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Stellingen 
 

behorend bij het proefschrift 
 

Rac1 and Rac3 in cell morphology and adhesion: brothers and foes 
 
 

1. Het feit dat Rac3 transcript nagenoeg afwezig is in gedifferentieerde neuronale cellen, alsmede het 
feit dat onderdrukken van expressie van endogeen Rac3 leidt tot neuritogenese, suggereert  dat 
Rac3 essentieel is voor het onderdrukken en/of uitstellen van de neuritogenese (dit proefschrift). 

 
2. De zogenaamde “effector loop” van Rac eiwit is weliswaar belangrijk voor het binden van 

downstream effectoren, maar allerminst allesbepalend voor de gevolgen van die interactie (dit 
proefschrift). 

 
3. De actieve mutant van Rac eiwitten is een onbehouwen gereedschap om de “gain-of-function” van 

Rac eiwitten te bepalen en dient als dusdanig vermeden te worden (dit proefschrift). 
 

4. Aangezien Rac3 evolutionair gezien voor het eerst verschijnt in de vertebraten, is het aannemelijk dat 
dit gen een rol speelt in de late ontwikkeling van de hersens van hogere complexiteit (Corbetta et al, 
FASEB J., 2009).  

 
5. Het placebo-effect zit niet alleen tussen de oren. De placebo bewerkstelligt een aantoonbaar fysiek 

effect op neuronale activiteit in de ruggenmerg (Eippert et al, Science, 2009). 
 

6. Het vermogen om een verleiding te weerstaan komt niet voort uit een krachtige weerstand, maar uit 
de krachteloze verleiding (Greene and Paxton, PNAS, 2009).   

 
7. Het gedrag van de mens in het verkeer, tegenover autoriteiten en tijdens politieke verkiezingen doet 

vermoeden dat het menselijk genoom ook sterk overeenkomt met dat van schaap, naast de 
recentelijk vastgestelde overeenkomsten met het genoom van aap en muis.  

 
8. Als de vrouw niet voortdurend op de man had ingepraat om maar op te houden met dat onnozele 

geslinger tussen de takken en met beide benen op de grond te gaan staan, was Homo sapiens nog 
steeds in de boomtoppen te vinden.  

 
9. Eerste axioma van Sarajevo: de kans om ongedeerd de collegezaal te bereiken is omgekeerd 

evenredig met het aantal kruispunten die men dient te passeren en de waakzaamheid van de 
vijandelijke sluipschutters die desbetreffende kruispunten onder schot houden. 

 
10. Voor een beta-carrière heeft een migrant vooral een flinke talenknobbel nodig.   
 
11. God was in staat zijn werk in zeven dagen te voltooien vooral omdat Hij geen tijd hoefde te verspillen 

aan vergaderingen, werkoverleg of tussentijdse evaluaties.   
 
12. Een schouderklopje wordt doorgaans niet als seksuele intimidatie ervaren, en is derhalve niet 

verboden. 
 
13. Verblijf in een land zonder gebergte kan betrekkelijk uitzichtloos lijken. 
 
14. Bumperklevers zijn uitermate irritant, vooral de soort die zich voor je bevindt. 

 
15. De wonderen zijn de wereld nog niet uit, ondanks tomeloze inspanning van wetenschappers om ze 

de deur te wijzen. 
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The true sign of intelligence is not knowledge but imagination.  

Albert Einstein 
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Preface 
 
Background 

In order to mechanistically and functionally take part in the complex structures of 

tissues and organs, mammalian cells require a dynamic cytoskeleton and the 

capacity to adhere. The ability to rapidly change morphology and sophisticated 

adhesions, either to the neighboring cells (cell-cell adhesion) or to the surface (cell-

matrix adhesion), are prerogative for both static and migratory aspects of the cell 

function. Concomitantly, failure of cytoskeletal rearrangements and dysfunctional cell 

adhesions lead often to various pathological processes, and are on many levels 

involved in tumor development and metastasis.  

 

Considering their complexity and importance, it is not surprising that these aspects of 

cell biology are strictly regulated in time and space by a multitude of signaling 

cascades. Substantial contribution to this regulation is provided by small Rho-like 

GTPases (extensively described in chapter 1). These proteins belong to the 

superfamily of small GTPases, sometimes called the ‘Ras superfamily’ with reference 

to their founding member, that are divided into five major subfamilies according to 

their sequence and function: Ras, Rho, Rab, Ran and Arf. In addition to the Ras 

proteins, the Ras subfamily includes Rap, Ral, and Rheb GTPases, whereas the Rho 

subfamily is further divided into three subgroups: Rho, Rac and Cdc42. 

 

Small GTPases are nucleotide binding molecules that switch between an active and 

inactive state by binding either GTP or GDP, respectively. In an active, GTP-bound 

state, Rho-like proteins interact with a variety of downstream effectors, regulating in 

this way not only cytoskeletal dynamics and cell adhesion, but also cell polarity, cell 

migration, cell division, apoptosis, gene transcription and many other cellular 

processes.  

 

The regulation of nucleotide binding is a crucial element of small GTPase function 

and is brought about by three different sets of proteins. Guanine nucleotide exchange 

factors (GEFs) activate small GTPases by catalyzing GTP exchange, and are 

antagonized by GTPase activating proteins (GAPs), which accelerate GTP hydrolysis 
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and guanosine nucleotide dissociation inhibitors (GDIs), which maintain GTPase in 

GDP-bound (inactive) state.  

 

Small GTPases share a significant degree of structural homology, especially within 

the subfamilies, yet they are functionally very different, interacting with specific pools 

of downstream effectors and affecting different signaling pathways. Therefore it is 

highly important to understand the issue of their specificity: which parameters enable 

these highly homologous small proteins to efficiently affect so many different 

processes in the cell? 

 

To begin with, membrane association is crucial for the function of small GTPases. 

These proteins are subjected to a post-translational modification, where an 

isoprenoid lipid moiety is added to their carboxy terminus, which subsequently 

facilitates insertion of the GTPase into the membrane. Additional value of this lipid tail 

is the fact that it contributes to some extent to the specificity: while Ras subfamily 

proteins are farnesilated or palmitoylated, Rho and Rab GTPases are predominantly 

geranylgeranylated (with minor exceptions).  

 

Secondly, the GEFs and GAPs that regulate GTPases activity are fairly specific and 

often capable of binding and positioning downstream effectors in the close proximity 

of the GTPase, being therefore an important tool in determining the outcome of 

GTPase activity. However, they cannot be accounted for all aspects of specificity, 

since often highly similar GTPases are capable of in vitro binding to the same GEFs 

and same downstream effectors, yet their expression in the cell affects for example 

the cell morphology in a very different way.  

 

The third and so far final feature that contributes to the specificity of the GTPase 

function is their localization in the cell. The majority of Rho GTPases localizes in their 

active state to the plasma membrane, most likely at the specialized lipid or protein-

defined signaling platforms like calveolae and rafts, but also to specific structures like 

focal adhesions. Ras GTPases are targeted to endosomes, Golgi, the plasma 

membrane and mitochondria, Ral and Rab GTPases to specific vesicle 

compartments, whereas Arf GTPases localize to either plasma membrane or specific 
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vesicle compartments. Recent findings revealed that not only the lipid moiety and 

anchoring in specific membranes, but foremost protein-protein interactions are of 

importance for the correct subcellular localization of small GTPases. There are some 

indications that a hypervariable sequence, which is in RhoGTPases situated just 

upstream of the CAAX box at the C terminus, is a vital element that ensures targeting 

to the proper compartment. 

 

The issue of specificity is particularly intriguing in the case of the Rac subfamily of 

RhoGTPases. Next to the well-studied, ubiquitously expressed Rac1, this subfamily 

harbors the hematopoietic-cell specific Rac2 and the recently found and poorly 

characterized Rac3, whose transcript is enriched in brain. Their overall homology is 

more then 90%, with effector loop identity of 100%. Rac proteins show different 

pattern of expression, both during the development as in adult organism. However 

often they are also simultaneously expressed. A few studies showed that in 

hematopoietic cells, Rac1 and Rac2 have partially redundant but also different effects 

on the cell morphology and behavior. As for Rac3, the scarce investigations often 

utilize over-expression of constitutively active mutants that are often non-specific in 

binding (the) downstream effectors. Thus far, the specific contribution of individual 

Rac proteins in Rac-mediated cell signaling has been poorly understood, and the 

mechanisms that lay behind the proposed differences remain largely illusive.  

 

 

Scope of the thesis 
In order to gain insight to the issue of small GTPases specificity, we explored the 

contribution of particular Rac GTPases to cytoskeletal rearrangements and cell 

adhesions in cultured epithelial and neuronal cells. We have addressed the issues of 

subcellular localization, structural differences that contribute to this specificity and 

explored the signaling pathways that underlay them. Our findings are presented in 

this thesis as follows: 

 

Chapter 1 offers an elaborate overview on Rho GTPases classification, function and 

regulation with respect to cell motility, cell-matrix and cell-cell adhesion and 

tumorigenesis.  
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Chapter 2 shows that small GTPase Rap, a bona fide regulator of integrin-based 

cell-matrix adhesions, also plays an important stimulatory role in cadherin-based cell-

cell adhesions in epithelial cells. Expression of active Rap1A restored epithelial 

morphology in Ras-transformed epithelial cells, whereas inhibition of Rap signaling 

led to disruption of cadherin-based cell-cell contacts. This study suggests a broader 

role for this small GTPase to regulate the function of cell-surface adhesion receptors. 

 

Chapter 3 presents a study on specific functions of two highly homologous 

RhoGTPases, Rac1 and Rac3. By utilizing short interference RNA technology, Rac1 

and Rac3 specific contribution to the cell morphology and adhesion are dissected, 

with a surprising and intriguing outcome. Namely, we show here that Rac3 induces 

cell rounding and diminishes cell-matrix adhesions, fully opposing thereby the well-

described stimulatory role of Rac1 in cell spreading and adhesion. This functional 

difference, as well as different subcellular localization of the two proteins, is 

dependent on the hypervariable domain just upstream to the carboxy terminus.  

