion that Cav1 localizes to 
FAs following Rac1 activation. 
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We did not pursue analysis of pY14Cav1 localization by 

immunofluorescence, as previous claims of its localization to FAs have been 

questioned as a result of cross-reactivity of the phospho-Cav1 antibody with 

phospho-paxillin (Hill et al., 2007). Alternatively, we used live-cell imaging analysis 

of HeLa cells cotransfected with mCherry-tagged Rac1Q61L and either GFPCav1 or 

GFPCavY14F. These data showed that GFPCav1Y14F is unable to colocalize with 

active Rac1 at sites of adhesion, suggesting that phosphorylation of Cav1 on Tyr-14 

is required for Cav1 localisation at FAs (data not shown). As phosphorylation on 

Tyr-14 of Cav1 does not appear to be required for Rac1 binding, this finding further 

suggests that in addition to Rac1, other proteins further promote the localisation of 

Cav1 at FAs. 

 

Cav1 recruitment by Rac1 is independent of microtubules and RhoA 

Since Cav1 traffic has been suggested to be microtubule (MT) dependent (Conrad et 

al., 1995), cells were pre-treated with the MT-disrupting agent nocodazole prior to 

treatment with CNF1 to activate endogenous Rac1. In the absence of CNF1 

treatment, nocodazole did not induce Cav1 re-localization to peripheral adhesions 

(not shown). CNF1 treatment of nocodazole-treated cells induced endogenous Cav1 

to relocalize to the cellular periphery, as in untreated cells, which shows that this 

effect is independent of microtubules (Fig. 4).  

 
Figure 4. Cav1 targeting to 
focal adhesions is not 
microtubule-dependent. The 
effect of microtubule 
disruption by nocodazole on 
Cav1 targeting to the cellular 
periphery by CNF-1 was 
analysed by immunostainings. 
Microtubule disruption does 
not interfere with the Cav1 
targeting following Rac1 
activation by CNF1. Bar, 
10μm. 

 

CNF1 also mediates activation of RhoA (Schmidt et al., 1997), which, 

together with its downstream effector Rho-associated, coiled-coil-containing protein 
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kinase (ROCK), is involved in the formation of FAs (Bershadsky et al., 2006). To 

test whether RhoA-ROCK signaling is required for the targeting of Cav1 to 

peripheral FAs, we treated cells with CNF1 in the presence of the ROCK inhibitor 

Y27632. Under these conditions, CNF1 induced the formation of a rim of paxillin-

positive, small adhesions at the periphery of the cells, with a marked loss of central 

FAs (Fig. 5A).  
 

Figure 5. RhoA or CDC42 do 
not regulate Cav1 targeting. 
(A) Immunostainings for 
endogenous Cav1 and paxillin in 
HeLa cells treated with CNF-1 in 
the presence of the ROCK 
inhibitor Y27632, show that 
Cav1 targeting to the periphery is 
not inhibitied by blocking 
ROCK. Bar, 20μm. (B) HeLa 
cells were transfected with myc-
tagged active G14VRhoA and 
stained for (co) localisation of 
G14VRhoA and endogenous 
Cav1 (bar, 20μm). 
Overexpression of active RhoA 
correlated with an increased 
formation of F-actin stress fibers.  
Cav1 could be seen along these 
fibers; however, no accumulation 
of Cav1 at peripheral adhesions 
was induced. (C) HeLa cells 
were transfected with myc-
tagged active Q61LCDC42 and 
stained for (co) localisation of 
CDC42Q61L and endogenous 
Cav1 (bar, 20μm). In contrast to 
active Rac1, activated CDC42 
does not recruit Cav1 towards the 
cell periphery. 
 
 
However, the CNF1-induced concentration of Cav1 at these peripheral adhesions 

was not impaired. These data suggest that ROCK does not mediate the CNF1-

induced accumulation of Cav1. Since activation of RhoA by nocodazole-induced 

MT depolymerization (Enomoto, 1996) also did not induce re-localization of Cav1 

(not shown), the Rho-ROCK pathway appears not to be required for the targeting of 

Cav1 to peripheral adhesions. This is further supported by the expression of an 

activated mutant of RhoA(G14VRhoA) which did not induce recruitment of Cav1 to 
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FAs, despite induction of  abundant actin stress fibers (Fig. 5B). Similarly, 

expression of activated mutant of another CNF-1 target CDC42 (Q61LCDC42) also 

did not induce recruitment of Cav1 (Fig. 5C). These data are in good agreement with 

the notion that CNF-1 treatment of HeLa cells induces a Rac1, rather than a CDC42 

or RhoA phenotype.   

Cell adhesion promotes Cav1 targeting to focal adhesions as well as Rac1-Cav1 

association.  

Finally, we tested the effects of Rac1 activation by an endogenous stimulus. For this 

purpose we chose to use integrin-mediated adhesion as a Rac1-activating event, 

which is induced by seeding cells on fibronectin (Price et al., 1998). Also this means 

of activating endogenous Rac1 induced the accumulation of Cav1 at paxillin-

positive peripheral FAs (Fig. 6A). Moreover, we found cell adhesion to fibronectin 

to promote the Rac1 C-terminal interaction with Cav1, whereas the interaction was 

largely absent in detached cells, kept in suspension (Fig. 6B). Thus, activation of 

endogenous Rac1 following cell adhesion promotes both the Rac1-Cav1 interaction 

and the accumulation of Cav1 at peripheral adhesions. 

 
Figure 6. Cav1 targeting and 
association to Rac1 is 
regulated by cell adhesion. (A) 
Immunostainings for 
endogenous Cav1 and paxillin 
following spreading of HeLa 
cells for 1 hr on fibronectin 
show co-localization at the  

periphery of the cell. Bar, 5μm (B)  Rac1 C-
terminal peptide pull-down from lysates of HeLa 
cells kept for 1 hr in suspension (susp) or plated 
on fibronectin (adh) was performed to test the 
binding of the Rac1 C-terminus to endogenous 
Cav1 and to I1PP2A, included as a control. The 
Rac1-Cav1 interaction is clearly detectable in 
adherent cells, but absent in cells kept in 
suspension. 

 

Discussion 

Members of RhoGTPase family are characterized by their high sequence homology, 

in particular in between isoforms, such as Rac1,2 and -3. Yet, these isoforms can 

induce specific phenotypes in cells, indicative for differential activation of signalling 
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pathways (Hajdo-Milasinovic et al., 2007). Effector interactions are mediated by the 

so-called effector domain in the N-terminus, which surprisingly is identical in the 

three Rac isoforms. The most divergent region between the Rac1 proteins is the very 

C-terminal region just proximal to the C-terminal cysteine residue and this domain 

has been linked to the control of signalling specificity. The Rac1 C-terminus has 

been proposed to mediate Rac1 subcellular targeting, in part by its polybasic nature 

and by the C-terminal lipid moiety, covalently linked to the terminal cysteine 

(Joseph et al., 1994; ten Klooster and Hordijk, 2007). More recently, several studies 

from our group and others have established that the Rac1 C-terminal domain not 

only interacts with charged lipids in the membrane, but also selectively associates to 

a number of proteins involved in Rac1 signaling (Modha et al., 2008; ten Klooster et 

al., 2006; ten Klooster et al., 2007; van Hennik et al., 2003). We previously showed 

that the Rac1/CDC42 GEF β-PIX binds the Rac1 C-terminus and recruits Rac1 to 

leading edge FAs, one of the cellular locations of activated Rac1 (ten Klooster et al., 

2006). In the current study, we show that activated Rac1, in turn, recruits 

endogenous Cav1 to such peripheral FAs. This was observed following ectopic 

expression of Rac1Q61L, as well as following activation of endogenous Rac1 in 

epithelial and endothelial cells, either using the CNF-1 toxin or following the 

induction of cell spreading. 

CNF1 treatment of the cells induced a phenotype resembling that induced 

by activated Rac1. Yet, since CNF1 also activates RhoA, we analyzed the 

contribution of RhoA signalling to Cav1 accumulation at FAs. Neither the activation 

of endogenous RhoA by MT depolymerization nor the transfection of an activated 

mutant of RhoA mimicked the CNF1 or activated Rac1-induced accumulation of 

Cav1 at FAs. Similarly, inhibition of ROCK, an effector of activated RhoA, did not 

prevent Cav1 to accumulate at peripheral adhesions, despite a significant change in 

the distribution of these structures. Thus, RhoA-ROCK signalling does not 

contribute to the CNF1- or Rac1-induced translocation of Cav1. Cav1 recruitment to 

FAs is also independent of MTs, which suggests that the Cav1 is recruited from 

other regions within the plasma membrane or from the Golgi (Conrad et al., 1995). 

Cav1 has been suggested previously to associate to integrins (Wary et al., 1998), 
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which is in line with our data showing that integrin-mediated adhesion, like 

activation of Rac1 by CNF1, targets Cav1 to FAs. Moreover, cell adhesion 

stimulated the interaction between Rac1 and Cav1, suggesting that Rac1 and 

integrins co-operate in the targeting of Cav1 to FAs, where Cav1 functions in 

integrin- and Rac1-mediated signalling by regulating the internalization of specific 

membrane domains (del Pozo et al., 2004; del Pozo et al., 2005).   

Several previous studies have suggested that Cav1 tyrosine phosphorylation 

localizes Cav1 to FAs  However, these findings were questioned when it was shown 

that the commonly used mouse antibody to tyrosine-phosphorylated Cav1 cross-

reacted with tyrosine- phosphorylated paxillin, which also resides in FAs (Hill et al., 

2007). For this reason, we did not pursue immunostainings for pYCav1, but rather 

stained for endogenous, total Cav1. We did not detect significant levels of tyrosine-

phosphorylated Cav1 on western blots of cell lysates, unless the cells were pre-

treated with pervanadate. This pYCav1 also associated to the Rac1 C-terminal 

domain, indicating that tyrosine phosphorylation did not interfere with Rac1 

binding. We also did not find detectable levels of pYCav1 in Rac1 C-terminal pull-

down assays (data not shown), which indicates that there is no preferential binding 

of phosphorylated Cav1 to Rac1.  Similarly, a phospho-deficient mutant of Cav1 did 

bind to Rac1, but was inefficiently targeted to FAs, even in the presence of an 

activated mutant of Rac1, suggesting that Rac1 activity cooperates with a 

phosphorylation-dependent mechanism to accumulate Cav1 at FAs. Previously, 

tyrosine-phosphorylated Cav1 has been implicated in FAK stabilization, RhoA 

activation and FA turnover (Goetz et al., 2008; Joshi et al., 2008) Moreover, Cav1 

tyrosine phosphorylation has been suggested to promote membrane order in FAs 

(Gaus et al., 2006) Thus, although phosphorylation of Cav1 is not critical to Rac1 

association, it appears important for Cav1 targeting to FAs and FA stability, and as 

such does play an important role in cell spreading and cell motility.  

In conclusion, our data show that Rac1 activation induces the recruitment 

of a fraction of endogenous Cav1 to leading edge FAs. Since this recruitment as well 

as the association of Cav1 to Rac1 is promoted by cell adhesion, these findings 
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further support the relevance of Cav1 in regulating integrin function as well as Rac1 

signaling.  

 
Materials and Methods  

Antibodies and reagents The following antibodies were used: anti-Caveolin-1 (610493), anti-Caveolin2 
(610684), anti-p(Y14)Caveolin-1 (610059), anti-Paxillin (610619) (all from BD Bioscience) anti-Rac1 
(clone 23A8) and anti-beta-pix (AB3829) (both from Millipore), anti-RhoA (sc-418) and I1PP2A (Santa 
Cruz), anti-pY118Paxillin (44-722G) (Invitrogen), anti-GFP (JL-8; Clontech), anti-c-myc (Zymed). F-
actin was stained with rhodamine-labeled phalloidin (Invitrogen). The Rac1 inhibitors EHT1864 and 
NSC23766 were obtained from Sigma and Calbiochem, respectively. Confocal imaging of 
immunostained samples as well as live cell imaging was performed with a ZEISS LSM510 Meta system 
in combination with ZEISS Zen software for analysis and processing. All data are representative for at 3 
or more experiments, unless otherwise indicated. Movies are representative for at least 3-10 cells, 
analysed individually. 
Cell culture HeLa cells were maintained in Iscove’s Modified Dulbecco’s Medium (IMDM; 
BioWhittaker) containing 10% (v/v) heat-inactivated fetal calf serum (FCS) (Bodinco), 2 mM L-
glutamine and penicillin/streptomycin (all purchased from PAA Cell Culture Company). Cells were 
passed by trypsinization. HUVEC were obtained from Lonza and cultured in EGM2 medium (Lonza) 
prepared according to the manufacturer’s instructions. All cells were grown at 37°C in a humidified 
atmosphere containing 5% CO2. 
Cell transfection and DNA constructs HeLa cells were transiently transfected with FuGene (Roche) as 
described by the manufacturer. Briefly; 1 μg DNA was mixed with 6 μl of Fugene in 100 μl of Optimem 
(51985026) (Invitrogen) and incubated for 30 min at RT, after which the transfection mix was applied to 
50% confluent cells. The following constructs were used: GFP-Cav1 (kind gift from M.A. Schwartz, 
University of Virginia, Charlottesville VA, USA). GFP-CavY14F was constructed by site-directed 
mutagenesis (Stratagene). GST-Rac, GST-RacΔC (a kind gift from R. Ahmadian, European Molecular 
and Cell Biology Laboratory, Heidelberg, Germany; Haeusler et al.,2003); GST-Cav1 was kindly 
provided by Dr. Elsa Regan-Klapisz,  Utrecht University, Utrecht, The Netherlands). Myc-Cav1 and myc-
Cav1Δ80-100 constructs were kindly provided by D. Anderson (Machleidt et al., 2000). CNF1 was 
isolated as previously described (Schmidt et al., 1997). Cells were incubated with 500 ng/ml purified 
GST-CNF1 toxin, as indicated. 
Design and transfection of siRNA oligos HeLa cells (4.10e5) were passed by trypsinisation in a 10 cm 
dish, neutralised with complete IMDM, and cultured o/n in Opti-mem® I medium (Invitrogen). After 18 
hrs, siRNA transfection mix containing siRNA primers (87 μl of 20 μM) and Oligofectamine (87ul) was 
prepared in Opti-mem® I medium according to the manufacturer’s protocol (Invitrogen) and incubated 
for 30’ at RT. During this incubation the Opti-mem® I medium on the cells was replaced for IMDM 
complete medium. Transfection medium was removed 24 hrs after transfection by replacing the culture 
medium with complete IMDM. The following chemically synthesized, double-stranded siRNAs, with 19-
nt duplex RNA and 2nt 3’dTdT , purchased from Eurogentec in non-modified and desalted form, were 
used: Rac1 siRNA primers GAGGAAGAGAAAAUGCCU (5’-3’) and CAGGCAUUUUCUCUUCCUC 
(5’-3’) (Noritake et al., 2004). As a nonspecific control in this study, we used siRNA against a luciferase 
reporter gene: CGUACGCGGAAUACUUCGA (5’-3’) and GCAUGCGCCUUAUGAAGCU (5’-3’).   
Pull-down assays Peptide pull-down assays were performed as described previously (ten Klooster et al., 
2006). In short, each assay was performed with 5 μg of indicated biotin-labelled peptide, 25μl 
streptavidin-coated beads (Sigma-Aldrich) in NP-40 lysisbuffer (50mM Tris-HCl, 150mM NaCl, 10mM 
MgCl2, 10% glycerol, 1% NP-40). All peptides were fused to a protein transduction domain sequence: 
YARAAARQARA , that was also used as a control in the pull-down experiments (van Hennik et al., 
2003). GST-fusion proteins were purified from BL21 bacteria as described (ten Klooster et al., 2006) 
after which 100 μg of indicated GST-fusion constructs were used in each pull-down. Rac1 activation was 
assayed by a CRIB-peptide pull-down approach as previously described (Price et al., 2003).  Mass 
spectrometry analysis for the identification of Cav1 was done as described (Kanters et al., 2008). 
Peptide synthesis Peptides were synthesized on a peptide synthesizer (Syro II) by Fmoc solid phase 
chemistry. Peptides encoded a biotinylated protein transduction domain (Biotin-YARAAARQARAG) 
(Ho et al., 2001) followed by the 10 amino acids proceeding the CAAX domain for all used RhoGTPase 
peptides. The sequences of the Rac1 (P-A) and the Rac1 (RKR-AAA) mutants are: CAAAVKKRKRK 
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and CPPPVKKAAAK, respectively. The biotinylated protein transduction domain for the Cavtratin 
peptide (Gratton et al., 2003) was followed by 20 amino acids corresponding to the scaffolding domain 
(amino acids 82-101) of Cav1: DGIWKASFTTFTVTKYWFYR. 
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Summary 

The regulation of Focal Adhesion (FA) dynamics is a key aspect of cellular 

motility. FAs concentrate integrins and associated cytoskeletal elements as well 

as a large number of regulatory proteins, including adapters, kinases and small 

GTPases of the Rho Family. We have recently shown that activated Rac1 can 

localize to FAs and can initiate the accumulation of the adapter protein 

Caveolin1 (Cav1) at FAs. As reported by several groups, including ours, this 

translocation requires Cav1 phosphorylation at Tyr14, presumably by Src. 

Here we provide additional data regarding this process and briefly review 

recent literature. Finally, we have incorporated the different pieces of available 

information into a mechanistic model. This model proposes that local Rac1 

activation initiates a series of events that involve endosomal traffic of Cav1 and 

Src, targeting these proteins to or near FAs. Next, within specific membrane 

domains, Src can mediate the phosphorylation of Cav1 at Tyr 14, which is 

important for the stable FA localization of Cav1. Finally, dephosphorylation of 

Cav1 may represent a key step required for internalization, FA turnover and 

cell motility.  

 

Introduction 

The membrane-associated adapters of the caveolin family (caveolin1-3) are 22-kDa 

palmitoylated proteins that associate to the inner leaflet of the plasma membrane and 

to intracellular vesicular structures. Caveolin proteins can multimerize, and these 

multimers are required for the formation of caveolae, flask-shaped invaginations of 

the plasma-membrane and hallmarks of caveolin expression. Caveolin-1 (Cav1) is a 

cholesterol-binding protein, and cholesterol is required for the formation of 

caveolae. Cholesterol is key to the organization of signaling platforms within the 

membrane, and, as a result, Cav1 contributes to cell signaling through its control of 

the formation and internalization of such membrane-integral signaling centers. In 

addition, Cav1 associates, via its so-called ‘caveolin scaffolding domain’ (CSD, aa 

82-101) to a large number of signalling proteins, such as integrins, filamins, src-
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family kinases and small GTPases, regulating their membrane targeting and 

function.1-4 

Caveolin proteins are differentially expressed in various cell types and 

tissues, and their expression is in part interdependent: for example, expression of 

Cav2 requires the presence of Cav1, as result of the stabilization in hetero-

multimers.5,6 Compared to healthy tissue, Cav1 expression is altered in various types 

of tumor cell and tissue. Cav1 expression is increased in bladder and prostate 

carcinomas but down-regulated in ovarian, lung and mammary carcinomas.7 In 

addition, sporadic mutation (P132L) of Cav1 has also been described, and this 

mutant version acts in a dominant negative fashion, interfering with the normal 

functions of Cav1. Cav1 can be phosphorylated on Ser80, converting Cav1 in a 

secreted protein, which may result in a loss of its (tumor supressor) function within 

the cell.7  

In general, Cav1 serves as a negative regulator of cell signalling, inhibiting 

proliferation as well as cell polarity and migration. The molecular mechanisms of 

these inhibitory effects are only partially resolved, but Cav1 regulation of integrin 

function is an important aspect of the role for Cav1 in cell motility. In this ‘Point-of-

View’ we will discuss recent insights in the role of Cav1 in integrin-mediated cell 

adhesion and incorporate some of our own recent findings on this topic. 