 

Chapter 4 impinges further on the mechanisms that underlay the remarkable 

functional difference between Rac1 and Rac3. It shows that both proteins interact 

with a downstream effector Git1, however, with an important difference that Rac3-

Git1 interaction does not involve βPix, a GEF molecule that plays a positive role in 

cell adhesion stimulation through the regulation of paxillin distribution. As a 

consequence, Rac3-Git1 interaction is accompanied by loss of Git1-paxillin 

interaction, defective paxillin distribution and focal adhesion formation. Furthermore, 

Rac3-Git1 interaction stimulates Git1 GAP activity towards Arf6, a small GTPase 

involved in endosomal membrane trafficking.  

 

Chapter 5 provides an overview of the results described in this thesis, followed up by 

discussion on different aspects of these findings, the correlation between them and 

possible future directions.  
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RHO GTPASES IN CELL MOTILITY AND TUMORIGENESIS 
 

Amra Hajdo-Milašinović, Alexander E. Mertens, Irene H. L. Hamelers, John G. 

Collard 
 

The Netherlands Cancer Institute, Department of Cell Biology, Plesmanlaan 121, 1066 CX 

Amsterdam, The Netherlands 

 

 

Abstract 
Rho proteins are small regulatory molecules that belong to the Ras superfamily of 

proteins. They act as molecular switches, shuffling between an active, GTP-bound 

state, and inactive GDP-bound state. Upon activation, they interact with a multitude 

of downstream effectors. In this way Rho proteins regulate a broad range of cellular 

processes, including cell motility, growth, apoptosis, gene transcription and others. 

Therefore, it is not surprising that Rho proteins are shown to be involved in different 

aspects of tumorigenesis. In particular, as key regulators of cell motility, Rho 

GTPases are implicated in invasion and metastasis of a tumor. In this paper we will 

focus on the involvement of Rho proteins in cell migration and their involvement in 

the different steps of tumorigenesis. 

 

 
 
 

Introduction  
Similar to Ras proteins, Rho GTPases bind GTP/GDP and cycle between active 

GTP- and inactive GDP-bound state. In contrast to Ras oncogenes, Rho proteins 

have never been found mutated in human tumors; however, their involvement in 

cancer development has been clearly established and is an active area of research. 

Rho GTPases are ubiquitously expressed and so far 20 Rho proteins have been 

described in humans (1). Based on primary sequence and known functions, they can 

roughly be divided into 5 groups, being the Rho-like, Rac-like, Cdc42-like, Rnd, and 
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RhoBTB subfamilies (Figure 1). Of these 20 members, RhoA/B, Rac1/2 and Cdc42 

are the most widely studied. Rho proteins are involved in the regulation of many 

cellular processes, including cytoskeletal organization, cell motility, cell cycle 

progression and growth, apoptosis, gene transcription and vesicle transport. 

Consequently, it is not surprising that Rho proteins were founds to be involved in all 

the different steps of tumor development. In this chapter, we describe in more detail 

how the Rho proteins are regulated, what their role is in cell migration and 

maintenance of cell-cell adhesions. In addition, we summarize the data that implicate 

this protein family in cancer development. 

 

  

 

  

 

 

 

 

 

 

 

 

 

Figure 1: Rho protein family tree. Based on sequence homology and function, the 20 
Rho protein family members are divided into 5 groups: Rho-like, Rac-like, Cdc42-like, 
Rnd and RhoBTB
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1. Regulation of Rho GTPase activity 
Rho proteins cycle between an active, GTP-bound conformation and an inactive, 

GDP-bound conformation. In the GTP-bound form, they interact with downstream 

target proteins to induce cellular responses. Rho proteins exchange nucleotide and 

hydrolyse GTP at slow rates. These reactions are catalysed by guanine nucleotide- 

exchange factors (GEFs) and GTPase-activating proteins (GAPs), respectively 

(Figure 2).   

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

The guanine nucleotide exchange factors (GEFs) promote the exchange of GDP for 

GTP, in this fashion activating the GTPase.  RhoGEFs are generally large, 

multidomain proteins that typically contain a Dbl homology (DH) domain (2) which 

catalyses GDP-GTP exchange. The DH domain is often flanked by pleckstrin 

homology (PH) domain. The DH-PH domain units show varying specificities for 

subsets of Rho family proteins (3). There are many more GEF proteins than there are 

Rho proteins; so far, about 60 GEFs have been identified in the mammalian genomes 

(4). This diversity probably represents the engagement in a wide variety of signaling 

pathways in different tissues. In addition, RhoGEFs are not just simply activators of 

Rho proteins, but they also serve as docking sites for adaptor proteins and 

Figure 2: Regulation of RhoGTPase function. Rho GTPases shuttle between an active 
and an inactive state. RhoGDIs keep Rho proteins in a  GDP-bound inactive state. GEFs 
and GAPs regulate the GDP release and the GTP hydrolysis, respectively. 
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downstream effector proteins of Rho-like GTPases (reviewed in 5). This additional 

feature promotes RhoGEFs into tools for fine-tuned spatial and temporal regulation of 

Rho GTPases and their downstream signaling.  

 

GTPase-activating proteins (GAPs) stimulate the rate of GTP hydrolysis, thereby 

converting GTPases to their inactive, GDP-bound form. So far, there are about 70 

proteins identified that contain a RhoGAP domain (6). Apart from their function to 

inactivate Rho GTPases there is evidence that some GAPs also act as Rho effectors 

and transmit signals downstream from Rho proteins.  

 

The third group of Rho family regulators is known as the guanine-nucleotide 

dissociation inhibitors (GDI). GDIs bind a subset of Rho proteins, inhibit nucleotide 

exchange and prevent the binding of these proteins to the membranes, where they 

are activated. To date, three RhoGDIs have been identified, and a few other 

molecules have been suggested to have RhoGDI activity.  A large fraction of Rho 

proteins in the cell is likely to be bound to GDIs (7). How RhoGDIs interact with Rho 

proteins is known from structural and biochemical studies (8,9), but it is still unclear 

how this interaction is regulated. GDI phosphorylation and the binding of other 

proteins to GDI can stimulate release of Rho GTPases from GDIs. In this way, Rho 

proteins can be delivered by the GDIs to a particular site of action in the cell.  

The localization of Rho proteins is regulated by lipid modifications. Rho GTPases are 

generally post-translationally modified at their C-termini by prenylation of a conserved 

cysteine, and this is a determinant for targeting these proteins to the plasma 

membranes (10). 

 

Various tools have been employed to analyse Rho protein function. Two types of 

point mutants have been used extensively: activated mutants, which are 

constitutively GTP-bound (the GAP proteins can not bind anymore) and dominant-

negative mutants, which generally have reduced affinity for nucleotides (11) and are 

titrating out GEFs (12). Bacterial toxins that inactivate Rho proteins have also been 

used to study Rho function (reviewed in 13). A prototypical agent is C3 

exotransferase, produced by Clostridium botulinum. C3 (ADP-)ribosylates RhoA, B, 

and C leading to the inactivation of these proteins (14). More recently, the 
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downregulation of various Rho proteins by short interference RNA sequences have 

become a powerful tool to study the specific function of Rho proteins. 

 
2. Function of Rho GTPases  
The most intensively investigated function of Rho proteins is their involvement in the 

regulation of the cytoskeletal organization in response to extracellular signals. 

However, over the past few years it has been shown that Rho GTPases also play 

crucial roles in many other cellular events, such as membrane trafficking, 

transcriptional regulation, apoptosis, cell polarization, cell growth control, and cell 

differentiation. Within the scope of this chapter we will discuss in particular the 

involvement of Rho proteins in cell migration and cell adhesion, processes 

associated with the formation and progression of tumors. 

 

2.1 Rho GTPases in migration 
Cell migration is essential to normal development of multicellular organisms and 

plays a crucial role in morphogenesis throughout embryonic development.  Cells 

migrate from epithelial layers to end up in locations where they start to differentiate 

and form specialized tissues and organs. Migration is also a prominent component of 

tissue repair and immune protection. It is not surprising that migration is a crucial 

factor in many pathological processes as well. Vascular diseases, osteoporosis, 

chronic inflammatory diseases, mental retardation and cancer correlate tightly with 

impaired, deregulated or intensified migratory capacity of cells. So, understanding the 

mechanisms underlying cell migration might potentially lead to more effective 

therapeutic approaches for treating disease. 

Cells start to migrate in response to different extracellular cues (e.g., growth factors, 

signals on neighboring cells, or signals from the extracellular matrix) that act either as 

attractants or repellents. This evokes signaling cascades within the cell that lead to 

cytoskeletal changes, cell-substrate adhesions, loss of cell-cell adhesions and other 

processes that are required for forward movement.   

Cell migration can be seen as a cyclic process, consisted of four mechanistically 

separated steps (15). Firstly, in response to migration-promoting agent, cells start to 

polarize and extend a leading edge protrusions or lamellipodium in the direction of 

migration. These protrusions are dependent on actin polymerisation. Secondly, the 
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new adhesions are being established at the front of the cell, serving also as traction 

sites for migration as the cell move over them. Subsequently, the contraction of the 

cell body occurs, and finally, the adhesions at the cell rear become detached.  

During the migratory processes, Rho proteins regulate the changes in cell adhesion 

and the actin cytoskeletal changes during cell migration (Figure 3). In fibroblasts, Rho 

can be activated by the addition of extracellular ligands and activated Rho leads to 

the assembly of contractile actin-myosin filaments (stress fibers) and of associated 

focal adhesion complexes. Rac is activated by a distinct set of agonists (different 

growth factors, insuline), and activated Rac induces the assembly of a meshwork of 

actin filaments at the cell periphery to produce lamellipodia and membrane ruffles. 