In migrating cells, most of the Cav1 protein localizes to the rear of the 

cell.4,8-10 This polarized distribution is mediated by a motif in the Cav1 N-terminus 

(46TKEIDLVNRD55), but it is as yet unknown what this motif binds to.9,11 Using 

live-cell imaging of GFP-Cav1, we have has recently shown that Cav1 travels from 

the front of polarized cells towards the cell center and accumulates at the rear, which 

may explain the localization of the protein.4 This finding shows that a fraction of the 

total cellular pool of Cav1 transiently targets to the cells’ leading edge, which is in 

agreement with its proposed function in cell adhesion and migration (see below). 

Cav1 is involved in the internalization of different types of surface proteins, 

including ion channels, cytokine- and growth factor receptors and integrins.1,12-14 Of 

particular interest for this paper is the Cav1-regulated internalization of integrins and 

the consequences for cell adhesion and migration. In adherent cells in 2D culture, 
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cell-matrix adhesion is largely dependent on Focal Adhesions (FAs), which 

concentrate integrins and associated intracellular proteins and are stabilized by the 

actin cytoskeleton. The turnover of FAs within different regions of the cell is 

important for efficient migration, and these dynamics are in part regulated by 

microtubules.1,15-17 FA turnover also involves integrin internalization, which has 

been linked to caveolae-dependent as well as to clathrin-dependent pathways.1,18,19 

In line with this notion, Cav1 was found to associate to beta1-integrins and to link 

beta1-integrins to tyrosine kinases of the Src family, such as Fyn1. Src family 

kinases regulate, in conjunction with Focal Adhesion Kinase (FAK), FA turnover, 

migration and proliferation.15,16  

Cav1 can be phosphorylated on Tyr14 by Src kinases, and the role of this 

event has been extensively studied in several recent papers.3,20 Tyrosine 

phosphorylation of Cav1 was initially claimed to target the protein to FAs. However, 

these data were questioned, as it was shown that the phospho-specific Cav1 antibody 

cross-reacts with phosphorylated paxillin, a FA-resident protein.21 Yet, there appears 

to be a role for the Cav1 Tyr14 phosphorylation in the regulation of FAs. Goetz et 

al. showed, using a Y14F mutant of GFP-Cav1, that tyrosine-phosphorylation of 

Cav1 is required to stabilize the localization of FAK within FAs.22 FAK can than 

recruit additional regulators, such as p130Cas and paxillin, that promote FA 

turnover, which is important for increased motility.15  This molecular pathway may 

constitute a positive feed-back loop, as phosphorylated Cav1 in tumor cells was 

shown to promote the activity of the small GTPase RhoA, and the RhoA effector 

ROCK and Src kinase were subsequently implicated in FA turnover and cell 

migration.15,23   

In a related study, Grande-Garcia et al used Cav1-/- murine embryonic 

fibroblasts (MEFs) to show that the absence of Cav1 induces a loss of cell polarity 

and reduced cell migration. 24 This was accompanied by an increase in Rac1 activity 

and a loss of RhoA activity, suggesting that Cav1 promotes RhoA signaling, in line 

with the data from Joshi et al. 23,24 In the Cav1-/- MEFs, Src activity was increased, 

and this was found to be required for the loss of polarity in these cells. Src 

inactivates p190RhoGAP, and this may therefore explain the reduction in RhoA 
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activity in Cav1-/- MEFs.24 At the same time, Src was linked to Cav1 

phosphorylation and the phenotype of the MEFs, because  the Y14F-Cav1 mutant 

could not restore cell polarity in the Cav1-/- cells.24 Together, these data suggest that 

in fibroblasts Cav1 negatively regulates a Src-p190RhoGAP pathway to promote 

RhoA activity, while at the same time Src is required for Cav1 tyrosine 

phosphorylation and the induction of cell polarity. This apparent discrepancy may be 

resolved by the notion that only a few percent of the total cellular pool of Cav1 is 

tyrosine phosphorylated, and that this subfraction, once properly targeted to FAs, is 

sufficient to exert local regulatory functions.24  

By means of immunostainings for total, endogenous Cav1, our lab recently 

showed that, Rac1 activation induces the accumulation of Cav1 at FAs.4 Since we 

could readily detect this, it is not likely to represent the few percent of cellular Cav1 

that is Y14 phosphorylated. At the same time, Rac1 activation was not found to 

cause a significant induction of pY14Cav1. Yet Y14 phosphorylation is important, 

as we were unable to detect a Y14FCav1 mutant protein in FAs under conditions 

where normal Cav1 was readily detected at these sites. This may indicate that Y14 is 

part of a targeting motif that is disturbed by the Y14F mutation, or that the 

phosphorylation at Y14 is required for the initial targeting of Cav1 to FAs.  

 

Results and Discussion 

We studied the role of Cav1 tyrosine phosphorylation in more detail by 

using the Src inhibitor PP2 in Hela cells, stimulated with the Cytotoxic Necrotizing 

Factor1 (CNF1) to activate endogenous Rac1 (Fig. 1). In agreement with our 

previous observations, treatment of Hela cells with CNF1 induced an accumulation 

of Cav1 at paxillin-positive FAs (Fig 1)4. Src inhibition by PP2 (10μM) impaired the 

CNF1-induced accumulation of Cav1 at FAs, which shows that Src activity is 

required for the Rac1-driven FA-targeting of Cav1 (Fig 1). To further investigate the 

involvement of Src, we next investigated Rac1-induced accumulation of Cav1 at 

FAs in mouse fibroblasts deficient for the Src family members SRC, YES and FYN 

(SYF-/- MEFs). Analysis of the subcellular localization showed that Q61LRac1 co-

localizes with Paxillin in FAs (Fig 2A). This indicates that Rac1 localizes upon 
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activation and independently of Src, to FAs. This is in marked contrast to Cav1, 

which did not accumulate at Rac1-associated FAs in the absence of Src kinases (Fig 

2B). Finally, the requirement for Src to control Cav1 targeting is underscored by the 

observation that re-expression of Src restored Rac1-induced accumulation of Cav1 

at FAs (Fig 2B).  

 
Figure 1. The accumulation of 
Cav1 at peripheral FAs 
following Rac1 activation 
requires Src activity. Hela cells 
were grown on glass coverl slips 
and stimulated as indicated with 
CNF1 (500 ng/ml, 4 hrs) (Co) 
localisation of endogenous Cav1 
with endogenous paxillin was 
analyzed by immunostainings in 
control, CNF-1-treated, or CNF-
1-treated Hela cells that were 
also treated with PP2 (10μM) for 
30 minutes prior to fixation. 
Cav1-paxillin co-localization 
resulting from the activation of 
endogenous Rac1 by CNF1 is 
indicated by the arrows.  (Scale 
bar, 20μm).  

 

The cooperative action of Rac1 with CDC42, which underlies the formation 

of focal complexes, has been suggested to drive the translocation of Src to these 

premature sites of adhesion.25,26 Moreover, as the lack of Src kinase family members 

does not hamper the formation of FAs, we propose that Rac1 acts upstream of Src 

kinases during the formation of FAs.27 Subsequent recruitment of Src could amplify 

Rac1 down-stream signalling by activation of a local pool of inactive Rac1, as Src 

can regulate activation of Rac1 GEFs such as Tiam1 and Vav2.28  

The association of Src with FAs has been well established although the 

underlying mechanisms have remained elusive.26,29,30 Both the SH2 and SH3 domain 

in Src, involved in binding of FA components like FAK, have been shown to be 

required for Src translocation towards FAs. 26,29-31 In unstimulated cells, Src family 

members primarily localize to perinuclear endocytic structures that control Src 

trafficking to the plasma membrane.30,32-36 The small RhoGTPase RhoB drives Src-

associated endosomal sorting to the cell periphery in an actin-dependent fashion.34,35 
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Moreover, Src activation is not required for its translocation to the cell periphery but 

is induced following this translocation.34,37 Interestingly, RhoB was recently 

reported to become activated upon integrin-stimulated activation of FAK, parallel to 

the transient activation of Src.38,39  
 

Figure 2. Src cooperates with 
activated Rac1 in the 
recruitment of Cav1 to FAs.  
(A) SYF (-/-) MEFs were grown 
on glass cover slips and 
transfected with myc-tagged 
Rac1 (Q61L). After 24 hrs,  cells 
were fixed and stained for  
(co)localisation of Rac1Q61L and 
endogenous paxillin as indicated by the 
arrows (scale bar, 20μm). (B) The 
(co)localisation of myc-tagged Rac1 (Q61L) 
with endogenous Cav1 was analyzed by 
immunostainings in SYF(-/-) MEFs and Src 
knock-in SYF (-/-) MEFs (SYF-/- + Src 
MEFs). In the SYF-/- cells, there is noo co-
localization detectable between peripheral 
Rac1 and Cav1. In contrast, in  the Src 
reconstituted cells, colocalization between 
Rac1 and Cav1 at the periphery of the cells 
is detectable and these are indicated by the 
arrows. (Scale bar, 20μm). 

 

 

 

 

Integrin-stimulated formation of FAs could therefore drive the recruitment 

and subsequent local activation of endosomal-associated Src in a RhoB-dependent 

fashion. Most recently, a role for the ESCRT (endosomal-sorting complexes 

required for transport) pathway in the targeting of active Src from late 

endosomes/lysosomes to FAs was described 40. Intriguingly, the ESCRT pathway 

was also recently implicated in the sorting of ubiquitinated α5-integrin into multi-

vesicular endosomes 41. Thus, targeting to and from the endosomal compartment 

appears a key feature of (a subset of) FA proteins, which is important for FA 

turnover and thus for cell spreading and motility. 

We recently showed by live-cell imaging using GFP-tagged Y14F-Cav1 

that phosphorylation of Cav1 is not essential to target Cav1 towards the periphery of 
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the cell but is required to induce the translocation of Cav1 towards FAs.4 Moreover, 

as Src-driven phosphorylation of Y14Cav1 is based on the lipid-lipid interaction 

between the myristoyl anchor of Src and the third palmitoyl group of Cav1, 

translocation of Cav1 to FAs may require the association of caveolar vesicles with 

Src-containing endosomes in the close proximity of FAs to induce the transfer of 

phosphorylated Y14Cav1 towards FAs.4,20 Subcellular analysis of GFP-tagged 

FYVE (a marker for early endosomes) transfected Hela cells confirmed that a 

fraction of endogenous Cav1 associates with early endosomes near Rac1-positive 

peripheral sites of adhesion (Fig 3). In agreement with this observation, caveolar 

vesicles have recently been described to transiently interact with endosomes to 

exchange cargo by compartment-specific cues. 4,42 As Src resides on endosomes, it 

would be of interest to determine whether Src and Cav1 already interact within the 

endosomal compartment, prior to targeting to FAs.  
   
Figure 3. Caveolin1-
positive vesicles colocalize 
with early endosomes in 
the cellular periphery. 
HeLa cells were grown on 
glass cover slips and 
transfected with Rac1 
(Q61L) and  GFP-2xFYVE 
as a marker for early 
endosomes. After 24 hrs, 
cells were fixed and stained 
for (co)localisation of Rac1 
and Cav1. Early endosomes 
were identified by GFP 
imaging. Arrows indicate 
vesicular structures positive 
for Rac1 and Cav1, a 
fraction of which 
colocalize. (Scale bar, 
10μm).  

 

These data suggest that phosphorylation of Y14Cav1 underlies Cav1 

trafficking to FAs. However, we were not able to detect significant levels of pY14-

phosphorylated Cav1 in cells expressing active Q61LRac1 or stimulated with CNF-

1, conditions under which Cav1 accumulates at FAs. 4 This suggests that there is a 

considerable amount of non-phosphorylated Cav1 in FAs following integrin-

mediated adhesion, which could be generated by a FA-resident phosphatase, as also 
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indicated by the large number of tyrosine phosphatases identified in caveolae.43 One 

such candidate phosphatase could be PTP1B, that negatively controls integrin 

signaling 44 and regulates both Src as well as phospho-Cav1 45,46. Stable association 

with other proteins (eg Rac1 or integrins) may preserve Cav1 localizations at FAs 

allowing its detection by immunostainings. Such a notion is supported by findings 

regarding the adapter Grb7, of which the SH2 and PTB domains show differential 

binding capacities of non-phosphorylated and phosphorylated Y14Cav1. 20,43  

 

 

 

 

 
 
 
Figure 4. Model for the translocation, phosphorylation and dissociation of Cav1 at FAs.  
(A) Active Rac1 promotes the formation of FAs and promotes the recruitment of Cav1 to the cellular 
periphery. (B,C) subsequent association of Cav1-positive vesicles with Src on endosomes drives the 
phosphorylation of Cav1 and the accumulation of pY14Cav1 at FAs. (D,E) A FA-associated tyrosine 
phosphatase dephosphorylates Cav1 which stimulates the internalization of Cav1 and associated FA-
components. This is concomittant with FA turnover which is required for efficient cell migration. 
 

Why would the phosphorylation of Y14Cav1 be required for its subsequent 

translocation towards FAs if pY14Cav1 is subsequently dephosphorylated? This 

could perhaps be explained by the local membrane environment of FAs. Sucrose 

density gradient fractionations revealed FA components like FAK, paxillin and 

vinculin to be excluded from cholesterol-enriched Cav1-positive fractions.47 In line 

with this observation, pY14Cav1 resides predominantly within the low-cholesterol 

heavy-membrane fractions.47 Cholesterol-depleting agents such as methyl-beta-

cyclodextrin have been widely reported to disturb FA turnover as well as cell 

migration but do not induce FA dissociation or cell rounding. FA-containing 

membrane domains might therefore possess low levels of cholesterol and may 

require phosphorylation of Cav1 to induce Cav1 stabilization, possibly through 

pY14Cav1-interacting proteins. Dephosphorylation of Cav1 would subsequently 

destabilize Cav1 at FAs and cause the internalization of Cav1. Internalization of 

Cav1 with bound FA components could thus drive FA turnover. This model could 
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also explain our findings for active Rac1 recruiting Cav1 towards FAs, since 

constitutive activation of Rac1, due to its effects on vesicular traffic, could block the 

internalization of non-phosphorylated Cav1, further promoting accumulation of 

Cav1 at FAs. 

Based on the above arguments we here propose a model incorporating the 

Cav1 kinase Src and the potential role of the Cav1 Y14 event in the dynamics of 

FAs (Fig. 4). Rac1-regulated endosomal traffic, likely in conjunction with 

microtubule dynamics and the ESCRT pathway, may play a key role in the Cav1 

and Src recruitment, as well as in the consequent dissolution and turnover of FAs, 

which is an essential feature of cell motility.17,19  

 
Material and Methods 
 
Antibodies and DNA constructs. The following antibodies were used: anti-Paxillin (610619) and anti-
Cav1 (610493) and these were both obtained from BD Bioscience, and anti-myc (13-2500) from Zymed. 
The Q61LRac1 construct was constructed as previously described4.  
Cell culture and transfection. Mouse fibroblasts and HeLa cells were maintained at 37ºC and 5% CO2 in 
Iscove’s Modified Dulbecco’s Medium (IMDM; Biowhittaker) containing 10% heat-inactivated Fetal 
Calf Serum (Life Technologies, Breda, The Netherlands), 300 μg/ml glutamine, 100 units/ml penicillin 
and streptomycin. Cells were passaged by trypsinization. Cells were transiently transfected with FuGENE 
(Roche) or TransIT (Mirus) according to the manufacturers’ recommendations.  
Immunofluorescence microscopy For immunostainings, cells were washed with ice-cold PBS, fixed 
with 3.7% paraformaldehyde for 20 min at RT and subsequently permeabilized with 1% triton, 10% 
glycerol in PBS for 3 min at RT. Cells were stained with the indicated antibodies, and confocal images 
were captured with a Zeiss 510 Meta laser-scanning confocal microscope and processed with LSM510 
software.  
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Summary 

Extracellular stimuli such as growth factors or integrin engagement will induce 

activation of the Rho-like GTPase Rac1 by recruiting and activating Rac1 

GEFs (Guanine nucleotide Exchange Factors). Active, GTP-bound Rac1 can 

interact with cognate effector proteins to trigger intracellular signalling. The 

inactivation of Rac1 is generally assumed to be dependent on its intrinsic GTP 

hydrolysis activity that can be stimulated by Rac1 GAPs (GTPase-activating 

proteins). We recently found that the Rac1 GTPase associates to the adapter 

protein Caveolin-1 (Cav1) and that Rac1 activity promotes Cav1 accumulation 

at Rac1-positive, peripheral adhesions. Using Cav1-deficient mouse fibroblasts 

as well as siRNA- and shRNA-mediated depletion of Cav1 expression in human 

epithelial and endothelial cells, we here show that loss of Cav1 induces an 

increase in the levels of total Rac1 protein and its activated, GTP-bound form. 

Cav1 controls Rac1 protein expression by regulating ubiquitinylation and 

degradation of activated Rac1 in an adhesion-dependent fashion. Finally, we 

show that Rac1-ubiquitinylation is not required for effector binding but rather 

regulates the dynamics of Rac1 at the periphery of the cell. These data extend 

the canonical model for Rac1 inactivation and uncover Cav1-regulated poly-

ubiquitinylation as an additional mechanism to control Rac1 signaling.   

 

Introduction 

Directional cell migration is dependent on the spatiotemporal regulation of 

intracellular signalling events. These events control cytoskeletal dynamics, 

providing both driving force at the front of the cell and contraction at the back. The 

actin cytoskeleton is central to these processes and is regulated through signalling by 

Rho-like small GTPases such as RhoA, which stimulates myosin-based contractility, 

and CDC42 and Rac1, which promote actin polymerization and cell protrusion 

(Ridley et al., 2003; Vicente-Manzanares et al., 2005).  

Like most other small GTPases, Rho family members act as molecular 

switches, cycling between an active, GTP-bound state and an inactive, GDP-bound 

state. These transitions are stimulated by guanine nucleotide exchange factors 



 65

(GEFs) and GTPase-activating proteins (GAPs), respectively (Bernards and 

Settleman, 2004; Bos et al., 2007; Rossman et al., 2005). Additionally, RhoGTPases 

cycle between the plasma membrane and the cytosol, where they are bound to 

RhoGDI (guanine nucleotide dissociation inhibitor) (DerMardirossian and Bokoch, 

2005; Dovas and Couchman, 2005). GEF-mediated GTPase activation and 

dissociation from RhoGDI takes place at cellular membranes, as most GEFs 

associate with membranes through PH-domain-mediated binding to 

phosphatidylinositol lipids (Bos et al., 2007; Rossman et al., 2005). Although GTP-

loading is critical for GTPase function, GTPase cycling, i.e. controlled GTPase 

inactivation, is considered equally important for efficient signal transduction. 

Accumulating evidence suggests that, in addition to GAP-stimulated GTP 

hydrolysis, other mechanisms exist that serve to turn off GTPase signalling.  

Activation of endogenous Rac1 and RhoA by bacterial toxins such as CNF-

1 (Cytotoxin Necrotizing Factor 1) leads after 4-6 hrs to proteasome-mediated 

degradation (Munro and Lemichez, 2005; Pop et al., 2004). This shows that cells 

possess intrinsic mechanisms to degrade activated GTPases, representing a third 

level of GTPase regulation, next to membrane translocation and GTP-loading and 

hydrolysis. Degradation of RhoA was shown to occur in a polarized fashion, and 

requires the E3 ubiquitin ligase Smurf1 (Wang et al., 2003). For Rac1, it has been 

shown that activated mutants are more susceptible to ubiquitinylation and 

degradation and that this pathway can be activated by receptor agonists, as 

demonstrated for HGF in epithelial MDCK cells (Doye et al., 2002; Lynch et al., 

2006; Pop et al., 2004). However, the cellular mechanisms and proteins that control 

the degradation of activated Rac1 are unknown. 

We have recently shown that Rac1 activity recruits Cav1 to Focal Adhesion 

(FAs) and that Rac1 associates to Cav1 in an adhesion-dependent fashion. Here we 

show that Cav1 is part of a signalling pathway that regulates the poly-

ubiquitinylation and degradation of Rac1. Cav1 regulates Rac1 protein levels by 

regulating the degradation of Rac1 in an adhesion-dependent fashion, controlling 

cell polarity, spreading and migration. Moreover, we show that a Rac1 mutant that 

cannot be ubiquitinylated displays altered dynamics at the peripheral ruffling 
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membranes. This suggests that Rac1 conjugation by ubiquitin plays a role in Rac1 

dynamics. These data identify an endogenous signalling pathway that affects cell 

adhesion and motility by controlling Rac1 degradation. This represents an important 

extension of the canonical GDP/GTP cycle describing the regulation of Rac1 

activation and inactivation.  

 

Results 

 

Rac1-localisation at FAs is independent of Cav1 

In previous studies, we found that Rac1 binds to Cav1 and that Rac1 

activation promotes the accumulation of Cav1 at FAs. To further investigate whether 

Rac1 acts upstream of Cav1 at FAs, the localisation of endogenous Rac1, β-Pix and 

pY118paxillin was studied by confocal microscopy in mouse embryonic fibroblasts 

(MEFs) genetically deficient for Cav1 (Cav1-/-).  

As endogenous Rac1 (co)localises with pY118 paxillin at peripheral sites of 

adhesion in Cav1-/- MEFs, Rac1 targeting towards FAs appears independent of Cav1 

(Fig. 1A). Likewise, Rac1 localisation at the ends of actin stress fibers was also 

unaffected in Cav1-siRNA-transfected Hela cells (Fig.1B) (Beardsley et al., 2005). 

Finally, the interaction of Rac1 with β-Pix, which we previously found to drive Rac1 

targeting to FAs, as well as their co-localisation at FAs,  was unaffected in Cav1-/- 

MEFs (Fig. 1C,D) (ten Klooster et al., 2006). These data indicate that Rac1 acts 

upstream of Cav1 at a step downstream of β-Pix-mediated targeting of Rac1 to FAs. 

 

Loss of Cav1 promotes Rac1-mediated cell spreading 

We further analysed the effects of loss of Cav1 expression on cell spreading 

and tested the role for Rac1 signaling under these conditions. Similar to Cav1-/- 

MEFs, HeLa cells transfected with Cav1-siRNA showed a loss of polarity with an 

apparent increase in cell spreading (Fig. 2A). To study this in more detail we 

performed several experiments using Cav1-deificient MEFs as well as HeLa cells 

transfected with the Cav1 siRNA. Real-time analysis of cell spreading of wt and 

Cav1-/- MEFs on fibronectin-coated ECIS electrodes (ten Klooster et al., 2006) 
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showed that, in line with the data of Cav1-siRNA transfected HeLa cells (Fig 2A), 

depletion of Cav1 increases cell spreading, as recorded within the first hour after 

seeding the cells (Fig. 2B). 

 
Figure 1.   Rac1-
localisation at FAs is  
independent of Cav1 (A) 
Immunostainings for 
endogenous Rac1 in wild-
type (wt) and Cav1-/- MEFs 
show localisation of Rac1 
at FAs, marked by pY118 
paxillin, even in the 
absence of Cav1 (arrows). 
(B) Hela cells, transfected 
with the Cav1 siRNA   

(asterisk) were  
immunostained for 
endogenous Rac1 
and analysed for its 
localisation to F-actin 
marked sites of 
adhesion. The cell on  
the right, in which 
Cav1 expression is 
not reduced, serves 
as a positive control. 
Bar, 20μm. These 
stainings show that 
Cav1 is not required 
for the targeting of 
activated Rac1 to  

FAs. (C) Rac1 C-terminal interaction with β-PIX was analysed in the absence or presence of Cav1 with 
lysates from wild-type (wt) and Cav1-/- MEFs. The association of Rac1 to PIX is independent of Cav1. 
(D) Immunostainings for endogenous Rac1 in wild-type (wt) and Cav1  -/- MEFs were analysed for co-
localisation to β-PIX-marked FAs (arrows). Bar, 10μm. 
 

Complementary phase-contrast imaging of the Cav1-/- MEFs, seeded for one hour on 

fibronectin, showed increased cell spreading as compared to the wt cells (Fig. 2C). 

This was similar to the effects seen in HeLa cells transfected with Cav1-siRNA, 

which showed, next to an increase in cell surface area, also impaired chemotaxis, 

likely as a result of  the loss in polarity (Fig. 2D).  
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Figure 2. Loss of Cav1 promotes Rac1-mediated 
cell spreading (A) Immunostainings for F-actin 
undersore the cell spreading and loss of polarity of 
Cav1 siRNA-transfected HeLa cells on fibronectin-
coated glass cover slips. Bar, 20μm. The lower, 
polarized cell in which Cav1 expression (green) is 

 not reduced, serves as a positive 
control. (B) Cell spreading of 
wild-type (wt) and Cav1-/- MEFs 
in the presence or absence of the 
Rac1 inhibitor EHT1864 
(50μM) was analysed by ECIS 
on fibronectin-coated gold 
electrodes and depicted as 
normalised resistance (graph in 
left panel).  Right: phase-
contrast images  of Cav1-/- MEFs 
spread on fibronectin for 30 
minutes or 3 hours in the 
presence or absence of 
EHT1864 (50μM). Bar, 20μm. 
These data show that the 
increased spreading in the Cav1-

/- MEFs is Rac1-dependent. (C) 
Phase-contrast images of wild 
type (wt) and Cav1-/- MEFs 
seeded for 1 hour on fibronectin-
coated glass slides show the 
increased spreading in Cav1-/- 
MEFs. Bar, 40μm. (D) Analysis  
of cell spreading of control and 
Cav1 siRNA-transfected HeLa 
cells seeded on fibronectin for 1 
hr as quantified by measuring 
the cell area (left panel), and 
analysed for chemotaxis towards 
10% FCS in a transwell 
migration assay (right panel) (*, 
p<0.05). (E) Cell spreading of 
HeLa cells following ectopic 
expression of GFP-Cav1 was  

analysed on fibronectin-coated gold electrodes by ECIS and results are presented as normalised 
resistance. (F) HeLa cells treated with siRNA to Cav1 were analysed for cell spreading using ECIS in the 
presence or absence of the Rac1-GEF inhibitor NSC23766. (G) Cell spreading was compared between 
control or Rac1 siRNA-transfected HeLa cells and quantified by real time analysis on fibronectin-coated 
gold electrodes by ECIS. Data are depicted as normalised resistance. Expression analysis by Western 
blotting, confirming reduced Rac1 levels, is shown on the right. 

 

To confirm that these effects were linked to the Cav1 protein, we also 

performed the reverse experiment and transfected HeLa cells with GFP-Cav1. 

Spreading analysis on fibronectin-coated ECIS electrodes showed that expression of 

GFP-Cav1 reduced cell spreading (Fig. 2E), in good agreement with the above data 

showing that loss of Cav1 promotes spreading. 
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To establish the relevance of Rac1 in the effects of loss of Cav1 on cells 

spreading, we pre-treated MEFs or HeLa cells with the Rac1 inhibitor EHT1864 

(50μM) (Shutes et al., 2007) or the Rac GEF inhibitor NSC23766 (100 μM), 

respectively, prior to cell spreading. The EHT inhibitor completely impaired the 

enhanced cell spreading in Cav1-/- MEFs (Fig. 2B). Similarly, the NSC compound 

blocked the increased spreading of HeLa cells, transfected with Cav1 siRNA (Fig. 

2F). These data support the notion that the enhanced spreading that follows the loss 

of Cav1 expression is due to increased Rac1 activity. In line with this idea, siRNA-

mediated reduction of Rac1 expression also impaired cell spreading, as measured by 

ECIS (Fig. 2G). Thus, as Rac1 targeting to FAs is driven by β-Pix (ten Klooster et 

al., 2006), subsequent recruitment of Cav1 could serve to negatively regulate Rac1 

signaling to allow cell polarization. 

 

Cav1 regulates Rac1 activity and protein expression levels 

 Since Cav1 depletion promotes Rac1-dependent cell spreading, we 

analysed Rac1-GTP-loading as a measure for Rac1 activity in control and Cav1 

siRNA-treated HeLa cells, using the Pak-Crib pull-down assay (ten Klooster et al., 

2006). In line with published data with Cav1-/- MEFs (Grande-Garcia et al., 2007), 

loss of Cav1 is accompanied by increased Rac1GTP loading (Fig. 3A). Surprisingly 

however, also the levels of total Rac1 protein were increased in siRNA-Cav1 

transfected HeLa cells (Fig. 3A). To further corroborate this result, we analysed 

Rac1 levels in Cav1-/- MEFs in more detail. Also in these cells, we found that the 

levels of total Rac1 as well as its GTP-bound form were increased as compared to 

the levels of total and activated Rac1 in the wild type MEFs (Fig. 3B).  

The Pak-Crib pull-down is performed in NP40-containing lysis buffer. To 

exclude that our interpretation was obscured as a result of a change in solubility of a 

fraction of endogenous Rac1, Rac1 protein levels were analysed in control and Cav1 

siRNA-treated HeLa cells that were lysed directly in SDS-sample buffer (Fig. 

3C,D).  
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Figure 3. Cav1 regulates Rac1 
activity and protein expression 
levels.  (A) Rac1 activation was 
assayed by biotinylated Pak-Crib 
peptide-based pull-down with 
lysates of control and Cav1 
siRNA transfected HeLa cells. 
Bar diagram depicts the relative 
increase in Rac1 expression and 
activation levels in Cav1 siRNA 
treated cells compared to control 
cells, as determined by 
quantification of Western blots 
(n=3). Loss of Cav1 is associated 
with approximately 2-fold 
increase in total and activated 
Rac1 (B) Rac1 activation and 
expression was assayed by 
biotinylated Pak-Crib peptide-
based pulldown in lysates of wild 
type (wt) and Cav1-/- MEFs. Bar 
diagram depicts the relative 
increase in Rac1 expression and 
activation levels in Cav1-
depleted Cav1-/- MEFs compared 
to parental cells, as determined 
by quantification of blots (n=3). 
Like siRNA-based depletion of  
Cav1, loss of Cav1 in Cav1-/- MEFs, shows approximately 2-fold increase in total and activated levels of 
Rac1. (C) SDS lysates of control and Cav1 siRNA-transfected cells were analysed for protein levels of 
Rac1, CDC42 and RhoA, and Rac1 levels in SDS-lysates were also determined in Cav1 siRNA-
transfected HUVEC and in Cav1-/- MEFs. (D) Total cell lysates of HeLa cells were analysed for Rac1 and 
Cav1 expression at 24hrs, 48hrs and 72hrs after transfection with control or Cav1 siRNA, showing a time-
dependent decrease of Cav1 levels and a concomitant increase in Rac1 levels. (E) Rac1 expression levels 
analysed in HeLa cells, 48hrs after shRNA-based depletion of Cav1, using two different Cav1 shRNAs. 
Both Cav1 shRNAs showed an approximate 90% loss of endogenous Cav1, which correlated with a 2-fold 
increase of Rac1 expression levels as determined by quantification of the blots (n=3). (F) Relative mRNA 
expression levels of Rac1 and RhoA normalised to the β-glucuronidase housekeeping gene in control or 
Cav1 siRNA-transfected HeLa cells. Data are means of two independent experiments and show that Cav1 
siRNA does no affect Rac1 or RhoA mRNA levels. 

 
Also under these conditions, Rac1 protein levels were found to be increased  

upon depletion of Cav1 by Cav1-siRNA, which shows that this effect concerns the 

total pool of cellular Rac1. Rac1 protein expression is also increased in SDS-sample 

buffer lysates from siRNA-Cav1 transfected HUVEC, as well as in Cav1-/- MEFs, 

which furthermore shows that the increased expression of Rac1 upon loss of Cav1 is 

not cell-type specific (Fig. 3C). Moreover, two independent Cav1-shRNAs, which 

were taken along as a control for possible off-target effects of the Cav1-siRNA, 

were also found to increase Rac1 protein expression upon silencing of Cav1 (Fig. 

3E).  Unlike Rac1, the protein expression levels of RhoA or CDC42 were not 
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affected by loss of Cav1 (Fig. 3C). Of note, although Cav1 can associate to RhoA 

(Chapter 3;Fig 1a), RhoA-GTP levels have been described to decrease in the 

absence of Cav1 (Grande-Garcia et al., 2007) which further supports the notion that 

the Cav1-dependent regulation of RhoA markedly contrasts with Cav1 regulation of 

Rac1. Finally, since this data suggests that Cav1 affects Rac1 signaling output by 

regulating its protein expression level, we analyzed whether depletion of Cav1 

increases mRNA levels of Rac1. RQ-PCR on cDNA from control and Cav1 siRNA-

transfected cells revealed no changes in the mRNA levels of either Rac1 or RhoA 

(Fig. 3F).  

 

Cav1 regulates Rac1 ubiquitinylation 

Since the increase in Rac1 protein expression following loss of Cav1 could 

not be explained by increased mRNA synthesis, we analysed potential modulation of 

Rac1 degradation as an alternative mechanism. It has been shown previously that 

activated Rac1 can be ubiquitinylated en degraded by the proteasome (Boyer et al., 

2006; Doye et al., 2002; Lerm et al., 1999; Visvikis et al., 2008). To test whether 

Cav1 plays a role in the ubiquitinylation and degradation of Rac1, control- and 

Cav1-siRNA transfected cells were co-transfected with His-tagged ubiquitin, to 

isolate endogenous ubiquitinated Rac1 by a cobalt-beads-based approach (Fig. 4A). 

SiRNA-mediated depletion of Cav1 induced a 4-fold accumulation of mono-

ubiquitinated, endogenous Rac1, which migrates at an apparent Mw of 30kD on 

SDS-PAGE. In contrast, the levels of poly-ubiquitinylated Rac1 were reduced to 

approximately 25% in the absence of Cav1. Thus, Cav1 regulates poly-

ubiquitinylation and likely also the consequent degradation of Rac1, which may 

explain the increase in Rac1 protein levels upon loss of Cav1 expression. As Rac1 

degradation is driven by the proteasome, we tested if treatment of wt and Cav1-/- 

MEFs with proteasome inhibitors would level the increase in Rac1 protein levels in 

Cav1-depleted cells. However, these experiments were inconclusive since 4 hrs of 

treatment with a proteasome inhibitor is toxic to the cells, precluding further 

analysis.  
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Since integrins mediate Rac1 activation (Price et al., 1998) and adhesion 

regulates the Rac1-Cav1 interaction, we tested whether loss of integrin function 

would also affect the ubiquitinylation of Rac1. We found that in cells kept in 

suspension for two hrs mono- as well as poly-ubiquitinylation of endogenous Rac1 

was inhibited, relative to its ubiquitinylation in adherent cells (Fig. 4B). Thus, 

integrins regulate Rac1 activation (Price et al., 1998) and ubiquitinylation. 
 

Figure 4. Cav1 regulates 
Rac1 ubiquitinylation (A) 
Endogenous, ubiquitinated 
Rac1 was isolated by 
cobalt-bead-based pull-
down from lysates of 
control and Cav1 siRNA-
transfected HeLa cells co-
transfected with 6xHis-
myc-tagged ubiquitin. Two 
exposures of the Western 
blot are shown to  
underscore the increase in 
mono-ubiquitinated 
endogenous Rac1 (short 
exposure, left) and the 
reduction in poly- 
ubiquinated Rac1 (long 

exposure, right) in the cells transfected with the Cav1 siRNA. The relative differences in mono-and poly-
ubiquitinylation were quantified by densitometry (n=3) and are indicated in the bar graphs. In addition, 
the sizes of the various ubiquitinated forms of Rac1 (Rac1 ~22kD, Rac1-Ub ~30 kD; Rac1-Ub2 ~38 kD; 
Rac1-Ub3 ~46 kD and Rac1-Ub4 ~54 kD ) are indicated. (B) Analysis of adhesion-dependent mono-
ubiquitinatination of endogenous Rac1 in Hela cells. Prior to lysis and isolation of ubiquitinated proteins, 
cells transfected with 6xHis-myc-tagged ubiquitin were either seeded on fibronectin for 2 hrs or kept in 
suspension. Western blotting following isolation of ubiquitinated proteins was used to detect mono-
ubiquitinated Rac1 (short exposure, left) and poly-ubiquitinated Rac1 (long exposure, right) as detected 
by immuno-staining with a Rac1 antibody. 
 

Rac1 ubiquitinylation regulates peripheral Rac1 dynamics 

Previous studies, with activation of endogenous Rac1 by CNF1 toxin or 

using expression of activated Rac1 mutants, have clearly demonstrated the positive 

correlation between Rac1 activation, its ubiquitinylation and its consequent 

degradation (Doye et al., 2002; Pop et al., 2004; Visvikis et al., 2008).  
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Figure 5. Ubiquitinylation is not 
required for Rac1 targeting (A) 
Ubiquitinylation of HA-tagged 
Rac1Q61L or Rac1Q61LK147R 
was analysed as in Fig. 4. 
Immunoblots were stained for HA 
to detect ubiquitinated Rac1. (B) 
Effector binding of Rac1Q61L and 
Rac1Q61LK147R was assayed with 
a Pak-Crib peptide-based pulldown. 
Ubiquitinylation of activated Rac1 
is not required for binding to the 
PAK-Crib domain. (C) Confocal 
imaging of immunostainings 
showing that Rac1Q61K147R 
localises to β-Pix-positive FAs 
(upper panels) and to membrane 
ruffles as identified by F-actin 
(lower panels, arrows). Bar, 10μm. 
(D) HeLa cells transfected with 
myc-tagged Rac1Q61LK147R were 
stained for (co) localisation of 
Rac1Q61LK147R and endogenous 
Cav1 as seen in the upper-right cell. 
The lower left cell is untransfected 
and shows Cav1 primarily at the 
rear of the cell. The zoom 
underscores the colocalisation of 
Rac1Q61LK147R and Cav1 at 
peripheral sites of adhesion. Bar, 
20μm. (E) Still images and 
corresponding kymograph analysis, 
derived from the indicated line (t  
(time), 25 sec, d (distance), 1μm) 
obtained by live-cell imaging of 
YFP-tagged Rac1Q61L and 
mCherry-tagged Rac1Q61LK147. 
(F) Still images of live cell analysis 
of mCherry wt Rac1 and mCherry 
K147R wt Rac1. K147R wt Rac1 
that can not be ubiquitinated 
localized more prominently to 
peripheral ruffles, compared to the 
wt Rac1. Bar, 1μm. 