Furthermore, activation of Cdc42 induces actin-rich surface protrusions called 

filopodia. Other processes regulated by Rho GTPases that are important for cell 

migration, are focal adhesion complex formation and turn-over, the establishment of 

cell polarity, microtubule dynamics, vesicular transport pathways and the signaling 

up- and downstream of integrins. Rather then exploring these functions one by one, 

we will discuss the various steps of migration together with the Rho protein function 

in every particular step. 

 

 

 

  

 

 

 

 

 

 

 

 

 Figure 3: Steps in cell migration. Cdc42, along with Par proteins and aPKC, are involved in the generation 
of polarity. The migration cycle begins with the formation of a protrusion (filopodia and lamellipodia). Rac 
and Cdc42 and other signaling pathwaysregulate the formation of actin branches Protrusions are 
stabilized by the formation of adhesions. This process requires integrin activation, clustering, and the 
recruitment of structural and signaling components to nascent adhesions. At the cell rear, adhesions 
disassemble as the rear retracts. This process is mediated by Rho. 
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2.1.1 Cell polarization 
In order to migrate, a cell must be polarized, meaning that different molecular 

processes must define the front and the rear of the cell. A key player in regulation of 

cell polarity is Cdc42. The GTPase Cdc42 is active toward the front of migrating cells 

(16), and both inhibition and over-activation of Cdc42 can disrupt directionality of 

migration (17). Cdc42 restricts the area where the lamellipodia can be formed (18), 

and it also affects polarity by localizing the microtubule-organizing center (MTOC) in 

front of the nucleus, oriented toward the leading edge (Figure 2) (17,19). The effects 

of Cdc42 on MTOC position appear to involve the Cdc42 effector PAR6, which forms 

a complex with PAR3 and an atypical protein kinase C (aPKC) (20,21). An additional 

role of Cdc42 in cell migration is its role in filopodia formation, by initiating the actin 

polymerisation. These protrusions are formed in the process of cell polarization and 

are required for the direction sensing in many different cell types (22,23). Cdc42 is 

able to stimulate actin polymerization via its interaction with WASp and N-WASp, 

leading to activation of the Arp2/3 complex that mediates actin filament assembly. 

For proper cell polarization, a tight regulation of the microtubule dynamics is needed, 

which involve not only Cdc42 (24,25) but also both Rac (24,25), and Rho (26-29). 

 

 

2.1.2 Lamellipodia 
Lamellipodia are protrusive structures generated at the leading edge of migrating 

cells. They consist of branched actin filament networks formed through the actin-

nucleating activity of the Arp2/3 complex (30). Through localized activation of the 

Arp2/3 complex, the lamellipodia are induced to grow in a particular direction, 

providing the basis for directional migration. Activation of the Arp2/3 complex occurs 

by WASp/WAVE family members, which are downstream effectors of Cdc42 and Rac 

respectively (31).   

 

Rac is required for lamellipodium extension induced by growth factors, cytokines and 

extracellular matrix components and inhibition of Rac activity impairs cell migration 

(22,23,32). Activated Rac is localized preferentially towards the front of migrating 

cells (33). A major protein that can activate Rac at the leading edge is 

phosphoinositide 3-kinase (PI 3-kinase) that is activated either via tyrosine kinases or 
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G-protein-coupled receptors (34-36). The products of PI 3-kinase, PtdIns (3,4,5) P3 / 

PtdIns (3,4) P2 (PIP3/PIP2), appear to be enriched at the leading edge of migrating 

cells (37-39). Tiam1 and Vav2 are PIP3-responsive GEF proteins localised at the 

leading edge of cells. They are likely candidates for regulating local Rac activity 

during directed cell migration (34,40,41). 

 

A downstream effector of Rac important for cytoskeletal rearrangements and 

membrane ruffling is p21-activated kinase (PAK). Both Rac and Cdc42 activate PAK; 

its activation promotes formation of lamellipodia (42) and leads to the loss of stress 

fibers and focal adhesions (43). Via PAK, Rac has been reported to stimulate the 

activity of LIM-kinase (44,45), which phosphorylates and inactivates cofilin, a protein 

that promotes actin depolymerization (45). Thus Rac is able to inhibit cofilin-induced 

depolymerization.  

 

In addition, myosins have been implicated in cell migration (46), and Rac can affect 

the phosphorylation of both myosin II heavy chain (MHC; (47)) and myosin light chain 

(MLC) via PAK (48-50). Phosphorylation of the myosin heavy chain by PAK inhibits 

myosin function and causes the disassembly of actomyosin structures (47). In 

addition to myosins, several other targets downstream of Rac and PAK have been 

implicated in actin reorganisation, including the actin binding protein filamin, the 

paxillin/Pix/PKL complex, formins and the adaptor protein Nck (reviewed in 13).  

 

 

2.1.3 Cell-matrix adhesions 
Prior to cell migration, a protrusion must extend which needs subsequently to be 

stabilized by adhesion to a substrate. Small focal complex structures are localized in 

the lamellipodia of most migrating cells, and are important in mediating the 

attachment of the extending lamellipodium to the extracellular matrix (ECM; 15). 

Although many different receptors are involved in the migration of different cell types, 

the integrins are the major migration-promoting receptors. Integrins act as the “feet” 

of a migrating cell by supporting adhesion to the ECM or other cells and by linking via 

adapters with the actin filaments inside of the cell.  
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Rac is required for focal complex assembly (51-53).  In the case of Rho, integrin 

clustering is very pronounced and results from tension aggregating dispersed 

integrins, such that they align through their attachment with the ends of stress fibres 

in focal adhesions (54). In some cell lines, the inhibition of Rho decreases adhesion, 

causing a retraction of the lamellae and rounding of the cell body. The speed of cell 

migration is dependent on the substrate composition. Indeed, the relative levels of 

Rho, Rac and Cdc42 activation vary with extracellular matrix composition (55-57). 

There is continuous crosstalk between integrins and Rac to allow cells to respond to 

changes in extracellular matrix composition of growth factor receptors (58).  

 

The turnover of focal complexes/adhesions is important for migration of cells. If they 

are persistently sustained, the cell cannot migrate because it cannot detach from the 

ECM. On the other hand, if they are properly disassembled but their assembly is 

deregulated, migration is again impaired because the cell does not have sufficient 

grip on EMC to move forward. Both Rac and Rho are directly and indirectly involved 

in the regulation of turnover of focal adhesions/complexes (48,59,60).  

 

 

2.1.4 Cell body contraction 
In order to migrate, after induction of forward protrusions, the cell needs to contract 

and retract the rear. Cell body contraction is dependent on actomyosin contractility 

(61), a process regulated by Rho. Rho acts via ROCKs (also known as Rho-kinases) 

to affect MLC phosphorylation, both by inhibiting MLC phosphatase and by direct 

phosphorylation of MLC (62,63). MLC phosphorylation is also regulated by MLC 

kinase (MLCK), which is activated by calcium, and stimulated by the ERK MAPKs 

(64). It is likely that ROCKs and MLCK act in concert to regulate different aspects of 

cell contractility. ROCKs are required for MLC phosphorylation associated with actin 

filaments in the cell body, whereas MLCK is required at the cell periphery (65). Rho 

promotes myosin contractility and the resulting tension drives the formation of stress 

fibers and focal adhesions. Thus, reducing Rho activity has two opposing effects: it 

promotes cell migration by lowering adhesion, but decreases it on the other hand by 

inhibiting cell body contraction.  
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2.2 Rho-GTPases as regulators of cell-cell adhesion in tumor progression 
Invasion of surrounding tissue is one of the most important steps in tumor metastasis. 

It requires the release of tumor cells from the primary tumor. The major intercellular 

adhesion molecules expressed by epithelial cells belong to the family of the classical 

cadherins (E/P/N-cadherins), where E-cadherin is the most abundantly expressed 

isoform. In addition to cadherins, which are concentrated in the so-called adherens 

junction (AJ), epithelial cells form intercellular contacts through tight junctions (TJ) 

and desmosomes (Figure 4). Cadherin complexes and tight junctional components 

associate with the cortical F-actin cytoskeleton, whereas desmosomal cadherins are 

linked to intermediate filaments called cytokeratins.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

2.2.1 Cadherin expression and function 
Classical cadherins mediate intercellular adhesion in a homotypic and Ca2+-

dependent manner through the formation of zipper-like molecular structures on 

opposing cells (66,67). Cadherins are stabilized on the plasma membrane through 

dimerisation (68) and the linkage of the cytoplasmic tails to the F-actin cytoskeleton 

Figure 4: Epithelial intercellular junctions. A schematic representation of a polarized 
epithelial cell. The different types of intercellular junctions as well as hemidesmosomes are 
shown. It should be noted that the tight junctions and adherens junctions are linked to the 
actin cytoskeleton, and desmosomes and hemidesmosomes are linked to intermediate 
filaments.
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via the Armadillo-family proteins β- and γ-catenin and the actin binding proteins α-

actinin and vinculin (69,70).  

 

Cadherins play a critical role in tissue morphogenesis and homeostasis of tissue 

architecture and their functional elimination represents a key step in the acquisition of 

the invasive phenotype for many epithelial tumors. In vitro, a strong correlation has 

been found between the loss of E-cadherin and the loss of the epithelial phenotype 

whereas overexpression of E-cadherin in mesenchymal cells induces a 

mesenchymal-epithelial transition (71,72,72). The progression from benign to 

malignant epithelial tumors and the dedifferentiation of tumor cells in vivo is strongly 

correlated with the loss of function of E-cadherin (73).  

 

The loss of function of E-cadherin in epithelial tumors can have multiple causes 

(reviewed in 74-76). Since loss-of-function mutations in the E-cadherin gene are 

sporadic in human tumors and re-expression of E-cadherin in distant metastases is 

often observed, epigenetic regulation of cadherin expression is probably most 

relevant in tumor progression. Downregulation at the RNA level can be established 

through regulation of transcription factors such as SNAIL, Slug, and SIP1. Other 

mechanisms of gene silencing involve hypermethylation of the E-cadherin promoter. 