 

 

 

However, the relevance of ubiquitinylation for Rac1 localization or 

signaling has not been previously investigated. Whereas constitutively active 

Rac1Q61L shows extensive poly-ubiquitinylation, an activated mutant in which 

lysine 147 is mutated (Rac1Q61LK147R) (Visvikis et al., 2008) is not ubiquitinated 

at all (Fig. 5A). Activated Rac1 and the K147 mutant bind equally well to the CRIB 
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domain of PAK, and localise readily to β-Pix-positive FAs and membrane ruffles 

(Fig. 5B,C). Interestingly, Rac1- induced recruitment of Cav1 to peripheral 

adhesions is not driven by (mono-)ubiquitinylation of Rac1, as Rac1Q61LK147R 

still promotes Cav1 localisation at such adhesions  (Fig. 5D). 

These data therefore suggest that neither the targeting of Rac1, nor its 

interaction with the effector protein PAK requires its ubiquitinylation. In line with 

this idea, expression of the Rac1Q61LK147R protein, like Rac1Q61L, stimulated 

peripheral membrane ruffling. However, live cell-analysis of these peripheral 

membranes showed that the Rac1Q61LK147R protein markedly accumulates at the 

periphery of the cell, as compared to the Rac1Q61L protein (Fig. 5E, Supplementary 

movies 1,2). Moreover, activated Rac1Q61L was seen in regions near and in ruffles, 

whereas the Rac1Q61LK147 protein localized to a more stable and narrow region 

near the peripheral membrane. Similarly, live-cell analysis of a mCherry-Rac1wt 

K147R mutant showed that this protein also localised more prominently at 

peripheral ruffles, compared to mCherry Rac1 wt (Fig. 5F). These data suggest that 

ubiquitinylation of Rac1 neither impairs its targeting to the periphery of the cell, nor 

affects Rac1 binding to effector proteins, but is important for Rac1 dynamics in 

peripheral membrane ruffles.  

 

Discussion 

The cycling of Rho-like GTPases, regulated by GEFs and GAPs, is generally 

assumed to be the principal mechanism by which cells ensure proper activation and 

inactivation of these GTPases at the correct time and location (Bos et al., 2007; 

Rossman et al., 2005). However, there is increasing evidence that regulation of 

RhoGTPase signalling by ubiquitinylation and degradation occurs as well. Whereas 

the initial studies in this field were mainly based on the use of the RhoGTPase-

activating toxin CNF1, the identification of the RhoA ubiquitin-ligase Smurf1 has 

generated novel insights in the role of GTPase ubiquitinylation in the regulation of 

cell polarity. Smurf1 is recruited to cellular protrusions by the a-typical protein 

kinase zeta, and locally regulates RhoA levels (Wang et al., 2003), cell protrusion as 

well as cell migration (Sahai et al., 2007). This supports the concept that localized 
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degradation may represent one of the mechanisms to regulate polarized GTPase 

activation (Kraynov et al., 2000) and ultimately directional cell migration. 

 In contrast to RhoA, cellular components regulating the degradation of 

Rac1 have not yet been identified. Previous studies, based on CNF1-induced 

activation and degradation of Rac1 have underscored the relevance of the 

hypervariable domain in its C-terminus for degradation (Lanning et al., 2004; Pop et 

al., 2004).  In line with the high sequence diversity in this region between, otherwise 

very homologous, Rac isoforms it was shown that CNF1-induced degradation is 

isoform-specific and can in fact be transferred by exchanging the hypervariable 

domain of Rac1 (Pop et al., 2004). Yet, the site for ubiquitinylation in Rac1, Lys 

147, does not reside in the C-terminus but is located more upstream in the protein 

(Visvikis et al., 2008). Thus, the C-terminal domain of Rac1 mediates a function 

and/or interaction that allows ubiquitinylation further upstream in the protein. Our 

current findings suggest that the interaction between Rac1 and Cav1, mediated by 

the Rac1 hypervariable C-terminal domain, is part of an adhesion-regulated 

mechanism that controls the Rac1 ubiquitinylation and degradation.   

In polarized cells, most of the Cav1 localizes to the rear (Fig. 2 A) near 

areas of elevated contractility. This polarized distribution is in good agreement with 

its positive regulatory role in RhoA signalling (Grande-Garcia et al., 2007; Joshi et 

al., 2008). Moreover, we found that loss of Cav1 does not alter the protein levels of 

RhoA, the activity of which is critical for myosin-based contractility at the rear end 

of migrating cells. Given the role of Cav1 in Rac1 degradation, the concept of 

localized GTPase degradation in polarized cells that has been proposed for RhoA 

(Wang et al., 2003), may also apply to Rac1. Rac1 activity is high in the leading 

edge of polarized cells, away from the majority of Cav1 protein, but our data suggest 

that a portion of Cav1 is recruited to leading-edge FAs as a result of local activation 

of Rac1. The high levels of Cav1 at the rear end of polarized cells may serve to 

maintain Rac1 activity at a low level, locally preventing protrusive activity 

(Worthylake and Burridge, 2003).  

The finding that reduction of Cav1 expression results in the accumulation 

of (activated) non-ubiquitinated Rac1 and of mono-ubiquitinated Rac1, but not of 
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poly-ubiquitinated Rac1, suggests which Cav1 plays a specific role in the regulation 

of poly-ubiquitinylation and subsequent degradation of Rac1. For some proteins, 

such as Ras and the EGF-receptor, mono-ubiquitinylation is a trigger for 

internalization and signal transduction, e.g. at endosomes  (Haglund et al., 2003; 

Jura et al., 2006; Mukherjee et al., 2006). It is currently unclear at what subcellular 

location Rac1 ubiquitinylation and degradation occurs. Cav1 has been implicated in 

integrin-dependent internalization of Rac1-containing membrane domains which, is 

accompanied by a loss of Rac1-effector interactions (del Pozo et al., 2004; del Pozo 

et al., 2005). Since loss of Cav1 does not impair mono-ubiquitinylation of Rac1, this 

step may occur prior to Cav1-mediated internalization and subsequent poly-

ubiquitinylation. Whether mono-ubiquitinylation of Rac1 mediates Rac1 

internalization is currently subject of investigation.  

The cycling of Rho-like GTPases, regulated by GEFs and GAPs, is 

generally assumed to control localized activation and inactivation of these GTPases 

(Bos et al., 2007). Our current findings indicate that in the absence of Cav1, the 

levels of activated, endogenous Rac1 remain elevated over prolonged periods of 

time (i.e. 48 hrs). In line with this observation, interfering with this pathway by 

reducing Cav1 results in the accumulation of activated Rac1 and induction of a Rac1 

phenotype i.e. increased cell spreading, loss of polarity and consequently reduced 

directional migration. This suggests that endogenous Rac1-GAP activity is not 

sufficient to counteract this accumulation of GTP-loaded Rac1, indicating that the 

degradation of activated Rac1 represents an important complementary mechanism to 

control Rac1 signaling.  Interestingly, a similar finding was recently reported for 

RhoA and its ubiquitinylation by a Cullin3/BACURD complex, as siRNA-mediated 

knockdown of Cul3 not only increased the levels of total RhoA, but also of its 

activated, GTP-bound form (Chen et al., 2009).  
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Figure 6. A model for the regulation of Rac1 activation and inactivation. Integrin-ligand interactions 

promote Rac1 activation (1), which, together with β–Pix, induce the accumulation of Rac1 at peripheral 

adhesions. Rac1 in activation is balanced by (2) GAP-stimulated GTP hydrolysis, as well as by a Rac1-

ubiquitinylation pathway (3), which is regulated by Cav1 (4). Loss of Cav1 is associated with reduced 

poly-ubiquitinylation of Rac1, and with an accumulation of mono-ubiquitinated Rac1, as well as activated 

and total Rac1. 

 

In conclusion, our previous and current data suggest the following model 

(Fig. 6). In polarized cells, integrin-mediated adhesion recruits the GEF β-PIX to 

leading edge FAs (ten Klooster et al., 2006), followed by PIX-mediated recruitment 

and local activation of Rac1 at FAs. Rac1 activity recruits Cav1 to FAs, and integrin 

activation promotes the Rac1-Cav1 association. Cav1 subsequently controls efficient 

termination of Rac1 signalling by regulating Rac1 poly-ubiquitinylation and 

degradation. Future experiments will be aimed at defining the subcellular 

localisation of the different steps in the Rac1 ubiquitinylation pathway as well as the 

identification of the relevant E3 ligase. The polarized distribution of Cav1 and its 

role in Rac1 ubiquitinylation provide further support for the concept of localized 

protein degradation in polarized cells. 
 

Materials and Methods  
 
Antibodies and reagents The following antibodies were used: anti-Caveolin-1 (610493), anti-Caveolin-2 
(610684), anti-pY14-Caveolin-1 (610059), anti-Paxillin (610619) (all fromBD bioscience) anti-Rac1 
(clone 23A8) and anti-beta-pix (AB3829) (both from Millipore), anti-RhoA (sc-418) and I1PP2A (Santa 
Cruz), anti-pY118Paxillin (44-722G) (Invitrogen), anti-GFP (JL-8; Clontech), anti-c-myc (Zymed). F-
actin was stained with rhodamine-labeled phalloidin (Invitrogen). The Rac1 inhibitors EHT1864 and 
NSC23766 were obtained from Sigma and Calbiochem, respectively. Confocal imaging of 
immunostained samples as well as live cell imaging was done using a ZEISS LSM510 Meta system in 
combination with ZEISS Zen software for analysis and processing. All data are representative for at 3 or 
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more experiments, unless otherwise indicated. Movies are representative for at least 3-10 cells, analysed 
individually. 
Cell culture HeLa cells were maintained in Iscove’s Modified Dulbecco’s Medium (IMDM; 
BioWhittaker) containing 10% heat inactivated FCS (Bodinco), 2mM L-glutamine and 
Penicillin/streptomycin (all purchased from PAA Cell Culture Company). Cells were passed by 
trypsinization. HUVEC were obtained from Lonza and cultured in EGM2 medium (Lonza) prepared 
according to the manufacturers instructions. Cav1 -/- knockout (ATCC-CRL-2752) and parental wt 
mouse embryonic fibroblasts (ATCC-CRL-2753) were obtained from ATCC and cultured in Dulbecco’s 
Modified Eagle’s medium (DMEM) containing 10% heat inactivated FCS (Bodinco), 2mM L-glutamine 
and Penicillin/streptomycin. All cells were grown at 37°C in a humidified atmosphere containing 5% 
CO2. 
Cell transfection and DNA constructs HeLa cells were transiently transfected with FuGene (Roche) as 
described by the manufacturer. Briefly; 1 μg DNA was mixed with 6 μl of Fugene in 100μl Optimem 
(51985026) (Invitrogen) and incubated for 30 min at RT, after which the transfection mix was applied to 
50% confluent cells. The following constructs were used: GFP-Cav1 (kind gift from M.A. Schwartz, 
University of Virginia, Charlottesville VA, USA). GFP-CavY14F was constructed by site-directed 
mutagenesis (Stratagene). 6xHis-myc-tagged ubiquitin expression plasmid, originally from R.R. Kopito 
(Ward et al.,1995) was kindly provided by J. Bertoglio (Inserm U749, France). Myc-Cav1 was kindly 
provided by D. Anderson (Machleidt et al., 2000). pCMV myc-tagged Rac1Q61L was subcloned into 
pCruz HA-tagged expression vector (sc-5045), after which Rac1Q61L K147R was generated by site-
directed mutagenesis (Stratagene). In parallel, Rac1Q61L and Rac1Q61L K147R were subsequently 
cloned in pE-YFP-(C1) and m-Cherry (C1)-tagged constructs. The same protocol has been used for wt 
Rac1. CNF1 was isolated as previously described (Schmidt et al., 1997). Cells were incubated with 
500ng/ml purified GST-CNF1 toxin, as indicated. 
Design and transfection of siRNA oligos HeLa cells (4.10e5) were passed by trypsinisation in a 10cm 
dish, neutralised with complete IMDM, and cultured o/n in Opti-mem® I medium (Invitrogen). After 18 
hrs, siRNA transfection mix containing siRNA primers (87μl of 20μM) and Oligofectamine (87ul) was 
prepared in Opti-mem® I medium according manufacturer’s protocol (Invitrogen) and incubated for 30’ 
at RT. During this incubation the Opti-mem® I medium on the cells was replaced for IMDM complete 
medium. Transfection medium was removed 24 hrs after transfection by replacing the culture medium 
with complete IMDM. The following chemically synthesized, double-stranded siRNAs, with 19-nt duplex 
RNA and 2nt 3’dTdT , purchased from Eurogentec in non-modified and desalted form, were used: 
Caveolin-1 siRNA primers AAUCUCAAUCAGGAAGCUC (5’-3’) and 
GAGCUUCCUGAUUGAGAUU (5’-3’) (Beardsley et al., 2005). Rac1 siRNA primers 
GAGGAAGAGAAAAUGCCU (5’-3’) and CAGGCAUUUUCUCUUCCUC (5’-3’) (Noritake et al., 
2004). As a nonspecific control in this study, we used siRNA against a luciferase reporter gene: 
CGUACGCGGAAUACUUCGA (5’-3’) and GCAUGCGCCUUAUGAAGCU (5’-3’).   
Lentiviral shRNAi silencing Lentiviral shRNA constructs from the TRC/Sigma Mission library (Root et 
al., 2006) were obtained from Sigma-Aldrich (St. Louis, MI). The human CAV1-specific constructs used 
were: TRCN0000007999-8002 (called A6-A9) and TRCN0000011218 (called A5). The SHC002 
scrambled shRNA construct (Sigma-Aldrich) was used as a negative control. All shRNA constructs were 
in the pLKO.1 vector backbone. shRNA-expressing lentiviral particles were prepared by transfection of 
HEK293T cells with pLKO.1 shRNA plasmid, together with the pMD2.G, pMDLg/RRE, and pRSV-Rev  
third-generation HIV-1 packaging plasmids (Dull et al., 1998; Hope et al., 1990) obtained through 
Addgene, Cambridge, MA), using Fugene HD (Roche 04709713001, Almere, The Netherlands). Virus-
containing medium was collected for three days post-transfection and cleaned up by filtration through a 
0.45 µm PVDF filter unit (Millipore SLHV033RS, Amsterdam, The Netherlands). Virus was further 
purified and concentrated 60 to 80-fold by centrifugation for 65 min at 32,000 rpm in a Beckman SW32.1 
rotor (Beckman-Coulter, Mijdrecht, The Netherlands). shRNA-expressing virus titer was determined by 
functional titration on  target cells with the pLKO.1 puromycin selection marker. The lowest amount of 
virus giving >90% puromycin resistance was taken to represent an M.O.I (multiplicity of infection) of 2-
3. Target cells were infected with this M.O.I., and 24h after the addition of virus medium was refreshed. 
Cells were harvested after 48hrs, and Cav1 knockdown was determined with Western blot.  
RNA extraction, Reverse Transcription and RQ-PCR Total cellular RNA from control and Cav1 
knockdown cells was extracted with RNAbee (Bioconnect,) according to the manufacturer’s instructions. 
cDNA was synthesized from 1 μg of total RNA according to the European Against Cancer (EAC) 
guidelines (Gabert et al., 2003). Primers for RAC1 and RHOA were designed using Primer Express 1.5 
(Applied Biosystems, Foster City, CA) and Oligo 6 (Molecular Biology Insights Inc, Cascade, CO) on the 



 79

basis of published gene sequences (http://www.ncbi.nlm.nih.gov/). Amplicons spanned an intron of at 
least 500 base pairs. Primers were synthesized by Eurogentec (Liege, Belgium). Primer combination for 
RAC1: forward primer 5’-CCTGATGCAGGCCATCAAG-3’; reverse primer 5’- 
AGTAGGGATATATTCTCCAGGAAATGC-3’. Primer combination for RHOA: forward primer 5’- 
GGACTCGGATTCGTTGCCT-3; reverse primer 5’-CCATCACCAACAATCACCAGTT-3’. Primer 
combination for β -glucuronidase (GUS): forward primer 5’-GAAAATATGTGGTTGGAGAGCTCATT-
3’; reverse primer 5’-CCGAGTGAAGATCCCCTTTTTA-3’. RQ-PCR was performed in an Applied 
Biosystems 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster city, CA). Reactions were 
carried out in 25 μl  containing 12.5 μl SYBR GREEN PCR Master Mix (Applied Biosystems), 300 nM 
forward and reverse primer, 5μl cDNA (100ng RNA equivalents) and started with 10 minutes at  95°C 
followed by 50 cycles of 15 s at 95°C and 60 s at 60°C.  The specificity of all PCR products was 
determined by melt curve analysis. To correct for differences in the amount of total RNA input and for 
RT-efficiency, the quantity of the RAC1 and RHOA transcripts was normalized to the amount of GUS 
gene transcripts. 
Pull-down assays Peptide pull-down assays were performed as described previously (ten Klooster et al., 
2006). In short, each assay was performed with 5 μg of indicated biotin-labelled peptide, 25μl 
streptavidin-coated beads (Sigma-Aldrich) in NP-40 lysisbuffer (50mM Tris-HCl, 150mM NaCL, 10mM 
MgCL2, 10% glycerol, 1% NP-40). All peptides were fused to a protein transduction domain sequence 
YARAAARQARA , which was also used as a control in the pull-down experiments (van Hennik et al., 
2003). GST-fusion proteins were purified from BL21 bacteria as described (ten Klooster et al., 2006), 
after which 100 μg of indicated GST-fusion constructs were used in each pull-down. Rac1 activation was 
assayed by a CRIB-peptide pull-down approach as previously described (Price et al., 2003).  Mass 
spectrometry analysis for the identification of Cav1 was done as described (Kanters et al., 2008). 
Peptide synthesis Peptides were synthesized on a peptide synthesizer (Syro II) with Fmoc solid phase 
chemistry. Peptides encoded a biotinylated protein transduction domain (Biotin-YARAAARQARAG) 
(Ho et al., 2001) followed by the 10 amino acids proceeding the CAAX domain for all used RhoGTPase 
peptides. The sequences of the Rac1 (P-A) and the Rac1 (RKR-AAA) mutants are respectively: 
CAAAVKKRKRK and CPPPVKKAAAK. The biotinylated protein transduction domain for the 
Cavtratin peptide (Gratton et al., 2003) was followed by 20 amino acids corresponding to the scaffolding 
domain (amino acids 82-101) of Cav1: DGIWKASFTTFTVTKYWFYR. 
Rac1 ubiquitinylation assay To detect endogenous, ubiquitinated Rac1 in HeLa cells, cells were 
transfected with 6xHis-myc-tagged Ubiquitin. Twenty-four hrs after transfection, cells were washed with 
PBS (containing Mg2+ and Ca2+) at RT and lysed for 5 min in Urea buffer (20mM Tris–HCl, pH 7,5 200 
mM NaCl,10 mM Imidazol, 0.1% Triton X-100 in 8M urea). Cells were scraped, collected and incubated 
for 5 min at 37°C and centrifuged 5 min at 14000x rpm, after which the supernatant was incubated with 
25 µl of prewashed, blocked (1hr RT with 200 µg/ml BSA) Talon beads (Clontech) at RT for 1hr while 
rotating. Beads were washed 5 times with urea buffer and resuspended in SDS sample buffer. 
Endogenous, ubiquitinated Rac1 was detected by western-blotting for Rac1.  
Cell migration Serum- starved control and Cav1 siRNA transfected HeLa cells were seeded 48 hrs after 
transfection in fibronectin-coated 6.5 mm, 5-µm pore Transwell (100.000 cells/well) plates (Corning 
Costar, Cambridge MA).  Cells were subsequently allowed to migrate for 4 hrs towards IMDM with 10% 
FCS in the lower compartment. Cells in the upper compartment were removed with a cotton swab and the 
cells in the lower compartment were fixed and stained with Hoechst (Invitrogen). The number of 
migrated cells was determined by manual counting of fluorescent stained nuclei.  
Electrical resistance measurements For ECIS-based cell spreading experiments (ten Klooster et al., 
2006), ECIS electrodes (8W10E; Applied Biophysics) were coated with 10μg/ml fibronectin (Sigma) in 
PBS for 1 h 37°C.  200.000 Cells of siRNA transfected HeLa cells were seeded per well in 400μl IMDM 
containing 10% FCS, L-glutamine and Penicillin/streptomycin. Cell spreading was monitored by 
measuring the impedance for up to 4 hrs. 
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Summary 

The formation of homotypic cell-cell contacts regulates the integrity of 

endothelial and epithelial monolayers and is essential for tissue morphogenesis. 

Conversely, loss of cell-cell contacts is a hallmark of cellular transformation 

and tumour cell metastasis. The Rho-GTPase Rac1 promotes actin 

polymerization and membrane protrusion that mediate the initiation and 

subsequent maturation of intercellular contacts1. Here we report that activated 

Rac1 associates to the E3 ubiquitin ligase Nedd4-1 and that Rac1 stimulates the 

formation of cell-cell contact through a pathway in which Nedd4-1 acts as a 

central regulator2,3,4. Depletion of Nedd4-1 reduced transepithelial electrical 

resistance (TER) and disrupted the localisation of adherens as well as tight 

junction markers. In addition, Nedd4-1-expressing cells show decreased levels 

of stable, acetylated microtubules (MTs), which alters the directionality of MT-

linked traffic and may interfere with maturation of cell-cell contacts5-8. The 

adapter protein Dishevelled-1 (DVL-1) is a regulator of MT stability and 

harbours a PPXY motif, a feature of Nedd4-1 substrates9,10. Nedd4-1 promoted 

ubiquitylation and degradation of DVL-1 which reduced MT-acetylation. 

Conversely, induction of MT-acetylation impaired junctional maturation. Thus, 

we propose that Nedd4-1, in conjunction with activated Rac1, regulates DVL-1 

expression and MT-stability to promote the maturation of cell-cell contacts. 

 

Results 

A mass spectrometry-based screen for proteins, interacting with a peptide 

resembling the Rac1 C-terminus11,12, revealed that the HECT (Homologous to the 

E6-AP Carboxyl Terminus) E3 ubiquitin ligase Nedd4-1 is a Rac1-binding protein 

(Supplementary Information Fig. S1a). Additional pull-down experiments showed 

that endogenous Nedd4-1 binds most efficiently to the Rac1 C-terminus whereas 

binding to the C-termini of other RhoGTPases is either weak (e.g. Rac3) or 

undetectable (Fig. 1a). A GST-Rac1ΔC fusion protein, which lacks the Rac1 C-

terminus, showed a reduced binding to Nedd4-1 as compared to full-length GST-

Rac1 indicating that the Rac1 C-terminus is both necessary and sufficient for 
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Nedd4-1 binding (Fig. 1a,b). Use of peptides encoding mutations within the Rac1 C-

terminal domain showed that the polybasic region, rather than the proline-stretch, 

mediates Rac1 binding to Nedd4-1 (Supplementary Information, Fig. S1b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1 Nedd4-1 binds to Rac1 and regulates cell- 
cell junctions. (a) Biotinylated peptides encoding the 
C-terminal hypervariable domains of different 
RhoGTPases were assayed for binding to endogenous 
Nedd4-1 in streptavidin-based peptide pull-down 
assays. (b) Bacterially expressed and purified GST-
tagged Rac1 and Rac1ΔC, which lacked the C-terminal 
region, were examined for binding to HA-tagged 
Nedd4-1. (c) Immuno-precipitated myc-tagged inactive 
(N17T) and active (Q61L) Rac1 were analysed by 
SDS-PAGE and western blotting for binding to co-
transfected HA-Nedd4-1 in HeLa cells. (d) HeLa cells,  

transfected with myc-Rac1Q61L were fixed and stained for endogenous Nedd4-1 and myc. Subsequent z-
stacks along the indicated dashed line were analysed for co-localisation of Nedd4-1 with active Rac1. 
Arrows indicate co-localisation of Nedd4-1 with active Rac1 at the cell-cell junctions and membrane 
ruffles, with arrows at the corresponding positions in the XZ image. (Scale bar, 10μm) (e) HeLa cells 
were fixed and immuno-stained for endogenous Nedd4-1 and β-catenin. Arrows indicate the absence of 
Nedd4-1 at jagged, immature junctions in contrast to its presence at mature junctions (Scale bar, 20μm) 
(f,g) H292 lung epithelial cells were fixed 48hrs following transfection with indicated lenti-viral control 
and Nedd4-1 shRNAs and immuno-stained for (f) endogenous β-catenin and γ-catenin as markers for 
adherens junctions and for endogenous ZO-1 (g) as a marker for tight junctions. X/Z images were derived 
from Z-stack sections along the dashed lines. (Scale bar, 15μm) (g) Arrows in g indicate ZO-1 in tight 
junctions in control H292 cells which is lost following depletion of Nedd4-1.  
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Finally, immunoprecipitation of inactive (Rac1N17T) and active 

(Rac1Q61L) mutants of Rac1, expressed in HeLa cells, showed that Nedd4-1 binds 

most efficiently to activated Rac1 (Fig. 1c). Together, these results identify Nedd4-1 

as a novel Rac1-effector that interacts with Rac1 through binding of the Rac1 

hypervariable C-terminal domain. Subsequent analysis by confocal microscopy 

revealed that endogenous Nedd4-1 co-localises with Rac1Q61L at cell-cell contacts 

and peripheral membrane ruffles in HeLa cells (Fig. 1d). Activated Rac1 also 

localises to Focal Adhesions (FAs)11, but Nedd4-1 could not be detected at these 

sites (Fig. 1d). Interestingly, Nedd4-1 was absent from immature junctions 

characterised by a jagged β-catenin staining, but co-localized with β-catenin at 

mature, well organized cell-cell contacts (Fig. 1e). To define the function of Nedd4-

1 at cellular junctions, we used lentiviral shRNAs to deplete endogenous Nedd4-1 in 

HeLa cells and in H292 lung epithelial cells (Supplementary Information, Fig. S2a). 

Reduction of Nedd4-1 expression notably affected the cell-cell junctions in both 

epithelial cell types, as shown by the disturbed integrity of adherens and tight 

junctions, identified by β- and γ-catenin and by ZO-I, respectively (Fig. 1f,g, 

Supplementary Information, Fig. S2b). Re-expression of shRNA-resistant, murine 

Nedd4-1 rescued junctional integrity as revealed by restored distribution of β-

catenin (Supplementary Information, Fig. S3a)  

To further establish the relevance of Nedd4-1 for epithelial integrity, 

Nedd4-1-depleted lung epithelial cells were seeded on gold electrodes, and TER was 

recorded by Electrical Cell-substrate Impedance Sensing (ECIS) in real time11. 

Nedd4-1 shRNA-expressing cells showed reduced epithelial monolayer integrity as 

compared to the controls (Fig. 2a). To analyse this putative defect in junctional 

maturation further, we used a calcium switch assay12, that allows analysis of loss and 

formation of cell-cell contact upon EGTA-mediated depletion and re-addition of 

extracellular calcium. Calcium depletion by EGTA resulted in a loss of Nedd4-1 

accumulation at intercellular junctions of H292 lung epithelial cells (Fig. 2b). One 

hour after EGTA washout and re-addition of calcium, accumulation of Nedd4-1 at 

cell-cell contacts was not detectable. However, at 5 hours after calcium re-addition, 
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Nedd4-1 concentrated at intercellular junctions, confirming the notion that Nedd4-1 

localizes at mature cell-cell contacts (Fig. 2b).  

Nedd4-1-mediated promotion of junction maturation was next examined by 

analysing TER of HeLa cells expressing GFP as a control or full-length human 

GFP-Nedd4-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2 Nedd4-1 promotes cell junction 
maturation and decreases MT acetylation. (a) 
Cell spreading and monolayer formation of 
control and Nedd4-1 shRNA transduced H292 
cells were analysed by ECIS on fibronectin-
coated gold-electrodes and plotted as 
normalised resistance (n = 4 +/- s.e.m). (b) 
Representative confocal images of H929 cells 
immunostained for endogenous Nedd4-1 and 
β-catenin, upon disruption by EGTA (upper 
panel) and reformation of cell junctions (1hr 
and 5 hr washout), in  a calcium switch assay.  

Profile scan along the dashed line was used to underscore loss and restoration of co-localisation of 
Nedd4-1 with β-catenin. (c) Real-time analysis of cell spreading and monolayer formation of GFP-empty 
vector and GFP-Nedd4-1 sorted HeLa cells by ECIS on fibronectin-coated gold-electrodes and plotted as 
as normalised resistance (n = 4 +/- s.e.m). (d) Confocal images show that H292 cells expressing GFP-
Nedd4-1 show reduced levels of actylated MTs as deduced by immunostaining for acetylated tubulin 
(Scale bar,15 μm). 

 

Following the initial spreading phase (2-4 hours), expression of GFP-

Nedd4-1 significantly increased TER as compared to the GFP-expressing cells, 
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indicative for strong cell-cell contact and junctional maturation (Fig. 2c). Together, 

these findings show that Nedd4-1, in conjunction with activated Rac113, promotes 

the formation of epithelial cell-cell contacts. Because cell-cell adhesion is regulated 

by cytoskeletal dynamics, we examined effects of Nedd4-1 expression on the actin 

and microtubule cytoskeleton. We found no major changes in the distribution and 

organisation of F-actin in the absence or presence of Nedd4-1 (not shown). We 

therefore examined the organisation of microtubules (MTs) in more detail because 

MTs contribute to the maturation of cell-cell contacts by facilitating transport of 

junctional proteins such as N-cadherin and connexin-435-7. As deduced from 

confocal imaging, MTs co-localize with β-catenin at cell-cell contacts 

(Supplementary Information, Fig. S3b). Interestingly, we found that GFP-Nedd4-1-

expressing H292 cells showed a marked decrease in the levels of acetylated MTs 

(Fig 2d). Posttranslational modification of MTs by acetylation is a highly conserved 

process comprising conjugation of an acetyl moiety at lysine residue K40 on the 

luminal side of α-tubulin14. Increased levels of acetylated (Ac)-MTs mark an 

increase in MT stability, as deduced from resistance to MT-destabilising compounds 

such as nocodazole (NOC)14. Ac-MTs, as compared to non-Ac-MTs, show different 

binding affinities for MT-linked motor proteins and altered directionality of motor 

protein-mediated vesicular traffic8,15. As a result, increased MT stability could well 

interfere with the maturation of cell-cell junctions. We therefore hypothesised that 

Nedd4-1-mediated downregulation of MT stability promotes cell-cell junction 

maturation. To test this hypothesis, candidate proteins that are known to affect MT 

stability were screened for a PPXY or RXXQE motif, a feature of Nedd4-1 

substrates9. This search identified dishevelled-1 (DVL-1) as a potential substrate for 

Nedd4-1-mediated ubiquitylation. DVL-1 contains an evolutionary conserved PPXY 

motif downstream of its DEP (dishevelled, Egl-10 and pleckstrin homology)-domain 

(Fig. 3a). In addition, DVL-1 was previously found to enhance MT stability10, 

suggesting it could serve as a target for Nedd4-1-regulated junctional maturation.   

To test whether Nedd4-1 regulates DVL-1 stability, the protein levels of 

endogenous DVL-1 were examined in GFP and GFP-Nedd4-1-transfected HeLa 

cells treated for 6 hrs with cycloheximide to block new DVL-1 protein synthesis. 
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Expression of Nedd4-1 reduced the expression of endogenous DVL-1, but not DVL-

2 or DVL-3 (Fig. 3a).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3 Nedd4-1 
regulates ubiquitylation 
and proteasomal 
degradation of DVL-1. (a) 
Sequence alignment of 
DVL family members 
identified a conserved 
PPXY motif in DVL-1, 
identifying DVL-1 as a 
potential Nedd4-1 
substrate.  Protein 
expression levels of 
endogenous DVL-1, -2 and  

-3  were assessed in control and Nedd4-1 transfected HeLa cells, treated for 6hrs with CHX (10μg/ml), 
and assessed by quantification of western blots (n=3+/-s.e.m). (b) Protein stability of DVL family 
members were assessed in H292 cells 48 hrs after transfection with control or Nedd4-1 lentiviral shRNAs 
followed by 6hr incubation with CHX (10μg/ml). (c) Ubiquitylation of cotransfected DVL-1-HA was 
assessed in empty vector, Nedd4-1 or Nedd4-2 transfected HeLa cells, that were treated for 6hrs with 
MG132 (25μM) or chloroquine (100μM) prior to cell lysis and analysis of ubiquitylation. (d) Overview of 
the different DVL-1 truncation mutants used to map the Nedd4-1-binding region and subsequent 
ubiquitylation by Nedd4-1. (e) Nedd4-1-driven ubiquitylation of DVL-1 was analysed using different 
DVL-1-trunction mutants. (f) Bacterially expressed and purified, GST-Nedd4-1 was tested for binding to 
full-length and the indicated truncated versions of DVL-1. (g)  GST-tagged DVL-1 was tested for binding 
to the C2 domain or the WW-region of Nedd4-1. (h) The requirement of the DVL-1 C-terminal region, 
downstream of the DEP domain, for Nedd4-1-driven ubiquitylation was further examined using DVL-1 
truncation constructs. (i) Lysine residues K218,K220, K225 in DVL-1were mutated to arginine to test 
their role in Nedd-1-mediated ubiquitylation.  
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Conversely, cycloheximide-treated cells, which were depleted of Nedd4-1 

by shRNA expression, showed an increase in the levels of endogenous DVL-1, but 

not DVL-2 or DVL-3, in both H292 and HeLa cells (Fig 3b, Supplementary 

Information, Fig. S4a). Of note, the increased protein levels of endogenous DVL-1 

in Nedd4-1-depleted cells did not induce canonical Wnt signalling since the protein 

levels of β- and γ-catenin remained unaffected and did not show any nuclear 

accumulation (Fig. 1f, 3b). Next, ubiquitylation of DVL-1 by Nedd4-1 was analysed 

and compared with that by Nedd4-2, a closely related homologue9. Expression of 

Nedd4-1, but not of Nedd4-2, stimulated the ubiquitylation of full-length HA-DVL-

1 (Fig. 3c). Moreover, inhibition of the proteasome with MG132 significantly 

increased Nedd4-1-mediated ubiquitylation of DVL-1 (Fig. 3c). In contrast, 

ubiquitylation of DVL-1 remained unaffected upon inhibition of lysosomal 

degradation (Fig. 3c), which was recently implicated to control the levels of DVL-

216,17.  

DVL proteins contain three characteristic domains; i.e. an N-terminal DIX 

(Dishevelled-Axin)-domain, involved in (self)-oligomerisation, a central PDZ 

(PSD95, DlgA, ZO-1)-domain and a C-terminal DEP-domain, both involved in 

mediating protein-protein interactions, whereas the DEP domain has also been 

reported to bind lipids18. To map the Nedd4-1-Dvl-1 interaction and to define the 

regions, required for DVL-1 ubiquitylation, we used a series of deletion and 

truncation mutants of DVL-1, schematically depicted in Fig. 3d. Deletion of DVL-1 

DIX (ΔDIX) or PDZ (ΔPDZ) domains did not impair Nedd4-1-mediated 

ubiquitylation of DVL-1 (Fig. 3e). In contrast, truncation of the DEP-C-terminal 

region (ΔDEP-tail) completely blocked Nedd4-1-mediated ubiquitylation of DVL-1 

(Fig. 3e). This could be explained by the lack of binding between Nedd4-1 and the 

DVL-1 protein lacking the DEP-domain and C-terminal region (ΔDEP-tail), as 

shown by GST-fusion protein pull-down experiments (Fig. 3f). Expression of a 

partial DVL-1 protein comprising the DEP-C-terminal region (DEP-tail, Fig. 3d) 

confirmed that this region is sufficient for binding to Nedd4-1 (Fig. 3f). Conversely, 

using Nedd4-1 truncation constructs we found that the WW-region of Nedd4-1, 
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previously reported to be required for substrate recognition9, was sufficient for 

binding to GST-tagged full-length DVL-1 (Fig. 3g).  

To determine which regions are required for the ubiquitylation by Nedd4-1, 

we used deletion and point mutants within DVL-1. Deletion of the DEP domain and 

the adjacent C-terminal region completely abrogated Nedd4-1-dependent 

ubiquitylation (Fig. 3e), despite the fact that this region is sufficient to bind Nedd4-1 

(Fig. 3f). A construct lacking the C-terminus, but including the DEP domain (DVL-

1-Δtail) was efficiently ubiquitylated by Nedd4-1 in contrast to a DVL-1 protein 

lacking both the DEP-domain and adjacent C-terminal portion (Fig. 3h). Point 

mutations within the PPXY motif showed that this motif also contributes to efficient 

ubiquitylation by Nedd4-1 (Supplementary Information, Fig. S4b) These data show 

that the DEP domain, in conjunction with the PPXY motif, is required for efficient 

ubiquitylation of DVL-1 by Nedd4-1.  

Although the DVL-1 DEP-C-terminal region can associate with Nedd4-1 

(Fig. 3f), this portion of the protein was not sufficient for ubiquitylation by Nedd4-1 

(Fig. 3h). Therefore, we reasoned that neither the DEP C-terminal region, nor the 

DIX and PDZ domains (Fig. 3e) encode the lysine residue(s) required for the 

ubiquitylation of DVL-1. Consequently, the three remaining conserved lysine 

residues (K118, K220, K225) C-terminal to the DIX domain are the most likely 

target sites for Nedd4-1-mediated ubiquitylation of DVL-1. Removal of the region 

in DVL-1 (DVL1 PDZ-tail, Fig. 3d) as well as substitution of these three lysines by 

arginines in the full length DVL-1 protein (DVL-1-3KR) showed that these residues 

allow efficient ubiquitylation of DVL-1 by Nedd4-1 (Fig. 3i). In summary, these 

data suggest that Nedd4-1 binds DVL-1 through the DEP domain and ubiquitylates a 

lysine-rich region between the DIX and PDZ-domain, resulting in proteasome-

dependent degradation of DVL-1.  