At the post-translational level, cadherins can be regulated by enhanced turnover and 

degradation, processes that can be triggered by several oncogenic signaling 

pathways and importantly by Rho GTPases.     

 

 

2.2.2 Rho-GTPases regulate cadherin-based intercellular adhesions 
Rho GTPases are actively involved in the formation and maintenance of intercellular 

adhesions. Conceivably, F-actin dynamics mediated by Rho-GTPases could 

influence the assembly, stability and function of the adherens junction and the tight 

junction. However, the effects of Rho GTPases on cell-cell adhesion complexes are 

not all mediated through rearrangement of the actin cytoskeleton. Although the 

involvement of Rho proteins in the formation and maintenance of cell-cell contacts 

are well studies, contradictory results make it difficult to form a clear consensus for 

their roles in these processes (reviewed in 77-79).  
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Initially, Rac1, Cdc42 and RhoA where found to affect cadherin accumulation in 

intercellular adhesions of MDCK cells and primary human keratinocytes. Inactivation 

of RhoA and Rac1 inhibit the formation of and break down already established 

adherens junctions in MDCK cells (80-82). RhoA was implicated in clustering of 

cadherin receptors (82), whereas Rac probably mediates actin recruitment to primary 

contacts, thereby stimulating stabilization and additional binding of cadherins to the 

cortical actin cytoskeleton (81,82).  

 

In contrast, both Rac1 and RhoA have also been described to disassemble cadherin-

based adhesions in human epidermal keratinocytes (83-85). Rac activity stimulates 

disassembly of the adherens junction in a dose and time dependent manner (86), 

possibly via enhanced endocytosis of cadherins (84).  

 

In transformed cells, different oncogenic signaling pathways regulate the stability of 

the adherens junction via Rho GTPases. Again, GTPase signaling can either 

contribute to disruption or stabilization of the AJ. Tiam1, a previously mentioned GEF 

for Rac, induces a mesenchymal-to-epithelial reversion of Ras transformed MDCK 

cells (34,87). Over-expression of Tiam1 blocks cell-cell dissociation (or scattering) by 

hepatocyte growth factor (HGF/SF) in MDCK cells (87) and it is required for 

maintenance of the AJ upon overexpression of the viral oncogene E1A (88).  

 

The role of RhoA in support of the transformed phenotype is more unequivocal; Ras-

transformation of epithelial cells is often associated with a more contractile 

fibroblastic phenotype. Enhanced RhoA activity, generating contractile force through 

the formation of stress fibers, was found to contribute to this phenotype (89,90). The 

migratory potential of Ras-transformed cells furthermore is associated with low Rac 

activity and high Rho activity (89,91) the activity of RhoA cooperates with HGF and 

TGF� in the disruption of cadherin-based adhesions (92,93). From all these studies it 

is clear that RhoA and Rac1 may differentially regulate cadherin-based cell-cell 

adhesions, but the outcome of their activities depends on the cellular context and 

whether or not they are targets of oncogenic signaling pathways.      
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Several downstream effectors of Rho GTPases were identified that affect cadherins 

either directly or via the actin cytoskeleton (reviewed in 78). One important target of 

both Rac1 and Cdc42 that regulates E-cadherin stability is the actin-binding protein 

IQGAP1 (94,95). IQGAP1 hampers the stable association of E-cadherin to the actin 

cytoskeleton. Recent data suggest that IQGAP1 is involved in a positive feedback-

loop in which it activates Rac1 downstream of E-cadherin (96). Two downstream 

effectors of Rho signaling, ROCK and mDia, differentially affect the AJ. Whereas 

ROCK mediated actin-myosin contraction downstream of RhoC and to a lesser 

extend RhoA disrupts AJ formation, actin polymerization downstream of mDia is 

required for maintenance and formation of the AJ (91).   

 

 

2.2.3 Cadherins signal towards Rho-GTPases 
Cadherin molecules do not only glue cells but are also considered as signaling 

complexes that mediate outside-in signaling. The cytoplasmic domain of E-cadherin 

binds several molecules involved in intracellular signaling towards differentiation-, 

growth- and survival pathways. Interestingly, classical cadherins signal in an 

adhesion dependent fashion manner directly or indirectly to the Rho-GTPases RhoA, 

Cdc42 and in particular to Rac1.  

 

Early work described a correlation between E-cadherin ligation, the activation of 

Rac1 (97,98) and the downregulation of RhoA activity (97) in differentiated epithelial 

cells. By the use of planar surfaces coated with recombinant cadherin-specific 

adhesive ligands, Rho-GTPase signaling has been studied as a direct consequence 

of cadherin ligation. In cadherin expressing cells that adhered to substrates coated 

with Xenopus C-cadherin (97) or human E-cadherin (99,100) Rac1 was activated in 

minutes upon binding to the substrate. Long term adhesion to C-cadherin (97) or 

adhesion of mouse C2C12 cells to chick N-cadherin (101) led to lower or higher 

RhoA activity respectively, which indicates that the outcome of cadherin signaling 

might differ in different cell-types or with different cadherin isoforms.  

 

Several molecular mechanisms have been proposed by which cadherins signal to 

Rho-GTPases. One candidate molecule that is supposed to control Rac1 signaling is 
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type 1A PI3 kinase, of which the lipid products are potent activators of several Rac-

GEFs. Cadherin dependent adhesion recruits and activates PI3 kinase (100,102) and 

the p85 regulatory subunit of PI3 kinase is a direct binding partner for β-catenin 

(103).                    

 

Rac1, Cdc42 and RhoA activity can also be regulated via p120-catenin, the 

armadillo-family protein that binds the membrane proximal region of the cadherin 

cytoplasmic tail (104-107). p120 can shuttle between the plasma membrane (where it 

binds cadherins) and the cytoplasm where it can inactivate RhoA (104), but activates 

Rac1 (107) and Cdc42 (106), possibly via a direct interaction of p120 with the Rac-

GEF Vav2 (105). The cytoplasmic pool of p120 seems to enhance the migratory 

capacity of epithelial cells in a Rac1/Cdc42 dependent manner, whereas cadherins 

sequester p120 to the plasma membrane, thereby suppressing its function in cell 

motility (106). Functional loss of cadherins in epithelial tumors could therefore 

enhance the migratory potential of these cells via p120 and Rho-GTPase signaling, 

as recently shown for invasive breast cancer cells (108).  

 

Loss of expression of E-cadherin is often correlated with the enhanced expression of 

other types of cadherins, a process called the ‘cadherin switch’. This switch is often 

associated with the loosening of cell-cell contacts and a transition to a migratory 

phenotype. Since N-cadherin was shown to activate several Rho-GTPases (101,109) 

it is likely that GTPase signaling downstream of N-cadherin affects cell migration and 

epithelial to mesenchymal transition of tumor cells, although no direct evidence for 

this is currently available.  Recently, R-cadherin, a classical cadherin with high 

homology to N-cadherin, was shown to increase the steady state activity of Rac1 and 

Cdc42 resulting in increased motility of different R-cadherin expressing cell-lines 

(110). A potential role of R-cadherin in tumorigenesis has however not been 

investigated yet.   

 

In summary, Rho GTPases are required for the formation and maintenance of 

cadherin-based adhesions. However, Rho-GTPase signaling downstream of 

cadherins can also positively or negatively affect the migratory capacity of cells by 

(local) feedback signaling towards the cadherins and the tight junctions. Interestingly, 
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different types of cadherins, especially the ones overexpressed in epithelial tumors, 

might differentially regulate the steady state levels of Rho-GTPases and could 

thereby enhance cell migration rather then promote stable intercellular adhesion.   

 

2.2.4 Rho-GTPases regulate tight junctions and apicobasal polarity 
Loss of cell polarity is one of the important hallmarks of epithelial cancer cells that 

become invasive. The spatial and functional separation of the apical and baso-lateral 

plasma membrane of epithelial cells (apicobasal polarity) is established through 

asymmetric distribution of junctional intercellular adhesion complexes that are linked 

to the actin cytoskeleton. At the most apical region of the plasma membrane of 

endothelial and epithelial cells the tight junction creates a barrier for paracellular 

diffusion of small soluble molecules and it restricts free intramembrane diffusion of 

integral components of the plasma membrane. Loss of tight junction function occurs 

at multiple stages in tumor metastasis, between tumor cells themselves but also 

between cells of the vascular endothelium through which tumor cells can invade the 

underlying tissue (111). Moreover, leakiness of epithelial tight junctions allows 

luminal growth factors to reach their receptors at the baso-lateral membrane, causing 

changes in epithelial cell proliferation and survival. (30,112).  

 

The integral membrane proteins occludin, JAMs and claudins, that make up the tight 

junction are connected to the F-actin cytoskeleton (113). Therefore, Rho-mediated 

cortical actin dynamics influence the assembly, stability and function in regulation of 

paracellular permeability of the tight junction (114-116). Recent studies indicate that 

tight junctions can also function as signaling platforms, regulating cell morphology 

and gene expression (117) and RhoGTPase signaling (118). 

 

Cdc42 plays a direct role in the formation of the tight junction and the establishment 

of apicobasal polarity in epithelial cells. Activated Cdc42, as a binding partner for the 

adaptor molecule PAR6, was implicated in the recruitment of the polarity complex 

(consisting of PAR6, PAR3 and an atypical PKC) to the plasma membrane (119,120) 

at regions where initial cell-cell contacts are formed. This signaling complex is of 

pivotal importance for the sequential formation of the tight junction and full maturation 

of the initial cell-cell contacts into the cortical adhesion belt (121,122). Initial cell-cell 
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contacts mediated by cadherins and nectins activate Cdc42 (123) and recruit the 

polarity complex and stimulate the assembly of the tight junction.  

 

 

3. Rho GTPases in in vivo transformation and metastasis  
 

3.1 Rho proteins in human cancer 
The first findings that implied a role for Rho GTPases in cancer-development came 

from in vitro foci formation assays. These assays can be used as a model for growth 

factor- and anchorage-independent tumor cell growth. Foci-formation assays 

identified many N-terminal-truncated RhoGEFs, such as Dbl, Ect2, Lfc and Vav as 

proto-oncogenes (reviewed in 124,125). Furthermore, activating mutants of RhoA, 

RhoG, Rac1, TC10 and Cdc42 were shown to induce foci formation, albeit weakly 

compared to constitutively active Ras (V12Ras) (126,127). Inhibitory mutants of Rho 

proteins prevent Ras-induced transformation in soft-agar assays and tumor formation 

in nude mice (128-132), and V12Rac1 cooperates with constitutively active Raf 

(RafCAAX) in focus formation (130,133). These observations suggest that Rho 

proteins act downstream of Ras in oncogenic transformation of cells. 

 

Unlike Ras, there are no reports of mutated, constitutively active forms of Rho 

proteins in human tumors. The only Rho protein known to be altered genetically in 

human tumors is RhoH, which is frequently rearranged in lymphomas (148) (Table 1) 

or to have mutations in the 5’ untranslated region (149), which are predicted to affect 

RhoH expression. Many reports have shown that other members of the Rho GTPase 

family are over-expressed in human cancer (see table) and that, in some cases, this 

correlates with clinical outcome. In breast cancer and testicular germ-cell cancer 

RhoA expression levels correlate positively with progression of the disease 

(134,140). RhoC is overexpressed in pancreatic ductal adenocarcinoma and 

inflammatory breast cancer (141-143).  

 

Two reports describe a role for Rho-GEFs in human tumorigenesis (150-152). Tiam1, 

a Rac-specific GEF was found to have a point mutation in the PH-domain of one of 
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  Gene GTPase 
specificity 

Type of 
deregulation 

Tumor types 

Cdc42  Overexpression 
 

Breast cancer (134) 

Rac1  Overexpression 
 

Breast & gastric cancer (135) 

Rac1B  Alternative splicing 
 

Colon & breast cancer (136,137) 

Rac2  Overexpression 
 
 

Head and neck squamous carcinoma (138) 

Rac3  Hyperactive 
(majority of Rac3 
in GTP-bound 
state) 
 

Breast cancer (139) 

RhoA  Overexpression Colon, breast & lung cancer (134) 
Testicular germ cell cancer (140) 
Head and neck squamous carcinoma (138) 
Gastric cancer (135) 

RhoC  Overexpression 
 
 
 
 
 
 
 
 
 

Inflammatory breast cancer (141,142) 
Pancreatic ductal adeno-carcinoma (143) 
Non-small cell lung carcinoma (144) 
Ovarian cancer (145) 
Gastric cancer (146)  
Hepatocellular carcinoma (147) 

RhoH  Rearrangement 
 
 
Mutations in 5’ 
UTR 
 
 

Non-Hodgkin’s lymphoma & multiple 
myeloma (148) 
 
Diffuse large B-cell lymphoma (149) 

Tiam1  Rac Point mutation 
 

Renal-cell carcinoma (150,151) 

LARG Rho 5’ End of MLL 
gene fused to the 
3’ end of LARG  
 

Acute myeloid leukemia (152) 

Table 1: Aberrant regulation of Rho proteins and their regulators in human cancer 
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the two alleles, in around 10% (4 of 35) of the examined renal cell carcinoma 

samples. The mutation results in an alanine-glycine substitution at amino  

acid 441, and was suggested to be a dominant gain-of function mutation. However, in 

three of five renal cell carcinoma cell lines a decrease in the Tiam1 expression was 

found, including two that contained the A441G mutation (150,151). The significance 

of this in light of the gain-of-function activity of this mutation is unclear. Another 

RhoGEF, leukemia-associated Rho guanine nucleotide exchange factor (LARG) has 

been isolated as a fusion partner of the mixed-lineage leukemia (MLL) gene in a 

patient with acute myeloid leukemia. The fusion protein contained the N-terminal part 

of MLL in frame with the C-terminal part of LARG, which includes the DH/PH domain 

(important for GEF function), a domain with homology to the Rho GEF Lsc, and a 

nuclear localization signal (152). It remains to be established whether the MLL-LARG 

fusion protein is sufficient to induce transformation in myeloid cells and how 

frequently the locus is affected in human cancer. 

 

Several lines of evidence indicate that the cycling of Rho GTPases between GTP- 

and GDP-bound states might be important for transformation. In vitro studies have 

shown that Rho-GEFs are more potent oncogenes than GTPases defective Rho 

proteins, and that a fast GTP-GDP cycling mutant of Cdc42 has a greater 

transforming capacity than a GTPase defective mutant (132,153). Furthermore, the 

splice variant of Rac1, Rac1B, which has an increased GTP-GDP cycling rate in vitro 

is highly overexpressed in breast and colon cancer (136). The requirement for cycling 

between GDP- and GTP-bound states might reflect the cyclic nature of the processes 

that are regulated by Rho proteins in tumorigenesis, and might provide an 

explanation for the fact that GTPase defective mutants –analogous to those in 

oncogenic Ras- have not been identified in tumors. 

 

 

3.2 Participation of Rho GTPases in different stages of tumorigenesis 
 

3.2.1 Rho proteins in growth and apoptosis 
The growth rate of tumors is determined by the difference between cell growth and 

cell death. Rho proteins have been implicated in the (de)regulation of both processes 
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in normal and tumor cells. Rho proteins regulate cell growth via multiple pathways, 

including regulation of the expression of cell cycle proteins like cyclin D1 and the 

CDKIs p21Waf1 and p27Kip1 (reviewed in 91). In addition, the Rho proteins can 

modulate the activity of growth-factor-regulated pathways by regulating the transport 

and turnover of growth-factor receptors. RhoB and its effector PKC-related kinase 1 

(PRK1), affect the kinetics of the epidermal growth-factor receptor (EGFR) 

internalization after ligand stimulation (154), by coordinately regulating the movement 

of vesicles along microfilament networks (155). However, many of the studies that led 

to the conclusions outlined above have been done in vitro using fibroblasts, which 

are cells that rarely become cancerous. Further work is needed to determine via 

which pathways Rho proteins regulate cell proliferation in vivo. 

 

Apoptosis is a counterbalance to mechanisms of cell proliferation and is critically 

important in regulation of the immune system, development, and normal tissue 

homeostasis. Cancer cells frequently show enhanced sensitivity to pro-apoptotic 

stimuli (156), but often become resistant to pro-apoptotic anti cancer therapies over 

time (157). Rho proteins have been implicated in both pro- and anti-apoptotic 

signaling, and in the apoptotic process itself (reviewed in (158). More significantly, 

they are involved in the decision to commit to apoptosis; ectopic expression of active 

Rac1 can provide a survival signal to protect tumor cell lines or transformed 

fibroblasts from apoptosis (159-161). Other mechanisms that link Rho proteins to cell 

survival have been described in non-transformed haematopoetic cells: Rac2 is 

required for the activation of the pro-survival kinase AKT in mast cells (162), and Rho 

function prevents p53-dependent apoptosis during T-cell development (163).  

In other contexts, Rho proteins might promote pro-apoptotic signaling. RhoB is 

required for the induction of apoptosis by DNA-damaging agents (164) and 

farnesyltransferase inhibitors, but not other cytotoxic treatments (165), and Rac is 

required for FAS-induced apoptosis (166,167). 

 

 

3.2.2 Rho proteins in invasion and metastasis 
In the tumor progression phase, tumor cells have altered morphological 

characteristics and, in the case of metastasis, acquire the ability to traverse tissue 
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boundaries. Given the role of Rho proteins in the regulation of cell motility in normal 

cells, and their aberrant regulation in tumor cells, it is likely that they are involved in 

the invasive phenotype of tumor cells. 

 

Rho proteins are involved in the loss of epithelial polarity that is evident even in 

benign tumors, and are also important in the epithelial to mesenchymal transition 

(EMT) that is sometimes observed in more aggressive epithelial tumors (see previous 

paragraphs on Rho protein signaling in cell-cell contracts). In addition to the 

disruption of cell polarity and cell–cell junctions, increased motility and the ability to 

remodel the ECM is required for tumor cells to become locally invasive. RhoA and 

Rac1 can regulate the function of ezrin, moesin and radixin: these related proteins 

promote cell motility by linking the actin cytoskeleton to the plasma membrane 

through the membrane-spanning ECM receptor CD44. RhoA can promote 

phosphorylation of ezrin by ROCK, leading to its increased association with the 

cytoskeleton (168), whereas Rac1 promotes the phosphorylation and inhibition of the 

ezrin antagonist neurofibromatosis 2 (NF2) (169,170). Several lines of evidence 

indicate that this is an important event in tumor progression: ezrin and CD44 are 

frequently overexpressed in metastatic tumor cells, and NF2 is a tumor-suppressor 

gene (170-174), the deletion of which gives rise to highly metastatic tumors (175). In 

addition, RhoA and Rac1 can modulate the degradation and remodeling of the ECM 

either by regulating the levels of matrix metalloproteinases (MMPs) that degrade the 

ECM or by regulating the levels of their antagonists, tissue inhibitors of 

metalloproteinases (TIMPs) (151,176-178). 

 

The ability to enter either the blood or the lymphatic vasculature is required for tumor 

cells to metastasize to distant sites. RhoA and ROCK are required in both the 

endothelial and the migrating cells for them to cross the vascular endothelium 

(179,180). Overexpression of RhoC leads to increased expression of angiogenic 

factors in breast epithelial cells (142), which could lead to increased vascularization 

of the tumor and an increased likelihood of tumor cells entering the blood stream. 