Ectopic expression of DVL-1-HA in HeLa cells showed that DVL-1 

accumulated in puncta throughout the cytoplasm (Fig. 4a), in line with earlier 

observations19. DVL-1 co-localised with Nedd4-1 throughout the cytoplasm and at 

β-catenin-positive cell-cell contacts (Fig. 4a). To test whether Nedd4-1 localisation 

at cell-cell junctions was essential for DVL-1 ubiquitylation, we constructed a 
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Nedd4-1 mutant lacking the C2 domain (ΔC2-Nedd4-1), which regulates Nedd4-1 

translocation to the plasma membrane20. This mutant did not localise to cell-cell 

contacts (Fig. 4b). Moreover, the ΔC2-Nedd4-1 protein, similar as the inactive 

C867S-Nedd4-19, strongly reduced Nedd4-1-mediated DVL-1 ubiquitylation (Fig. 

4c), even though ΔC2-Nedd4-1 is considered to be constitutively active because the 

C2 domain is auto-inhibitory21.  

 
Figure 4 Nedd4-1 down-regulates DVL-1 at cell-cell 
junctions. (a) (Co)localisation of GFP-Nedd4-1 with 
HA-DVL-1 was examined in H292 cells (Scale bar, 10 
μm). Arrows in magnifications indicate Nedd4-1 co-
localizing with DVL-1 at β-catenin-positive cell-cell 
junctions. (b) Subcellular distribution of GFP- 

ΔC2-Nedd4-1 in 
H292 cells reveals 
its absence at cell-
cell contacts as 
further indicated 
in the XZ images, 
derived from a 
section 
corresponding 
with the dashed 
line. Arrows 
indicate 
corresponding 
cell-cell contact in 
XY and XZ 
images. (c)  
Ubiquitylation of 
DVL-1 by Nedd4-
1 lacking the C2 
domain was lost as 
compared to its 
ubiquitylation by 
full-length Nedd4-
1. (d) Regulation 
by Rac1 of Nedd4-
1-dependent  
ubiquitylation of  

DVL-1 was analysed using inactive (N17T) and active (Q61L) Rac1 constructs. (e) Reconstitution of cell-
cell junctions, immunostained for β-catenin, in H292 cells overexpressing DVL-1-GFP after a calcium 
switch assay and analysed  examined by confocal microscopy. Profile scan analysis was used to visualize 
the distribution of β-catenin in control and DVL-1-GFP expressing cells. Arrows in images indicate the 
cell-cell contacts and match with the position in the intensity line graphs (Scale bar, 10 μm). 

 

These results suggest that, although the Nedd4-1 C2 domain does not 

mediate binding to DVL-1 (Fig. 3g), it does regulate the translocation of Nedd4-1 

towards cell-cell contacts, which is required for DVL-1 ubiquitylation. This notion 
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is in good agreement with our finding that the ubiquitylation by Nedd4-1 requires 

the DVL-1 DEP domain (Fig. 3e), as this region mediates the association of DVL-1 

with the plasma membrane18. In line with these findings, NKD2, a negative regulator 

of DVL signalling22, was recently found to stimulate proteasomal degradation of 

DVL-1 at the plasma-membrane.23 Together, these data suggest that the Nedd4-1-

mediated ubiquitylation and degradation of DVL-1 occurs at cell-cell junctions. 

Because Nedd4-1 binds to active Rac1 and localises with Rac1 at cell-cell contacts, 

we tested whether Rac1 activity could promote Nedd4-1-dependent ubiquitylation of 

DVL-1. Supporting this hypothesis, expression of active Rac1 promoted DVL-1 

ubiquitylation in the presence of Nedd4-1 (Fig. 4d). Conversely, inhibiting 

endogenous Rac1 activity by treating cells with the Rac1 inhibitor EHT186424 

(50μM) resulted in a reduction of Nedd4-1-mediated ubiquitylation of DVL-1 

(Supplementary Information, Fig. S4c). Thus, Rac1 activity stimulates Nedd4-1 

driven degradation of DVL-1. Moreover, the Nedd4-1-dependent degradation of 

DVL-1 is important for maturation of cell-junctions, because overexpression of 

DVL-1, similar to the depletion of Nedd4-1, impairs maturation of cell-cell 

junctions, as deduced from a calcium-switch experiment (Fig. 4e).  

Since maturation of cellular junctions required Nedd4-1 and expression of 

Nedd4-1 correlated with decreased levels of Ac-MTs (Fig. 2d), we next investigated 

whether Nedd4-1-driven proteasomal degradation of DVL-1 modulated Ac-MTs as 

a means to promote junction maturation. Previously, we found that DVL-1 increases 

the level of AcMTs in neuroblastoma cells10, a result we confirmed in HeLa and 

H292 cells (Fig. 5a and data not shown). Moreover, the elevated expression of 

endogenous DVL-1 in Nedd4-1-depleted cells also correlated positively with a 

strong increase in the level of Ac-MTs (Fig. 5b). We next assessed whether MTs 

have a role in Nedd4-1-mediated ubiquitylation and degradation of DVL-1 by 

treating cells with NOC (10μM) for 6 hours, which completely disrupted the MT 

network as shown by the loss of Ac-MTs (Supplementary Information, Fig. S4d). 

NOC-induced depletion of MTs did not prevent degradation of endogenous DVL-1 

(Fig. 5c, Supplementary Information Fig. S4e), indicating that Nedd4-1-mediated 

degradation of DVL-1 occurs upstream of MT dynamics.  
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Interestingly, a subset of Ac-MTs-associated DVL-1 was found to co-

localise with β-catenin-positive cell-cell contacts (Fig. 5a). The interaction of β-

catenin with the MT network has been proposed previously, because the MT-

associated motor protein dynein directly interacts with β-catenin25.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5 Nedd4-1-mediated down-regulation 
of DVL-1 modulates MT acetylation and 
affects junction maturation. (a) H292 cells 
ectopically expressing DVL-1-phiYFP were 
examined for MT acetylation by immuno-
staining for acetylated α-tubulin. β-catenin 
immuno-staining was used to identify the cell 
junctions. (Scale bar, 10 μm). Arrows in 
magnification indicate a subset of DVL-1 co- 

localizing with Ac-MTs at β-catenin-positive junctions. (b) Levels of acetylated MTs were assessed in 
H292 cells 72hrs after transfection with control or Nedd4-1 lentiviral shRNA. (c) Protein stability of 
endogenous DVL-1 was examined in control and Nedd4-1 transfected HeLa cells, treated for 6hrs with 
CHX (10μg/ml) or with CHX in combination with NOC (10μM). (d) Analyis of TSA (0.5μM)-induced 
acetylation of MTs 4hrs in H292 cells by Western-blot. (e) Monolayer integrity of HeLa cells, as reflected 
by TER, was recorded before and after stimulating the cell with TSA. (f) Still images from movies of 
control and TSA-stimulated HeLa cells. Arrows show the reformation of cell-cell junctions in control- 
and TSA-treated cells. (Scale bar,10 μm). (g) Model for the regulation of cell-cell contacts.  Nedd4-1, in 
conjunction with activated Rac1, controls the poly-ubiquitylation and degradation of DVL-1, which 
reduces the levels of Ac-MTs. This promotes the maturation of cell-cell junctions. 
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Because MT acetylation redirects trafficking of MT-linked cargo8, DVL-1-

induced stabilisation of MTs could well impair the formation of cell junctions by 

interfering with transport of junctional proteins. We therefore examined whether 

increased stability of MTs hampered maturation of cell-cell junctions. Treatment of 

cells with TrichostatinA (TSA), an inhibitor of class I and II histone deacetylases 

including HDAC6 which deacetylates MTs26, resulted in a strong increase in Ac-

MTs (Fig. 5d) and a reduction in TER of H292 cells (Supplementary Information, 

Fig. S4f), comparable to what we observed in Nedd4-1-depleted cells (Fig. 2a). Cell-

cell junctions of HeLa cells are, in contrast to those of H292 cells, very dynamic and 

are disrupted and reformed continuously. 

Recording of TER of HeLa monolayers upon the addition of TSA showed 

that monolayer TER dropped markedly after the inhibition of MT acetylation, 

indicative of a reduction in junctional stability (Fig. 5e). In line with this result, live-

cell imaging of control and TSA-stimulated HeLa cells showed that membrane 

extensions in TSA-stimulated cells collapsed upon cell contact and failed to form 

stable cell-cell contacts, in contrast to those in control cells (Fig. 5f, Supplementary 

movies 1,2). This response indicates that MT acetylation impairs junctional 

maturation. Consequently, these data imply that the accumulation of Ac-MTs in 

Nedd4-1-depleted cells, resulting from increased stability of DVL-1, leads to a 

reduction of stable cell-cell contacts. 

 It is well established that Rac1 activity is required for the formation of cell-

cell contacts1. Our findings indicate that binding of Rac1 to Nedd4-1 contributes to a 

novel Rac1-dependent pathway that results in epithelial junction maturation, by 

stimulation of Nedd4-1-mediated degradation of DVL-1, consequently reducing MT 

stability (Fig. 5g). MT-dependent vesicular transport towards cell-cell contacts has 

been shown to promote junction maturation6,7,27,28. Conversely, DVL-1-driven 

stabilisation of MTs could reduce junction formation, as MT acetylation reverses 

MT-associated transport8. Thus, the enhanced accumulation of Ac-MTs following 

expression of DVL-1 can explain its inhibition of junctional maturation.  

These data indicate that Rac1-stimulated degradation of DVL-1, similar to 

Rac1 binding to IQGAP129, is an important MT-dependent mechanism that serves to 
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promote formation of strong cell-cell contacts. Our current findings identify the E3 

ubiquitin ligase Nedd4-1 as a new and potent regulator of DVL-1, but not of DVL-2 

or DVL-3, expression. DVL-1 mutant mice exhibit a defect in social behaviour and 

deficits in synapse formation30. Moreover, DVL-1 expression was recently found to 

be up-regulated in primary human lung tissue-derived tumour cells which correlated 

with metastatic capacity31. In line with this, acetylation of MTs promotes neuronal 

migration in vivo32. Hence, the pathway comprising DVL-1-regulated, MT-driven 

modulation of epithelial junctions could be employed by cancer cells to promote cell 

migration. The mechanism by which DVL-1 stabilises MTs represents a key aspect 

for future research. Interestingly, we recently found that the tumour-suppressor 

CYLD de-ubiquitylates DVL-1, thereby modulating DVL-1 signalling33. CYLD also 

reduces HDAC-6 activity, thereby altering the levels of Ac-MTs34. As a result, these 

proteins are obvious targets for future experiments aimed at identifying the 

mechanisms that regulate MT stability and its role in the control of epithelial 

integrity.  

 
Supplementary Information 
 
Figure S1 Nedd4-1 interacts with the Rac1 C-terminal 
polybasic region. (a) Image of a protein gel following silver 
staining, revealing proteins isolated after a control (Ctrl) or 
Rac1 C-terminal peptide pull-down. The protein migrating 
around Mw 115 kD was identified by mass spectrometry as 
Nedd4-1. (b) The interaction of Rac1 with Nedd4-1 was 
further examined using different peptides resembling part of 
the Rac1 effector domain (17-32) and the Rac1 hypervariable 
C-terminal region (Rac1) or mutated versions thereof in 
which the triple prolines (Rac1 P-A) or the polybasic region  
(Rac1 PBQR) were mutated to alanines. Binding of the peptides to the Rac1 GEF beta-PIX41 was included 
as a control.  
 

    Figure S2 shRNA-mediated down-regulation of Nedd4-1. (a) 
Two different shRNA constructs were used to down-regulate 
endogenous Nedd4-1 expression in H292 cells as analysed by 
western-blotting of cell lysates. (b) Distribution of β-catenin 
as a marker for adherens junction integrity was analysed by 
immunostainings in control and Nedd4-1-depleted HeLa 
cells.  
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Figure S3 Nedd4-1 regulates 
junctional integrity. (a) Analysis of 
junctional integrity by  
immunostainings for β-catenin in 
HeLa cells transfected with a shRNA 
to Nedd4-1 and following re-
expression of shRNA-insensitive 
murine (m)Nedd4-1 (Scale bar,20 μm). 
(b) Distribution of MTs, identified by 
staining for endogenous α-tubulin, 
were examined for their 
(co)localisation with β-catenin at cell-
cell junctions in H292 cells. Beta- 
catenin distribution is also analysed by 
the indicated profile analysis along the 
dashed line.  

 
 

Figure S4 Inhibition of Rac1 
activity impairs Nedd4-1-mediated 
ubiquitylation of DVL-1. (a)  
Protein stability of DVL-1 was 
examined in HeLa cells 48 hrs after 
transfection with control or Nedd4-
1 lentiviral shRNAs followed by 
6hr incubation with CHX (10μg/ml) 
prior to cell lysis (b) Nedd4-1 
driven ubiquitylation of HA-tagged 
DVL-1 was compared with DVL-1 
mutants (P551A/Y553F and P545-
547A) that showed reduced levels 
of ubiquitylation. (c) Nedd4-1-
mediated ubiquitylation of DVL-1 
was examined in cells treated with 
carrier (ctrl) or with the Rac-1 
inhibitor EHT1864 (50μM). (d) 
H292 cells treated for 6 hrs with 
NOC (10μM) and immuno-stained 
for acetylated α-tubulin and β-
catenin were fixed and analysed by 
immuno-staining for tubulin and β-
catenin. (e) TER of control and 
TSA-treated H292 cells was 
recorded by ECIS (data represent  
mean +/-s.e.m, n=3). 
(f) Relative expression, as determined by Western-blots, of endogenous DVL-1 protein expression levels 
in control and Nedd4-1-overexpressing HeLa cells treated or not with NOC (10μM) for 6 hours. Alpha-
catenin was included as a control.  
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METHODS 
Cell culture. HeLa and H292 lung epithelial cells were maintained in Iscove’s Modified Dulbecco’s 
Medium (IMDM; BioWhittaker) containing 10% heat inactivated FCS (Bodinco), 2mM L-glutamine and 
Penicillin/streptomycin (all purchased from PAA Cell Culture Company) 37°C and 5% CO2. Cells were 
passaged by trypsinization.  
Cell transfection, DNA constructs and immunofluorescence microscopy. Cells were transiently 
transfected with FuGene (Roche) as described by the manufacturer. Briefly; 1 μg DNA was mixed with 6 
μl of Fugene in 100μl of Optimem (51985026) (Invitrogen) and incubated for 30 min at RT, after which 
the transfection mix was applied to 50% confluent cells. The following constructs were used: GST-Rac, 
GST-RacΔC (a kind gift from R. Ahmadian, European Molecular and Cell Biology Laboratory, 
Heidelberg, Germany); GFP-Nedd4-1, originally from D. Rotin (The Hospital for Sick Children, 
Canada)35, was kindly provided by J.Batt (University of Toronto, Canada); GFP-C867S-Nedd4-1 was 
generated by site-directed mutagenesis (Stratagene); ΔC2-Nedd4-1, the C2 domain and WW1-4 region of 
Nedd4-1 were generated by PCR and subsequently cloned into pE-GFP (C1)-tagged constructs, using 
Kpn1 and EcoR1 restriction sites; Nedd4-2-GFP was kindly provided by C.P.Thomas36 (University of 
Iowa,USA); 6xHis-myc-tagged ubiquitin expression plasmid, originally from R.R. Kopito37 was kindly 
provided by J. Bertoglio (Inserm U749, France). GST-DVL-1 and HA-mDVL-1 (Addgene); HA-tagged 
full-length DVL-1, ΔDIX, ΔPDZ and ΔDEP as previously described10, Flag-tagged DVL-1 constructs 
were as previously reported33, DVL-1 was subsequently cloned in pE-phiYFP (C1)-tagged constructs.  

For immuno-stainings, cells were washed with ice-cold PBS, fixed with 3.7% 
paraformaldehyde for 20 min at RT and subsequently permeabilised with 1% Triton, 10% glycerol in 
PBS for 3 min at RT. Cells were immuno-stained with indicated antibodies and confocal images were 
captured with a Zeiss 510 Meta laser-scanning confocal microscope. Z-stacks and X/Z-sectioning were 
generated and processed by means of LSM510 software. All data are representative for at least 3 or more 
experiments, unless indicated otherwise. 
Lentiviral shRNAi silencing. Lentiviral shRNA constructs from the TRC/Sigma Mission library were 
obtained from Sigma-Aldrich (St. Louis, MI, USA). The human Nedd4-1-specific constructs used were: 
TRCN000007550 (#a) and -7551 (#b). The SHC002 scrambled shRNA construct (Sigma-Aldrich) was 
used as a negative control. All shRNA constructs were in the pLKO.1 vector backbone. shRNA-
expressing lentiviral particles were prepared by transfection of HEK293T cells with pLKO.1 shRNA 
plasmid, together with the pMD2.G, pMDLg/RRE, and pRSV-Rev third-generation HIV-1 packaging 
plasmids obtained through Addgene, Cambridge, MA), using Fugene HD (Roche 04709713001, Almere, 
The Netherlands). Virus-containing medium was collected for three days post-transfection and cleaned up 
by filtration through a 0.45 µm PVDF filter unit (Millipore SLHV033RS, Amsterdam, The Netherlands). 
Virus was further purified and concentrated 60 to 80-fold by centrifugation for 65 min at 32,000 rpm in a 
Beckman SW32.1 rotor (Beckman-Coulter, Mijdrecht, The Netherlands). shRNA-expressing virus titer 
was determined by functional titration on target cells using the pLKO.1 puromycin selection marker. The 
lowest amount of virus giving >90% puromycin resistance was taken to represent an M.O.I. (multiplicity 
of infection) of 2-3. Target cells were infected using this M.O.I., and 24h after the addition of virus 
medium was refreshed. Cells were harvested after 48hrs, and the reduction of Nedd4-1 expression was 
determined by Western blot. 
Reconstitution of cell junctions. Confluent H292 cells were washed 2 times with PBS and incubated for 
3hrs with IMDM containing 2mM EGTA. Cells were subsequently washed with PBS containing 1mM 
Ca2+ and incubated for indicated times with MDM containing 10% FCS, 2mM L-glutamine and 1mM 
Ca2+. Next, the cells were fixed, stained and examined by confocal microscopy.   
Antibodies and inhibitors. The following antibodies were used: anti-Nedd4-1 (07-049; Millipore) for IF, 
anti-Nedd4-1 (C5F5; CellSignaling) for WB, anti-DVL-1 (AB5970; Millipore), anti-DVL-2 (AB5972; 
Millipore), anti-DVL3(AB5974; Millipore), anti-β-catenin (610154; BDBioscience), anti-γ-catenin (SC-
7900; SantaCruz), anti-ZOI (610966; BDBioscience), anti-tubulin (ATN02; Cytoskeleton), anti-
acetylated tubulin 6-11B-1 (T6793; Sigma), anti-GFP (JL-8; Clontech), anti-HA (H6908; Sigma) anti-c-
myc (13-2500; Zymed). F-actin was stained with rhodamine-labeled phalloidin (Invitrogen).Rac1 
inhibitor EHT1864 and HDAC6 inhibitor TSA were obtained from Sigma.  
Pull-down assays. Peptide pull-down assays were performed as described previously38.In short, each 
assay was performed with 5 μg of indicated biotin-labelled peptide, 25μl streptavidin-coated beads 
(Sigma-Aldrich) in NP-40 lysisbuffer (50mM Tris-HCl, 150mM NaCl, 10mM MgCl2, 10% glycerol, 1% 
NP-40). All peptides were fused to a protein transduction domain sequence: YARAAARQARA, which 
was also used as a control in the pull down experiments39. GST-fusion proteins were purified from BL21 
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bacteria as described11 and 100 μg of the indicated GST-fusion protein was used per pull-down. Mass 
spectrometry analysis was performed as described40 and was used for the initial identification of Nedd4-1. 
Peptide synthesis. Peptides were synthesized on a peptide synthesizer (Syro II) using Fmoc solid phase 
chemistry. Peptides encoded a biotinylated protein transduction domain (Biotin-YARAAARQARAG)41 
followed by the 10 amino acids proceeding the CAAX domain for all used RhoGTPase peptides. The 
sequences of the Rac1 (P-A) and the Rac1 (PBQR) mutants are respectively: CAAAVKKRKRK and 
CPPPVKKAAAK. 
Ubiquitylation assay. To detect ubiquitylated DVL-1, β-catenin and γ-catenin, HeLa cells, cells were 
transfected with 6xHis-myc-tagged ubiquitin. Twenty-four hrs after transfection, cells were washed with 
PBS (containing Mg2+ and Ca2+) at RT and lysed for 5 min in Urea buffer (20mM Tris–HCl (pH 7,5) 200 
mM NaCl,10 mM Imidazol, 0.1% Triton X-100 and 8M urea). Cells were scraped, collected and 
incubated for 5 min at 37°C and centrifuged 5 min at 14000x rpm, after which the supernatant was 
incubated with 25 µl of pre-washed, blocked (1hr RT with 200 µg/ml BSA) Talon beads (Clontech) at RT 
for 1hr while rotating. Beads were washed 5 times with urea buffer and resuspended in SDS sample 
buffer, samples were subsequently analysed by western-blot. 
Electrical resistance measurements. ECIS-based cell spreading experiments were performed as 
previously described38. Briefly; ECIS electrodes (8W10E; Applied Biophysics) were coated with 10μg/ml 
fibronectin (Sigma) in PBS for 1 h 37°C. 400,000 HeLa- or H292 cells were seeded per well in 400μl 
IMDM containing 10% FCS, L-glutamine and Penicillin/streptomycin. Cell spreading and monolayer 
formation were subsequently monitored by measuring the resistance at 4000 Hz. 
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  Chapter 7  