RhoC overexpression also promotes the ability of melanoma cells to exit the blood 

and colonize the lungs (181), and interfering mutants — which sequester RhoGEFs 
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away from endogenous Rho — of RhoA and Cdc42 prevent T-cell hybridomas from 

exiting the blood and colonizing the liver (182). 

 

 

3.3 Rho protein signaling in mouse models 
Since Rho proteins play a major role in regulating cell growth apoptosis and cell 

motility in normal cells, it is not surprising that they are involved in the development 

and progression of tumors. However, it has proven difficult to extrapolate the studies 

in normal cells to the tumor environment. The literature on Rho protein function in 

tumor progression is confusing, mainly because different studies have indicated 

contradictory roles for the Rho proteins. However, upon closer inspection the findings 

may be explained if Rho proteins have different functions at different stages of tumor 

development. Recent studies, in which recombinant mice were used, directly 

implicate Rho proteins in all stages of tumorigenesis, and reveal both tumor-

promoting and –suppressing functions. 

 

3.3.1 Rho protein signaling in Ras-induced skin carcinogenesis 
To gain insight in the role of small GTPases in the physiological functions, two groups 

examined the consequences of functional deletion of members of Rho GTPase family 

in the mouse: Tiam1, a GEF for Rac (183), and RhoB (164). The knockout of either 

gene did not negatively affect mouse development, fertility or wound healing. 

However, these models did show that deregulated Rho protein signaling could 

influence various processes involved in tumorigenesis. Both studies applied a two-

stage chemical skin carcinogenesis protocol, which induces oncogenic activation of 

the c-Ha-Ras gene in the basal layer of the epidermis followed by the induction of the 

outgrowth and progression of the initiated keratinocytes.  

 

In the RhoB knockout mice the treatment resulted in the development of increased 

numbers of skin tumors compared with wild-type mice (164). Moreover, DNA-

damaging agents were found to induce less apoptosis in Ras- and E1A-transformed 

RhoB-deficient primary mouse embryonic fibroblasts. This suggests that RhoB 

normally suppresses tumorigenesis by promoting apoptosis following cellular stress.  
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Application of the same protocol to Tiam1-deficient mice had a different result: these 

mice had much fewer and smaller tumors compared to the wild-type mice (183). 

Malliri et al. showed that Tiam1-deficiency was associated with more apoptotic cells 

in the tumors during initiation and with impeded proliferation during tumor promotion. 

These results are consistent with in vitro studies showing that Tiam/Rac-signaling is 

required for Ras-induced tumorigenesis through the stimulation of cell growth and 

enhancing cell survival subsequent to cellular stress.  

 

Another interesting observation in the Tiam1-knockout mice was that although the 

mice develop less tumors, a larger portion of these tumors progresses to a more 

malignant stage than in wild-type mice (183). This implicates that Tiam1-deficiency is 

favorable in malignant conversion. This hypothesis was confirmed by the observation 

that the tumors in wild-type mice gradually lost Tiam1-expression progressing from 

benign papillomas to highly invasive spindle cell carcinomas (183). 

 

3.3.2 Rho protein signaling in lymphoid tumors 
RhoH has been found to be frequently translocated or mutated in human lymphoid 

tumors (148,149). However, the potential function of RhoH in the formation of 

lymphoid tumors remains to be established. In mouse models, a role for Rho proteins 

in the development of lymphomas has been elucidated. In transgenic mice, in which 

the expression of C3 toxin is driven by the thymocyte-specific Lck promoter, 

aggressive malignant thymic lymphomas were found (184). Because C3 toxin 

inactivates RhoA, -B and -C, it is not clear which of the inhibited Rho proteins play a 

role in promoting tumorigenesis.  

 

In search of genes involved in the process of tumor cell invasion and metastasis, the 

Tiam-1 gene was identified by retroviral insertional mutagenesis in combination with 

in vitro selection of invasive T-lymphoma variants. Furthermore, it was shown that 

cell clones, which were invasive in vitro, also caused metastases when injected in 

nude mice (185). Later, Tiam1 was found to be activated by retroviral insertions in T 

lymphomas induced by Moloney murine leukaemia virus infection of transgenic E mu-

Pim1 mice, thereby inducing an accelerated onset of T-cell lymphomas. This 

indicates that Tiam1 can cooperate with Pim1 in in vivo lymphomagenesis (186).  
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3.3.3 Rho proteins in Wnt/APC signaling 
Wnt proteins constitute a large family of secreted signaling molecules that play 

central roles in animal development (187). Well-studied examples of Wnt regulation 

of embryogenesis involve the canonical β-catenin signaling pathway, which in 

Xenopus induces dorsal axis formation and plays a key role in human carcinogenesis 

(188). In the Wnt/β-catenin pathway, signals are initiated that result in the 

transcription of genes that regulate cell growth and differentiation. β-catenin 

participates in this pathway as a heterodimer with T-cell factor (TCF) transcription 

factors. In the absence of a Wnt signal, cytosolic β-catenin is degraded through a 

pathway that is dependent upon adenomatous polyposis coli (APC). However, upon 

stimulation of the Wnt pathway, cytosolic β-catenin is stabilized. The Wnt pathway is 

tightly regulated in normal cells, but its regulation is often disrupted during 

tumorigenesis (reviewed in 189).  

 

Recently, Rho proteins have been implicated in Wnt-signaling pathways. In 

embryonic development of Drosophila and Xenopus, Rac and Rho have been 

implicated in Wnt/Fz signaling in regulating cell polarity and movements: a Wnt-Fz-

Dvl-Daam1-Rho-ROCK pathway and a Wnt-Fz-Dvl-Rac-JNK pathway (190-193). A 

common Wnt-Fz-Dvl signaling cassette branches into these two pathways 

downstream of Dvl, most likely via distinct Dvl-Rac and Dvl-Rho complexes. The 

Rho-ROCK pathway regulates the phosphorylation of non-muscle myosin regulatory 

light chain and thus the assembly of actin filaments, whereas the Rac-JNK pathway 

regulates cytoskeletal or nuclear events (190).   

 

Furthermore, preliminary results from our laboratory indicate that Tiam1 is a Wnt-

responsive gene. Moreover, its deficiency impairs the development of intestinal 

tumors in APC mutant mice (A. Malliri et al., unpublished data), similarly as shown 

before for Ras-induced skin tumors. These data suggest that Tiam1 and Rac play a 

role in the oncogenic Wnt signaling pathway.  

 

Also another recently identified Wnt-transcriptional target is a member of the Rho 

GTPases family: Wrch-1, a novel Cdc42-like GTPase. Like Wnt-1, Wrch-1 is not 

normally expressed in the mouse mammary gland, but it could be detected in Wnt-1 
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induced mouse mammary tumors. This finding is consistent with the involvement of 

Wrch-1 in Wnt-1-induced transformation and tumor formation, and is further 

supported by the observation that Wrch-1 can mimic the effect of Wnt-1 in 

morphological transformation of breast cancer cells (194).   

 
 
 
Concluding remarks  
 

The single most notable feature of Rho GTPases is their participation in so many 

aspects of cell biology, ranging from the fundamental to the highly specialized. The 

analysis of individual signal transduction pathways controlled by Rho GTPases still 

poses many problems, and with so many GEFs, GAPs and targets it has proved 

difficult to link specific receptors all the way through to a biological response.  

Recently, many efforts have been directed towards the understanding of how 

spatially localized activation of GTPases is achieved or, when activated, how 

GTPases are able to 'choose' the correct target(s) from the large number of 

possibilities present in the same cell. The proposed models involve positive feedback 

loops, cooperative signaling pathways, scaffold proteins and intracellular 

compartmentalization. 

 

It is now clear that Rho GTPases are involved in almost every stage of 

tumorigenesis. The lack of a general consensus as to the relative importance of the 

various mechanisms that link Rho proteins to tumorigenesis means that the 

challenge is now to determine the crucial pathways that link Rho proteins to cancer. 

The use of in vivo tumorigenesis models and mouse genetics, together with studies 

on human tumors, should help to identify the important connections in vivo. Such 

studies can prove the idea that Rho proteins or their effectors are valid anti-tumor 

targets; the next step will be to develop pharmacological agents to interfere with Rho-

protein function. Hopefully, these will be useful leads in the development of therapies 

that can be taken into the clinic. 
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supplemental Figure 2. Expression of Rac3 does not affect the activation of 
endogenous Rac1. (A) Rac activity assay was performed in ev (pcDNA3.1) or Rac3 
expressing cells and the GTP-bound active Rac samples (middle panel) were 
compared to total lysates of the same transfectants (upper panel). 

supplemental Figure 1. Constitutively active Rac1 and Rac3 mutants induce 
similar morphological changes, in contrast to their wild-type counterparts. Cells 
were transfected with Rac1G12V and Rac3 G12V (together with 5:1 eGFP). After 
24 hours, the cells were fixed and stained with phalloidin to visualize filamentous 
actin. Note that both constitutively active mutants induce a similar morphology 
including cell spreading; note also the formation of peripheral ruffles at the 
lamellipodia. 
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Summary and discussion 
 

Guanosine triphosphatases (GTPases) of Ras superfamily represent a large family of 

small regulatory enzymes. By binding either GDP or GTP nucleotide, they adopt an 

inactive or active conformation, respectively, and act therefore as convenient 

molecular switches that are often employed in the regulation of dynamic cellular 

processes. Upon activation, small Ras-like GTPases can interact with a large number 

of downstream effectors and by doing so affect and regulate a wide variety of 

processes in the cell, including growth, proliferation, cellular morphology and 

differentiation, cell movement and vesicle transport. Although the small GTPases 

share a great degree of structural homology, especially within the distinct 

families/subfamilies, they exert their function in a very specific and precise manner 

(for detailed overview, see Chapter 1). Considering their importance in so many 

different aspects of cell biology, it is not surprising that understanding the biochemical 

context of the Ras GTPases action has became a hot topic, with implications for 

health and disease.  

 

This thesis focuses on the specific novel roles of small Ras-like GTPases of Rac and 

Rap subfamily in cell-cell and cell-matrix adhesions, complex processes which are 

essential for establishing and maintaining normal cell morphology, migration capacity 

and function.  

 

In Chapter 2 we show that Rap signaling promotes cadherin-mediated cell-cell 

adhesion. Rap1 is a small GTPase of the Ras superfamily, whose role in cell-matrix 

adhesion is elaborately investigated. Namely, Rap1 is known as potent activator of 

integrins, stimulating thereby the dynamics of cell-matrix adhesions in various cellular 

systems (Bos, 2005). Intriguingly, while investigating the function of different small 

GTPases in cell-matrix and cell-cell adhesions, we observed that constitutively active 

Rap1 was able to revert mesenchymal Ras-transformed Madin-Darby canine kidney 

(MDCK) cells towards an epithelial morphology. For the first time, our data reveal a 

stimulatory role of Rap1 in the formation of cadherin-based cell-cell adhesions. We 

also show evidence for its role in maintenance of adherens junctions, as inhibition of 

Rap1 activity in OvCar3 ovarian carcinoma cells led to marked reduction in cadherin 
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levels at the site of cell-cell interaction. It is however not clear as how Rap1 conducts 

this effect on cadherin-based adhesions. Ras induces the scattering of MDCK cells et 

least in part by disrupting adherens junctions via MAP kinase-dependent pathway 

(Ridley et al, 1995; Tanimura et al, 1998). However, Rap1 apparently does not 

antagonize the signaling of oncogenic Ras, since activity of MAP kinase remains 

unaffected in Rap1-re-epithelialized Ras/MDCK cells. It is more likely that Ras and 

Rap signals connect independent from each other at the level of cadherin function, 

as it was similarly proposed for the function in integrin signaling (Bos et al, 2003). We 

examined Rap1 signaling in MDCK epithelial cells directly adhered to surfaces 

coated with canine E-cadherin extracellular domains, thus in the absence of integrin 

ligands. From these studies we conclusively established that Rap signaling is 

necessary for the formation of E-cadherin mediated homotypic interactions 

independently of the effects of Rap on integrin-mediated adhesion. Rap influences 

integrin-mediated adhesion by affecting integrin avidity (Sebzda et al, 2002; Bertoni 

et al, 2002; Katagiri et al, 2003) or affinity (Katagiri et al, 2000; Bertoni et al, 2002). It 

is plausible that Rap affects the cadherin-based adhesions in a similar fashion; 

however, cadherins do not undergo affinity changes, leaving the possibility that Rap1 

influences the avidity (clustering) of the cadherins. Intriguingly, Rap1 was shown to 

be involved in integrin-mediated adhesions regardless of the integrin type, as long as 

their cytoplasmic tails couple to the actin cytoskeleton (van der Flier and 

Sonnenberg, 2001). Since cadherin-based junctions are also intimately connected to 

actin filaments, it is tempting to speculate that the common theme for Rap1 

involvement in regulation of adhesion is the actin cytoskeleton-dependent receptor 

clustering. In conclusion, this chapter reveals a novel and intriguing role of Rap1 that 

next to its regulatory role in integrin-based cell-matrix adhesion now proves to be 

involved in cadherin-based cell-cell adhesion as well.  

 

In Chapter 3 we describe the specific roles of Rac1 and Rac3 in cell adhesion and 

differentiation of neuronal cells. Previously, our group and others have shown that 

Rac1 is necessary for spreading and neurite outgrowth in neuroblastoma cells 

(Leeuwen et al., 1997; Sarner et al., 2000; Aoki et al., 2004) and primary 

hippocampal neurons (Schwamborn and Puschel, 2004). Apart from the fact Rac3 is 

enriched in brain (Haataja et al, 1997; Bolis et al, 2003; Corbetta et al, 2005), little 
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was known about the function of Rac3 in cell adhesion or neuronal cell differentiation. 

In Chapter 3 we show an exciting and unexpected finding that Rac3 opposes Rac1 in 

the establishment of the neuronal cell adhesion and differentiation. In murine 

neuroblastoma N1E-115 cells, frequently used as a model for neuronal 

differentiation, down-regulation of endogenous Rac1 by short hairpin RNA (shRNA) 

led to loss of cell-matrix adhesion and a round and contractile morphology, which 

corresponds to the well-established role of Rac1 in cell-matrix adhesion and 

neuritogenesis. Intriguingly, endogenous Rac3 depletion was followed by 

pronounced cell adhesion and formation of the neurite-like protrusions. Wild-type 

Rac3 expression resulted in a rounded, contractile morphology with poor cell-matrix 

adhesions, whereas expression of wild-type Rac1 induced cell spreading.  

 

Scarce data available thus far have shown either no or small functional difference 

between Rac1 and Rac3 (Joyce and Cox, 2003; Keller et al., 2005; Haataja et al., 

1997; Mira et al., 2000). The structures of the three Rac proteins are remarkably 

similar, with the effector-binding regions (residues 25-46) and switch I and II regions 

(responsible for the nucleotide binding) fully conserved. As a matter of fact, they 

share 92% of overall homology, diverging predominantly in the carboxyl terminus 

(Haataja et al, 1997). In previous studies, the lack of any obvious difference in Rac1 

and Rac3 function was blamed on the fully conserved effector binding region, binding 

probably the same downstream effectors, hence leading to the similar biological 

outcome (Haataja et al, 1997; Mira et al, 2000; Keller et al, 2005; Chan et al, 2005). 

However, these data were predominantly acquired by using constitutively active and 

dominant negative mutants of Rac1 and Rac3 to investigate their function. Indeed, 

also in our cell model, expression of constitutive active mutants of Rac1 and Rac3 

induce a very similar spreading and aberrant migratory phenotype in N1E-115 cells 

(Chapter 3, supplementary material Fig. S2). Only when using exogenous expression 

of wild-type Rac1 and Rac3 proteins, which are activated by endogenous GEFs 

(Fukuhara et al., 2001), we found that Rac1 and Rac3 cause remarkably different 

phenotypes. Constitutive active and dominant negative Rac mutants are highly 

promiscuous in binding and sequestering downstream effectors and exchange 

factors, respectively (Feig, 1999), which makes them a very imprecise tool when 

determining the exact function of such a heavily homologous proteins. As a matter of 
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fact, all available data on Rac1, obtained in cell models that endogenously express 

both Rac1 and Rac3 by exclusively using constitutive active (CA) and dominant 

negative (DN) mutants, should be reexamined, since it is plausible that at least a 

portion of protein functions ascribed to Rac1, could actually be the result of for 

example CA Rac1 interaction with a bona fide Rac3 downstream effectors. In 

summary, when analyzing the specificity of such highly homologous proteins, it is 

imperative to use the tools that are able to discriminate between the two isoforms, 

like for instance shRNA or non-promiscuous activators (Chapter 3). 

 

In addition to their functional difference, the intracellular localization of Rac1 and 

Rac3 is also divergent; we found that Rac1 is predominantly found at the plasma 

membrane, while Rac3 is foremost distributed in the perinuclear region (Chapter 3). 

Most Rho GTPases localizes in their active conformation to the plasma membrane, 

most likely at specialized signaling platforms like calveolae and rafts (Bivona and 

Philips, 2003; Pfeffer and Aivazian, 2004; Wennerberg et al., 2005), but also to 

specific structures like focal adhesions (Rosenberger and Kutsche, 2006). The 

correct subcellular localization of Rho GTPases depends on the type of lipid moiety 

that is posttranslationally added to the carboxy terminus (Wenneberger et al, 2005), 

but even more importantly on specific protein-protein interactions, like guanine 

nucleotide exchange factors (GEFs) (ten Klooster and Hordijk, 2007; García-Mata 

and Burridge, 2007). Apart from a few single amino acid differences, Rac1 and Rac3 

protein sequence differ significantly only in two adjacent amino acid stretches: the 

CAAX box at the tip of carboxyl terminus, where an isoprenoid moiety is added to the 

carboxy tail (prenylation; Seabra, 1998; McTaggart, 2006), and the polybasic region 

(PBR) directly upstream to the CAAX box. The Rac1 CAAX motif is CLLL, and Rac1 

is a known substrate for geranylgeranyl transferase, like the majority of the Rho 

GTPases (Didsbury et al, 1989; Menard et al, 1992). Intriguingly, the CAAX motif of 

Rac3 is CTVF, suggesting that Rac3 may be modified by either geranylgeranyl or 

farnasyl groups (Moores et al, 1991), making it tempting to speculate that the 

difference in prenylation is the cause of the functional difference between Rac1 and 

Rac3. However, our data show conclusively that only the polybasic region sequence, 

and not the CAAX box, is determinant for the difference in function and localization of 

Rac1 and Rac3 (Chapter 3). The polybasic region (PBR) is proposed to serve as an 
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additional binding site for effectors (van Hennik et al., 2003; Yamauchi et al., 2005) or 

GEFs (ten Klooster et al., 2006), so we suspect that the specific protein-protein 

interactions that depend on PBR are crucial for functional and location divergence 

between Rac1 and Rac3. 

  

Normally, serum-deprivation is a pre-requirement to induce stronger cell-matrix 

adhesions and initiate neuritogenesis in N1E-115 cells (Fishman et al, 1981), since 

serum-born factors trigger actomyosin contractility, with the foremost example of 

lysophosphatidic acid (LPA) – RhoA - MLCK/Rho kinase pathway (Amano et al., 

1996; Leeuwen et al., 1997; Kranenburg et al., 1997). However, Rac3 depletion 

induces neuritogenesis even in the presence of serum, suggesting that the 

endogenous Rac3 acts upstream or impinges on the LPA downstream pathway.  