 
 
 
 
 
 
 
 

Summary and concluding remarks 
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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, 

yet show unique biological effects (Didsbury et al., 1989; Hall, 1990; Kozma et 

al., 1997; Ridley et al., 1992; Ridley and Hall, 1992). The aim of this thesis was 

to gain more insight in the complex regulation and signalling of Rac1, one of 

the best studied Rho-like GTPases. It has been almost two decades since Rac1 

was recognized as a crucial regulator of the actin cytoskeleton (Bosco et al., 

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

Accordingly, Rac1 was rapidly established to be a key regulator for various 

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

cell and cell-matrix adhesion to the extracellular matrix as well as to other cells 

(Abo et al., 1991; Arulanandam et al., 2009; Bishop and Hall, 2000; Bosco et al., 

2009; Didsbury et al., 1989; Hall, 1990; Ridley et al., 1992; Ridley and Hall, 

1992). As a result, Rac1 signalling controls various physiological processes, 

such as differentiation, morphogenesis and immune responses. Finally, Rac1 

signalling is implicated in development and metastasis of cancer (Kamai et al., 

2010; Qi et al., 2009; Qiu et al., 1995). Thus, a better understanding of the 

regulatory pathways controlling Rac1 activation and downstream signalling is 

important.  

Most small RhoGTPases, such as Rac1, are regulated by a series of 

regulatory proteins including Guanine nucleotide Exchange Factors (GEFs), 

GTPase-activating proteins (GAPs) and Guanine nucleotide Dissociation Inhibitors 

(GDIs)(Hall, 1990). GEFs and GAPs regulate the cycling of the GTPases between 

the active (GTP-bound) and inactive (GDP-bound) state, whereas the GDI is a 

cytosolic chaperone that binds inactive RhoGTPases (Bishop and Hall, 2000; Bosco 

et al., 2009; Rossman et al., 2005; van Aelst and D'Souza-Schorey, 1997). 

Interestingly, although the GDP-bound form of RhoGTPases is generally considered 

to be inactive, GDP-bound RhoGTPases have, in contrast to the current dogma, been 

shown to exert signaling functions (Grizot et al., 2001; Illenberger et al., 1998; Neel 

et al., 2007). This indicates that GDP-bound RhoGTPases are signalling competent, 
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which infers that there must also be additional pathways to limit this mode of 

RhoGTPase-dependent signaling. An increasing number of studies (including from 

our group, chapter 4 (Nethe et al., 2010))  have identified 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 post-

translational modification during which ubiquitin, a 76 amino acid protein, is 

covalently conjugated to lysine residues within target proteins. Whereas poly-

ubiquitylation is established as a key signal for proteasome-mediated degradation, 

mono-ubiquitylation controls protein targeting and internalisation as well as protein-

protein interactions (Acconcia et al., 2009). Although information on ubiquitylation 

of RhoGTPases is limited, this type of post-translational processing could represent 

an important extension of the canonical models describing the regulation of 

RhoGTPases. This topic has been reviewed in Chapter 2 of this thesis.  

As mentioned above, Rho-like GTPases show very high sequence 

homology. An exception to this rule is the so-called hypervariable region in the C-

termional region of these GTPase, just upstream of terminal lipid anchor. 

Previously, we identified a series of regulatory proteins that associate selectively to 

the hypervariable C-terminus of the Rac1 GTPase. These include  the Rac1 GEF β-

PIX, which recruits Rac1 towards Focal Adhesions (FAs) (ten Klooster et al., 2006), 

the lipid kinase PIP-5-Kinase (Hennik 2003, Halstead 2010) and the nuclear proto-

oncogene SET/I2PP2A. In Chapter 3 we describe the identification of the 

membrane-associated adapter protein caveolin-1 (Cav1) as a Rac1 interactor. The 

interaction of Rac1 with Cav1 had been previously suggested but was never mapped 

(del Pozo et al., 2004; Grande-Garcia et al., 2007), and in this chapter we describe 

that this association requires the C-terminal domain of Rac1 and the scaffolding 

domain of Cav1. In addition, the interaction of Rac1 with Cav1 was found to be 

driven by the activation of Rac1, and activation of Rac1 significantly promoted a 

pool of Cav1 to co-localise with Rac1 at Focal Adhesions (FAs). In agreement with 
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this finding are previous suggestions of Cav1 associating to integrins (Wary et al., 

1998). Moreover, cell adhesion stimulated both the association of Rac1 with Cav1 as 

well as the recruitment of Cav1 towards FAs, suggesting that Rac1 and integrins 

cooperate in the targeting of Cav1 to FAs. In the FAs, Cav1 might functions in 

integrin- and Rac1-mediated signalling by regulating the internalization of specific 

membrane domains (del Pozo et al., 2002; del Pozo et al., 2004; Grande-Garcia et 

al., 2007).   

Several studies have suggested that Cav1 tyrosine phosphorylation drives 

Cav1 targeting to FAs (del Pozo et al., 2005; Goetz et al., 2008; Grande-Garcia et 

al., 2007; Nethe et al., 2010).  However, these studies were questioned when it was 

shown that the commonly used mouse antibody to tyrosine-phosphorylated Cav1 

cross-reacts with tyrosine-phosphorylated paxillin, which also resides in FAs (Hill et 

al., 2007). In Chapter 4, the issue of FA localization of Cav1 was studied in more 

detail, which, based on these and recent findings in the literature, resulted in the 

presentation of an alternative model. This model proposes that Src kinase-driven 

phosphorylation of Cav1 at Tyr14 stimulates the translocation of Cav1 from 

cholesterol-enriched membrane patches towards cholesterol-poor regions, such as 

FAs (Swaney et al., 2006). 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 targeting to FAs has been suggested to promote FA turnover as well 

as to silence Rac1 signalling by stimulating Rac1 internalization (del Pozo et al., 

2002; del Pozo et al., 2004; Goetz et al., 2008; Grande-Garcia et al., 2007). 

Consequently, removal of Rac1 from the cellular periphery is assumed to drive its 

inactivation, as cytosolic Rac1 is predominantly found in its inactivate, GDP-bound 

form. In Chapter 5 the underlying mechanisms by which Cav1 drives Rac1 

inactivation was studied in more detail. To confirm earlier suggestions that Cav1 is a 

negative regulator of Rac1, Rac1 activity and signalling was examined in Cav1-

deficient cells. Depletion of Cav1 by siRNA and shRNA led to an increase in the 

activation of Rac1, thereby enhancing cell spreading. Unexpectedly however, 

depletion of Cav1 also increased Rac1 protein expression levels. Further analysis 
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showed that Cav1 regulates Rac1 expression levels by promoting the poly-

ubiquitylation of Rac1. Because loss of Cav1 does not impair Rac1 mono-

ubiquitylation, this step might occur at the plasma membrane, independent of Cav1-

dependent events. Interestingly, expression of an N-terminally linked ubiquitin-Rac1 

fusion, used to mimic mono-ubiquitylated Rac1, showed that such a protein 

localized prominently to endosomal structures, rather than to the plasma membrane 

(described in Chapter 2). In addition, a K147R mutant of activated Rac1, which 

cannot be ubiquitylated, shows an enhanced accumulation at the plasma membrane. 

Since activated Rac1 colocalises with Cav1 at FAs, and Cav1 can drive Rac1 

internalization, it is tempting to speculate that (mono)-ubiquitylation of Rac1 drives 

its internalisation in a Cav1-dependent fashion.  

Several E3 ubiquitin ligases were previously identified as binding partners 

of Rac1, such as the RING-finger ubiquitin E3-ligases POSH (Plenty Of SH3s) 

(Goetz et al., 2008; Grande-Garcia et al., 2007; Kim et al., 2006; Visvikis et al., 

2008), Cbl (Cas-Br-M (murine) ecotropic retroviral transforming sequence) (Sattler 

et al., 2002; Schmidt et al., 2006; Teckchandani et al., 2005) and the SCF(βTrCP)-

E3 ligase complex (Boyer et al., 2004; Senadheera et al., 2001). However, none of 

these were found to target Rac1, leaving the Rac1 ubiquitin ligase(s) to be identified. 

As a result of the above findings, our discovery that the HECT (Homologous to the 

E6-AP Carboxyl Terminus) E3 ligase Nedd4-1 associates with the Rac1 C-terminus, 

as described in chapter 6, was of great interest. Nedd4-1, initially found to be 

down-regulated during neuronal development, is a ubiquitin E3 ligase that is highly 

conserved from yeast to human (Kumar et al., 1997). Nedd4-1 is ubiquitously 

expressed and essential for development, since depletion of Nedd4-1 causes 

perinatal lethality. However, the mechanisms underlying this phenotype remain 

elusive (Fouladkou et al., 2010; Liu et al., 2009).  

Despite its association to Rac1, we found no evidence for Nedd4-1 being a 

E3 ubiquitin ligase for Rac1. Its pronounced co-localization with active Rac1 at cell-

cell junctions, however, prompted us to further examine its potential role in the 

regulation of intercellular contacts. Other than the finding that Nedd4-1 binds 

connexion-43, a GAP junctional protein (Leykauf et al., 2006), its contribution to 
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the regulation of epithelial cell junctions has received little attention. We found that 

lentiviral-based depletion of Nedd4-1 notably affects junctional integrity of 

epithelial monolayers. Similarly, ECIS-based, real-time analysis of transepithelial 

resistance indicated that cell-cell contact maturation is hampered upon depletion of 

Nedd4-1. These data thus suggest that Nedd4-1 promotes the maturation of cellular 

junctions, as further confirmed by the increased maturation of cell-cell junctions 

following overexpression of Nedd4-1. Interestingly, in the course of these studies, 

examining effects on the cell cytoskeleton, we found that Nedd4-1-expressing cells 

showed a decrease in the levels of acetylated microtubules (MTs). Posttranslational 

modification of MTs by acetylation is a highly conserved process comprising 

conjugation of an acetyl moiety on the luminal site of α-tubulin at Lys 40 (Verhey 

and Gaertig, 2007). MT acetylation reduces their turnover, and  increases MT 

stability in response to MT-destabilising pharmaceutical compounds such as 

nocodazole (Verhey and Gaertig, 2007). It is well established that MTs contribute to 

the formation of intercellular junctions, by facilitating transport of junctional 

proteins such as N-cadherin and connexin-43 towards the cell-cell border, enhancing 

the maturation of cell-cell contacts (Mary et al., 2002; Shaw et al., 2007; Teng et al., 

2005).  

Acetylated MTs, in comparison to non-acetylated MTs, show different 

binding affinities towards MT-linked motor proteins and show altered directionality 

of motor protein-mediated vesicular traffick (Reed et al., 2006). As a result, MT 

acetylation could well interfere with MT-driven maturation of cell junctions. We 

therefore hypothesised that Nedd4-1-mediated downregulation of MT acetylation 

promotes cell-cell junction maturation. To test this hypothesis, candidate proteins 

known to affect MT acetylation were examined for encoding a PPXY or RXXQE 

motif, previously shown to be required for subsequent ubiquitylation by Nedd4-1 

(Persaud et al., 2009). This search identified dishevelled-1 (DVL-1) as a potentially 

new substrate for Nedd4-1. Binding of the WW-region of Nedd4-1 to the DEP-C-

terminal portion of DVL-1 was found to drive DVL-1 ubiquitylation on two 

conserved lysine residues situated between DVL-1 DIX and PDZ domains. 

Conversely, depletion of Nedd4-1 increased protein levels of endogenous DVL-1 as 



 109

well as the acetylation of MTs, confirming that Nedd4-1 controls MT acetylation by 

regulating DVL-1 protein levels. To confirm that MT acetylation impairs junction 

maturation, cells were treated with the pharmaceutical inhibitor TrichostatinA (TSA) 

to inhibit histone deacytylase (HDAC) activity. HDACs are known to regulate 

histone acetylation, but were more recently also found to deacetylate MTs (Zhang et 

al., 2003). TSA-based induction of MT acetylation, like we showed following the 

downregulation of Nedd4-1, impairs junction maturation as measured by ECIS and 

by live-cell imaging. Moreover, the fast response of junction reformation after 

treating cells with TSA, abrogated the involvement of TSA-driven alteration of gene 

expression, but implicated Ac-MTs to impair ECJ maturation. In summary, we 

propose Nedd4-1 to alter junction stability by controlling the expression levels of 

DVL-1 which regulates MT acetylation.  

Rac1 has been well established to regulate the formation and maturation of 

cell junctions, by coordinating WAVE-mediated activation of the ARP2/3 complex, 

which stimulates formation of F-actin-based cellular protrusions (Harris and Tepass, 

2010). In addition, since active Rac1 bound and stimulated Nedd4-1-mediated 

proteasomal degradation of DVL-1, we propose that Rac1 also stimulates formation 

of cell junctions by coordinating the Nedd4-1-DVL-1 axis to control MT 

acetylation. HDAC-6 has been identified to control MT deacetylation (Valenzuela-

Fernandez et al., 2008), and its activity is inhibited by the deubiquitylating enzyme 

CYLD (Wickstrom et al., 2010). Interestingly, CYLD also to deubiquitylates DVL-

1, thereby altering DVL-1 signalling (Tauriello et al., 2010). These findings 

therefore indicate that CYLD and HDAC-6 could coordinate the Rac1-Nedd4-1-

DVL-1 axis. As a result, these proteins are obvious candidates for future studies 

aimed at the underlying mechanisms concerning the regulation of MT acetylation 

and its role in junctional integrity.  

At the time of writing this chapter, a Pubmed search for Rac1 revealed 

3769 publications. Yet, we are only just beginning to understand and appreciate the 

complexity of Rac1 regulation and signalling. This thesis aims to provide new 

insights regarding the molecular basis of the Rac1 localization, downstream effects 

and inactivation. Identification of the relevant E3 ubiquitin ligases that target Rac1 
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and thereby its signalling capacity and further analysis of the Rac1-Nedd4-1-DVL-1 

axis as a novel pathway regulating cell-cell junctions will be obvious and exciting 

goals for future research.    
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Samenvatting 
 

De mogelijkheid tot gerichte beweging van cellen is een fundamentele eigenschap 

die ten grondslag ligt aan de vorming van weefsels en organen in een zich 

ontwikkelend embryo, maar die ook een essentieel onderdeel is van afweerreacties. 

Daarnaast is celbeweging een belangrijk aspect van verschillende ziektes, waaronder 

chronische ontstekingsziektes, en het uitzaaien van kankercellen. Celbeweging 

wordt op verschillende nivo’s gereguleerd en wordt gestuurd door het zogenaamde 

cytoskelet. Dit cytoskelet regelt de snelheid en richting van de celbeweging en is 

daarnaast van belang voor een goede hechting van cellen aan de ondergrond, zonder 

welke geen celbeweging mogelijk zou zijn. 

In tegenstelling tot wat de naam doet vermoeden, is het cellulaire cytoskelet 

geenszins een rigide structuur maar is het zeer dynamisch. Het cytoskelet bestaat uit 

verschillende typen ketens van aaneengeschakelde eiwitten, polymeren, waarvan de 

lengte continu fluctueert door het verlengen en weer uit elkaar vallen van deze 

cytoskelet-polymeren. Het cytoskelet bepaalt in belangrijke mate de vorm van een 

cel, de positionering van celorganellen zoals de celkern, maar functioneert ook als 

‘wegennet’ in de cel en reguleert dan ook het transport van vele eiwitten naar 

specifieke plaatsen binnen de cel. Vanwege deze verschillende eigenschappen is het 

cytoskelet dan ook onmisbaar voor vele belangrijke processen zoals celbeweging, 

celpolarisatie en celdeling. Daarnaast is het cytoskelet betrokken bij het vormen en 

verbreken van contacten met naburige cellen en met de zogenaamde extracellulaire 

matrix, een netwerk van hechtingseiwitten dat, naast de cellen, een integraal 

onderdeel van weefsels en organen vormt.  

Er zijn een groot aantal eiwitten in de cel van belang voor gerichte 

celbeweging. Naast structurele eiwitten zoals actine en tubuline, zijn het ook 

regulerende eiwitten, vaak enzymen, die de dynamiek van het cytoskelet, en 

daarmee de beweging van een cel, controleren en aansturen. Een van die regulerende 

eiwitten is het kleine GTPase Rac1.  In dit proefschrift ligt de nadruk op moleculaire 

mechanismen die de signalering van het Rac1 eiwit controleren, evenals de 

moleculaire mechanismen die Rac1 zelf, op zijn beurt, aanstuurt teneinde 
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celbeweging en –hechting te reguleren. Rac1 behoort tot de familie van kleine 

GTPases, enzymen die zich in het bijzonder kenmerken door de eigenschap dat ze 

het nucleotide GTP (guanosine trisfosfaat) kunnen binden. Dit brengt Rac1 in een 

bepaalde vorm (conformatie) waarin Rac1 signalen door kan geven en dus “aan” 

staat. Als het Rac1 enzym vervolgens GTP hydrolyseert tot GDP, verandert de vorm 

van Rac1 waarmee het enzym dan ook “uit” staat.  

De signalering van Rac1, middels het veranderen van het cytoskelet, speelt 

onder meer een belangrijke rol tijdens het bewegen, ofwel migreren, van witte 

bloedcellen naar een plek van ontsteking. De cellen die binnenwand van het 

bloedvat vormen, de endotheelcellen, zorgen tijdens een dergelijke ontsteking voor 

een goede ondergrond voor hechting van de witte bloedcellen en de mogelijkheid tot 

passage van deze cellen door de bloedvatwand. Dit gebeurt door middel van het 

tijdelijk verbreken van de intercellulaire verbindingen tussen de endotheelcellen 

onderling, waardoor de witte bloedcellen het achterliggende, ontstoken weefsel 

kunnen bereiken. Na het verlenen van deze doorgang moet het contact tussen de 

endotheelcellen onmiddellijk weer worden hersteld, zodat er geen ‘lek’ ontstaat dat 

het achterliggende weefsel alsnog zou kunnen beschadigen. Wederom speelt Rac1-

aangestuurde verandering van het cytoskelet een belangrijke rol tijdens het herstel 

van deze contacten tussen endotheel cellen. Op dezelfde manier speelt Rac1 ook een 

zeer belangrijke rol in het behoud van de cel-cel contacten van epitheelcellen en 

geeft daardoor bescherming tegen het binnendringen van ongewilde stoffen en 

micro-organismen, zoals in de huid, de longen of de darm.  

Echter, indien deze processen niet goed worden gereguleerd kan dit het 

ontstaan van ontstekingsziektes zoals astma, de ziekte van Crohn, en reuma, maar 

ook het uitzaaien van kankercellen bevorderen. Doordat Rac1-aangestuurde 

signalering in al deze processen centraal staat, stelden we ons in dit proefschrift tot 

doel om nieuwe eiwitten te ontdekken die aan Rac1 binden om zodoende meer 

inzicht te verkrijgen in de signalering die Rac1 controleert dan wel door Rac1 wordt 

aangestuurd.  

Eerder gepubliceerd onderzoek heeft al laten zien aan dat in de structuur 

van het Rac1 eiwit twee verschillende domeinen kunnen worden gedefinieerd, het 
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zogenaamde effector domein en het hypervariabele domein. Beide domeinen kunnen 

andere eiwitten binden, zoals het eiwit β-PIX dat leidt tot de activering van Rac1. 

Om nieuwe eiwitten te identificeren die aan Rac1 binden, hebben we gebruik 

gemaakt van peptides die overeen kwamen met de aminozuursequentie van de 

desbetreffende domeinen. Deze peptides, voorzien van een ‘handvat’, werden 

toegevoegd aan cellulaire eiwitextracten, waarna ze uit het extract konden worden 

gevist. De eiwitten uit het extract die aan de peptides bonden zijn vervolgens 

geïdentificeerd met massa-spectrometrie, een zeer gevoelige techniek voor 

eiwitanalyse. 

Door middel van deze benadering identificeerden we Caveolin-1 (Cav1), 

een membraaneiwit dat eiwittransport faciliteert, als een eiwit dat Rac1 bindt en dus 

met Rac1 zou kunnen “communiceren”. Een mogelijke signalering tussen Rac1 en 

Cav1 was al eerder in de literatuur gesuggereerd, maar was echter nog nooit in kaart 

gebracht. In hoofdstuk 3 beschrijven we dat geactiveerd Rac1 door middel van deze 

binding Cav1 kan rekruteren naar die  plaatsen waar cellen hechten aan de 

extracellulaire matrix, de zogeheten focal adhesions (FAs). FAs zijn structuren 

waarmee hechtende cellen zich kunnen verankeren en voortbewegen over de 

extracellulaire matrix. Deze beweging omvat dan ook de, nauw gereguleerde, 

aanmaak van nieuwe FAs aan de voorkant van de cel en de afbraak van  “oudere” 

Fas aan de achterkant van de cel. Omdat Cav1 het transport van verschillende 

eiwitten reguleert die betrokken zijn bij de opbouw van FAs was eerder al in de 

literatuur gesuggereerd dat Cav1 betrokken zou kunnen zijn bij het aan- en afvoeren 

van deze eiwitten, om daarmee de aanmaak en afbraak van FAs te kunnen reguleren. 

De vinding dat Rac1 de rekrutering van Cav1 naar FAs tot stand brengt, is daarom 

een belangrijke aanwijzing dat Cav1 inderdaad bij dit transport betrokken zou 

kunnen zijn en kan dan ook tot meer inzicht in de regulering en dynamiek van FAs 

leiden. 

In hoofdstuk 4 is een studie beschreven waarin we hebben bepaald dat 

Cav1 gefosforyleerd dient te worden (er wordt dan covalent een fosfaatgroep aan 

een specifiek aminozuur vastgemaakt) door het enzym Src om uiteindelijk door 

Rac1 naar FAs te kunnen worden gebracht. De reden waarom Cav1 moet worden 
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gefosforyleerd voordat het naar FAs kan worden getransporteerd, was echter 

onduidelijk. Aan de hand onze bevindingen en gepubliceerde data van andere 

onderzoeksgroepen beschrijven we in dit hoofdstuk een nieuw model dat de rol van 

Cav1 fosforylering met betrekking tot de verplaatsing naar FAs zou kunnen 

verklaren. Dit model is voornamelijk gebaseerd op de aanname dat het 

plasmamembraan waar de FAs zich bevinden zeer cholesterol-arm is, in 

tegenstelling tot het membraan waar Cav1 zich voornamelijk bevindt. Cholesterol 

stabiliseert de verankering van Cav1 in het membraan. Het zou kunnen zijn dat de 

fosforylering van Cav1 het eiwit dusdanig stabiliseert dat het zich nu ook in het 

cholesterol-arme membraan rond FAs kan vestigen. Het wederom verwijderen van 

de fosfaatgroep van Cav1, ofwel defosforylering, zou tot destabilisatie en verlies van 

Cav1 uit FAs kunnen leiden. De verschillende eiwitten die aan Cav1 in de FAs 

binden worden daarmee wellicht ook verwijderd, wat bijvoorbeeld afbraak van FAs 

kan leiden. Met dit model kan dus een deel van de moleculaire basis worden 

beschreven die aan de dynamiek van celhechting, en daarmee celbeweging, ten 

grondslag. 

In hoofdstuk 5 hebben we ons verder verdiept in de regulering van Cav1 

met betrekking tot de activering van Rac1, aangezien andere onderzoeksgroepen 

hadden aangetoond dat er een verband bestond tussen de hoeveelheid Cav1 eiwit in 

een cel en de activiteit (binding aan GTP) van Rac1. Ook wij vonden dat de 

activiteit van Rac1 in cellen die geen Cav1 konden maken, inderdaad sterk toenam. 

Echter, dit ging gepaard met een eveneens sterke toename van de totale hoeveelheid 

eiwit van Rac1, zowel de actieve als de niet-actieve vorm. Door dit resultaat 

ontstond het vermoeden dat Cav1 in werkelijkheid de stabiliteit van Rac1 reguleert 

en daarmee, indirect, de activiteit van Rac1. Met behulp van verschillende analyses 

waarmee de stabiliteit van Rac1 kon worden bepaald in cellen die geen Cav1 

hadden, vonden we dat Cav1 de ubiquitylering van Rac1 reguleert. Ubiquitylering is 

een zeer algemeen en evolutionair oud mechanisme waarin een het kleine eiwit 

ubiquitine wordt gekoppeld aan een specifiek doel-eiwit, in dit geval Rac1. Deze 

modificatie gebeurt op enig moment met vrijwel alle eiwitten in de cel en werkt als 

een signaal voor afbraak: eiwitten waar ubiquitine aan is gekoppeld worden snel 
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door de cel afgebroken en de aminozuren worden hergebruikt. Wij ontdekten dat 

afwezigheid van Cav1 tot een defect in de ubiquitylering van Rac1 leidde, waardoor 

Rac1 niet kan worden afgebroken en de hoeveelheid eiwit van Rac1, en ook de 

hoeveelheid van het actieve Rac1 toe nam.  

Ubiquitylering is echter meer dan een afbraaksignaal, het kan tevens de 

binding van eiwitten aan elkaar beïnvloeden en daarnaast de subcellulaire lokalisatie 

van eiwitten bepalen. Ubiquitylering wordt in de literatuur in toenemende mate 

beschreven als een belangrijke manier om de signalering van de groep van kleine 

RhoGTPases te kunnen reguleren. In hoofdstuk 2 geven we daarom een uitgebreid 

literatuuroverzicht hoe ubiquitylering deze bijzondere groep van eiwitten kan 

reguleren. 

De koppeling van ubiquitine aan een eiwit gaat echter niet spontaan; er 

bestaat een groep speciale enzymen, de zogenaamde E3 ligases, die in 

samenwerking met E1 en E2 ligases de ubiquitylering van eiwitten regelt. 

Momenteel wordt het aantal verschillende E3 ligases in een gemiddelde menselijke 

cel op mogelijk wel 1000 geschat, die dan ook een zeer complex signaal-transductie 

netwerk vormen, in combinatie met het 50-tal E2 ligases en de 2 E1 ligases. Het E3 

ligase dat Rac1 ubiquityleert was echter tot nu toe onbekend. Wij waren dan ook erg 

verheugd toen we ontdekten dat het E3 ligase Nedd4-1 bond aan Rac1. Deze binding 

lichten we verder toe in hoofdstuk 6. 

Ondanks dat Nedd4-1 aan Rac1 bond, resulteerde deze binding niet in 

ubiquitylering van Rac1. Nadat we de lokalisatie van deze twee eiwitten in de cel 

hadden bepaald, door middel van microscopie, zagen we echter dat deze eiwitten 

voornamelijk bij elkaar kwamen op het moment dat de cel contact maakte met een 

naburige cel, en er dus een cel-cel contact ontstond. De aanwezigheid van Nedd4-1 

op deze cel-cel contacten bleek deze verbindingen significant te versterken. Na 

verdere analyse ontdekten we dat Nedd4-1 tijdens het verstevigen van deze cel-cel 

contacten het eiwit dishevelled-1 (DVL-1) afbreekt. Een van de functies van het 

DVL-1 eiwit is de acetylering van micro-tubuli (MTs), een tubulair netwerk en 

onderdeel van het cytoskelet. MTs, evenals Rac1, dragen in belangrijke mate bij tot 

versteviging van cel-cel contacten. Dit doen ze door het regelen van het transport 
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van eiwitten die noodzakelijk zijn voor de opbouw van deze contacten. Echter, de 

geacetyleerde vorm van MTs, zoals gestimuleerd door DVL-1, kan de richting van 

dit transport veranderen en daarmee de vorming van deze nieuwe verbindingen 

ontregelen. Zodoende ontdekten we dat de afbraak van DVL1 door Nedd4-1, 

gestimuleerd door aktief Rac1, acetylering van MTs voorkwam, om vervolgens de 

vorming en versteviging van deze nieuwe intercellulaire contacten te stimuleren.  

Ten tijde van het schrijven van dit hoofdstuk, vond ik in een “pubmed 

search” 3769 publicaties met betrekking tot Rac1 signalering. Desondanks is ons 

begrip betreffende de regulatie en signalering van dit eiwit nog lang niet volledig, en 

krijgen we nu pas enigszins inzicht in de onvoorstelbaar complexe signalering die 

Rac1 controleert en door Rac1 wordt aangestuurd. De resultaten van dit proefschrift 

hebben duidelijk geleid tot meer inzicht in deze signalering, doordat we nu weten 

dat ubiquitylering in belangrijke mate Rac1 signalering reguleert, en dat Rac1 in 

samenwerking met Nedd4-1 een geheel nieuw type signalering aanstuurt die tot 

versteviging van intercellulaire verbindingen leidt. Deze resultaten roepen uiteraard 

veel vragen op, zoals: welke E3 ligase(s) reguleert Rac1 ubiquitylering, hoe wordt 

het Rac1-Nedd4-1-DVL1 signaaltransductie pad verder aangestuurd, en welke 

eiwitten zijn hier verder bij betrokken. Dit en vele andere vragen hopen we in de 

toekomst op te lossen, om zodoende meer inzicht te krijgen in de bijzondere rol die 

Rac1 in de hechting en beweging van cellen speelt.  
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Dankwoord 
 

Het dankwoord! Het dankwoord betekent; het einde van mijn boekje! Het einde van 

mijn promotie! Ik had het zeker nooit zo ver gehaald zonder de onvoorwaardelijke 

steun van mijn ouders. Mijn ouders, lieve abba en ima, ik ben jullie zeer dankbaar 

dat jullie me in al mijn avonturen en dromen hebben willen steunen. Wie had ooit 

gedacht dat, nadat jij abba, 30 jaar geleden bij Sanquin stage liep, ik er op een dag 

zou gaan promoveren! Ongelooflijk! Naast mijn ouders wil ik mijn broer en zus; 

Doron en aviva, heel erg bedanken voor alle liefde en steun die jullie me tijdens de 

promotie hebben gegeven. Al die gezelligheid heb ik altijd heel erg gewaardeerd en 

heeft mij zeker gesteund tijdens de afronding van mijn promotie. Ook wil ik mijn 

Opa en Oma heel erg bedanken. Opa, ik weet zeker dat u mijn promotie met een 

trotse glimlach vanuit die andere wereld heeft gevolgd, zoals u, Oma, ook altijd 

achter mij stond.  

Het promoveren zit er nu echt bijna op, nog enkel die verdediging, maar 

mijn grootste buit heb ik binnen! En dat ben jij natuurlijk, lieve Lin. Toen we samen 

kwamen had ik al dat buitenlandplan; als postdoc, Amerika verkennen. Zonder enige 

twijfel heb jij mij altijd gesteund in die droom en gaf je toen al aan dat ik alleen kon 

vertrekken indien jij mee mocht ;) En nu getrouwd voor de States, verloofd in 

Nederland en klaar voor het grote avontuur! Lieve Lin heel veel dank voor jouw 

onvoorwaardelijke liefde en steun! En zodoende heb ik er een lieve schoonfamilie 

bij! Jan, Ineke, Annemarie en Bart ook veel dank voor de gezelligheid en liefde van 

jullie kant.  

Mijn promotie was zeer zeker niet zo goed gelukt zonder de steun van mijn 

co-promoter, afdelingshoofd, baas of eigenlijk gewoon; Peter. Waarvan je de laatste 

benadering volgens mij zelf ook het liefst hebt. Onze dagelijkse soms wel meermaal 

dagelijkse gesprekken over het onderzoek, het kritisch denken en discussiëren, heeft 

mij als promovendus gebracht tot wat ik nu ben. Het waren niet enkel onze 

brainstormsessies, maar ook je uitgebreide en snelle feedback op de artikelen die ik 

schreef, posters die ik maakte en presentaties die ik voorbereidde, hielpen me verder 

om als onderzoeker te ontwikkelen. Dankzij jouw steun heb ik nu zelfs de 
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mogelijkheid om verder het onderzoek in te gaan in een van de beste laboratoria van 

de States! En mocht het me lukken daar te slagen, dan lijkt het er zo maar op dat ik 

terug kan komen als buurman in je “oude thuis” het NKI. Ik hoop, maar weet 

eigenlijk zeker, dat we nog heel lang contact zullen blijven houden. Geen 

copromotor, zonder promotor, Dirk ik ben je zeer dankbaar voor het kritisch lezen 

van mijn proefschrift.  

Nu dan mijn lab-buddies waarvan ik velen eerder zie als vriend of vriendin 

dan collega. Te beginnen met de ‘oude garde’ Rachel (Beem!) en Elouis(aaa). 

Allereerst ben ik zeer trots dat jullie op mijn promotie mijn paranimfen willen zijn. 

Beem, ik wil je heel erg bedanken voor je gezelligheid zowel binnen als buiten het 

lab met bubbels, Jimmy Who en Mysteryland als hoogtepunten;) ofwel een vriendin 

erbij! Eloisa, 5 jaar promotie en ik zit vol met littekens van jouw “verbal lashes”, ik 

heb het ongelooflijk leuk, gezellig maar ook zeer zeker leerzaam ;) gevonden om je 

te leren kennen en met je als collega samen te mogen werken. De gezellig etentjes, 

duikverhalen en je kampeerverhalen…ik zal ze allemaal missen en hoop in de 

toekomst contact te blijven houden. 

 Nu ik als terminale aio hoop te promoveren mag ik het stokje doorgeven 

aan de volgende generatie; Jos, Trynette, Younnes en Daniël. Ik wens jullie allen 

heel veel succes en wil jullie bedanken voor de gezelligheid in het lab, zet hem op! 

Younnes, ik zal zeker je vrijdagmiddag-muziek in Amerika missen. Bart-jan, BJ, 

ofwel De Kreuk, behalve dat ik je altijd als zeer gezellige en goede collega heb 

ervaren, is het mooi om te zien dat je net zo enthousiast over het onderzoek bent als 

ik. Ik heb dan ook alle vertrouwen in je promotie! Dan de jongste telg van MCB 

Jeffrey, als-je-blieeeft, ik wens je heel veel succes maar vooral plezier in de 

komende spannende jaren die je tegemoet mag zien als aio. Ilse en Emilie, “de 

feestbeesten”, zowel in als buiten het lab het was altijd gezellig! Met als een van de 

hoogtepunten; een Ilse die “de weg” kwijt was na het kerstdiner (2009) en heerlijk 

eten bij Emilie met als Chef du Maison; Mark. Mark; geen gedrevener en 

enthousiastere analist dan jij! De afgelopen jaren met jou op het lab, de muziek, je 

grappen, ik zal ze allemaal missen. Over analisten gesproken, zonder hulp van het 

magic duo; Floris en Erik waren mijn experimenten nooit zo goed gelopen als ze nu 
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in dit boekje staan. Veel dank voor de uitleg van apparatuur, het upgraden van mijn 

computer en sorten van cellen! Tenslotte, een van de belangrijkste aangelegenheden 

van het onderzoek doen; het sparren over de interpretatie van data! Hiervoor wil ik 

jullie; Mar, Jaap, Paula en Suzanne, heel erg voor bedanken. Antje, veel succes met 

je onderzoek, ik weet zeker dat je uiteindelijk zal wennen aan die directe 

Holländers! Ook heel veel dank aan alle collega’s van Sanquin buiten de afdeling 

MCB; zoals Rob, Judy (Jules), Martin en Marijke. En zo zijn er nog meer collega’s 

waarmee ik het bijzonder gezellig heb gehad zoals; Janine S.! Succes met de laatste 

loodjes en natuurlijk met je allergrootste avontuur; de kleine ;) In het bijzonder ook 

heel veel dank aan de buren van BCR! Jullian, I will never forget our crazy weekend 

in Chicago! That was great! Tussen alle drukte door is het ‘ons’; Saskia, Sandra, 

Hoa, Edo en Max ook nog gelukt om de IYSM op te zetten! Een nieuw congres, 

voor en door jonge onderzoekers, met zelfs voor dit jaar een 2e editie gepland! Het 

was waanzinnig leuk en gezellig dit met jullie te organiseren, ook jullie zullen 

binnenkort promoveren en jij, Sandra, will have your own group in Germany! Heel 

veel succes and keep in touch;) Tenslotte ook veel dank richting het UMC Utrecht; 

Madelon en Daniele, nu maar hopen dat ons verhaal tot een mooie publicatie zal 

leiden. Tenslotte, geen goed onderzoek, zonder de nodige ontspanning buiten het 

werk, veel dank aan al mijn goede vrienden buiten het lab. Ik hoop jullie allen een 

keer te ontvangen in het nieuwe thuis van Linda en mij in de States! 
 