Small GTPases cross-talk abundantly and share common pathways or counteract 

each other (Bar-Sagi D and Hall A, 2000; Ellenbroek and Collard, 2007), and since 

RhoA signaling antagonizes Rac1 function in neuronal and other cells (van Leeuwen 

1997; Sander et al., 1999;, a plausible hypothesis would be that Rac3 counteracts 

Rac1 effect on morphology by impinging on RhoA signaling pathway. A thorough 

analysis however has shown that this is not the case (Chapter 3), leaving the 

possibility that Rac3 role is positioned upstream of the serum-born regulators of the 

N1E-115 morphology.  

 

A crucial step in induction of neurite outgrowth is the strengthening of the cell-matrix 

adhesions and the associated actomyosin relaxation (Nikolic, 2002). Starting from the 

hypothesis that Rac3 somehow negatively affects adhesion to the surface, we looked 

elaborately for possible molecules and/or agents that could counteract Rac3-induced 

cell contraction and loss of cell-matrix adhesion. Rac1 co-expression, of either wild-

type or constitutive active mutant, or expression of its activator Tiam1 were not 

sufficient to induce spreading in Rac3-expressing N1E-115 cells (data not published). 

Similarly, incubation with differentiation-stimulating agents, like neurite growth factor, 

or plating the cells on substrates such as laminin-1 (van Leeuwen et al, 1997), were 

also not proficient in antagonizing the Rac3-induced morphology. In contrast, 

expression of constitutively active mutant of small GTPase Rap1 was able to 

increase cell-matrix adhesion and induce spreading in otherwise contractile and 
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round Rac3-expressing cells. Apparently, only direct stimulation of cell-matrix 

adhesions just upstream of the integrin clustering was efficient in neutralizing Rac3 

effect, suggesting that Rac3 functionally impinged somewhere upstream in the 

integrin - mediated pathway to negatively regulate cell-matrix adhesions. Cell-matrix 

adhesion, and subsequently cell spreading and neurite outgrowth are highly 

dependent on functional integrin signaling (Ridley et al., 2003; Govek et al., 2005). 

Growth factor- and extracellular matrix-triggered signaling leads to integrin clustering 

and the formation of complex signaling structures like focal complexes (FC) or focal 

adhesions (FA) (Ridley et al., 2003; Brown and Turner, 2004). In neuronal cells, 

initiation of neurite outgrowth is accompanied with peripheral dot-like distribution of 

focal adhesion molecules like paxillin (Leventhal and Feldman, 1996; Yamauchi et al, 

2006). Our data show that Rac3- expressing N1E-115 cells exhibit a diffuse 

distribution of paxillin, in contrast to the paxillin distribution at the tips of the cell 

periphery as in spreading control cells or Rac1-expressing cells (Chapter 3). This 

suggests that Rac3 acts upstream of paxillin distribution to negatively affect cell-

matrix adhesions.  

 

Having established that Rac3 counteracts the Rac1 effects on cell spreading and 

differentiation of neuronal cells, an intriguing issue aroused as of what downstream 

signaling does Rac3 use to induce a contractile morphology, diminish the strength of 

the cell-matrix adhesions and postpone the neuritogenesis. When we expressed 

Rac1 and Rac3 simultaneously, we observed that the Rac3-induced rounded 

morphology prevails (data not shown), suggesting that a competition for the same 

binding partner but with a different outcome might be the root of the opposing 

morphologies. Hence, the Rac1 downstream effectors that participate in spreading- 

and neuritogenesis- related Rac1-mediated signaling pathways are most likely the 

candidates for binding and negative regulation by Rac3. In the first place, Rac1 binds 

and activates PAK kinases (p21 activated kinases), thereby suppressing myosin light 

chain (MLC) phosphorylation that ultimately inhibits myosin contractility and leads to 

the cell spreading (Sander et al., 1999; Bokoch, 2003). Through PAK kinases, Rac1 

also phosphorylates myosin II heavy chain (van Leeuwen et al., 1999), an event 

subsequently followed by cell relaxation. In addition, Rac1 promotes actin 

polymerization via LIM motif-containing protein kinases (LIMK)/cofilin pathway, a step 
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necessary for lamellipodia formation and neurite outgrowth (Kuhn et al., 2000). 

Notably, Rac1 promotes cell-matrix adhesion formation via Git1/βPIX/paxillin 

complex, with as a consequence leads to paxillin distribution to the cell periphery and 

focal adhesions (Turner et al., 1999; Manabe et al., 2002; Paris et al., 2003). Finally, 

Rac1 stimulates the transcription of genes related to neuronal differentiation by 

activating c-terminal Jun kinase (JNK) (Teramoto et al., 1996; Kita et al., 1998).  

 

As shown in Chapter 4, we investigated this pool of binding partners of Rac proteins 

in an active or inactive state in N1E-115 cells, and established that the majority of the 

interacting partners bind equally well to either Rac1 or Rac3. As discussed above, 

Rac1 and Rac3 share high degree of homology, notably, the effector binding region 

of the two proteins is virtually identical, which on its own clarifies that the potential for 

binding the interacting partners and the intensity of the bindings are expected to be 

quite similar between the two Rac proteins. Intriguingly, we found that binding to Git1 

(G-protein-coupled receptor (GPCR)-kinase-interacting protein 1), harbors an 

important difference. Rac1/Git1 interaction is mediated by the exchange factor βPix 

(PAK-interacting exchange factor; our data and Brown et al., 2002), whereas 

Rac3/Git1 interaction does not involve βPix (or any other Pix isoform, Chapter 4). 

βPix is an activator (GEF) for Rac1, and previous studies have shown that Rac1/ 

βPix interaction depends on specifically the PBR region in carboxy terminus of Rac1 

(ten Klooster et al., 2006). As discussed in Chapter 3, this non-conserved triplet of 

amino acids just prior to the CAAX box is responsible for intracellular localization of 

Rac1 and Rac3, and the distinct effects they have on the neuronal cell morphology. 

We found that Rac3 does not bind βPix, and established that the lack of this 

interaction does not prevent Rac3 from interacting with Git1. We suspect that, 

considering the high level of homology between Rac1 and Rac3, it is likely that also 

Rac3/Git1 interaction occurs via a GEF, but distinct to the Pix family, possibly a GEF 

specific to Rac3. For this the very recently described Rac3-specific GEF, P-Rex1, 

could be a candidate. Waters and collaborators showed that P-Rex1 expression 

inhibited NGF-stimulated differentiation in neuroblastoma cells (PC12) and that this 

effect was dependent on the Rac-GEF activity of P-Rex1. Moreover, depletion of P-

Rex1 induced spontaneous formation of neurite-like structures (Waters et al, 2008). 

Since both gain and loss of function of P-Rex1 in neuroblastoma cells strongly 
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resemble Rac3-related phenotypes, it is possible that P-Rex1 is the specific activator 

of Rac3 in neuronal cells. However, further studies will be required to resolve this 

hypothesis.  

 

Further investigation of Rac3 effect on Git1 signaling revealed two important facts: (1) 

Rac3 attenuates Git1/paxillin interaction and (2) the activity of a substrate for the 

GAP activity of Git1, Arf6, is strongly diminished by Rac3 (Chapter 4). Git1 is a 

ubiquitous multidomain protein involved in a variety of cellular processes. This protein 

traffics between three cellular compartments (cytoplasmic complexes, focal 

adhesions and the cell periphery) by interacting with a number of proteins including 

the GTPases Arf6, Rac1 and Cdc42, and PAK, βPIX, MEK1 kinase, phospholipase C 

γ (PLCγ) and paxillin (Hoefen and Berk, 2006). Previous studies have shown that the 

participation of active Rac1 in the βPix/Git1/Pak complex stimulates cell adhesion 

and spreading. Namely, Rac1 participation in the complex promotes an open 

conformation of Git1, which is required for the binding of paxillin to the carboxyl 

terminus of Git1. As a consequence, the whole complex translocates to focal 

adhesions (FAs) where it stimulates the FAs formation and turnover (Brown et al., 

2002; Di Cesare et al., 2000; Matafora et al., 2001; Totaro et al., 2007). Since we 

show here that (a) paxillin is not distributed to the periphery of the cell in Rac3-

expressing N1E-115 cells (Chapter 3), (b) Rac3 interacts with Git1 but without 

intermingling of βPix, and (c) that Rac3 strongly attenuates Git1/paxillin interaction, it 

is highly plausible that Rac3 participation in the Git1 complex prevents Git1 from 

adopting the open conformation, in contrast to Rac1. The consequence would be a 

masked Git1 carboxy terminus, which becomes unavailable for paxillin binding, and 

that would subsequently lead to defect in paxillin distribution and ultimately cause 

loss of cell-matrix adhesion. The subsequent experiments in Chapter 4, where we 

found that expression of a paxillin-binding mutant of Git1 with a constitutively open 

conformation induces spreading and stretching in otherwise rounded and poorly 

adherent Rac3-expressing cells, provide support for this hypothesis.  

 

As mentioned above, the second large effect of Rac3 on Git1 signaling is a strong 

attenuation of Arf6 activity (Chapter 4). Arf subfamily proteins of the small Ras-like 

GTPases are ubiquitously expressed in eukaryotic cells, and six highly conserved 
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members of the family have been identified in mammalian cells (D'Souza-Schorey 

and Chavrier, 2006). Git1 contains a GTP-activating protein domain that stimulates 

GTP hydrolysis and thus inactivation of the small GTPase Arf6 (Albertinazzi et al, 

2003; Meyer et al, 2006). This versatile regulatory protein is the least conserved 

member of the Arf subfamily, and it localizes to the plasma membrane and 

endosomal compartments, where it regulates endocytic membrane trafficking and 

actin remodeling, affecting in this way cell adhesion, migration, invasion of the 

extracellular matrix and neurite outgrowth (D'Souza-Schorey and Chavrier, 2006). 

Activation of Arf6 stimulates lamellipodia formation and cell spreading in HeLa and 

other cell types, while inhibition of Arf6 results in cell contractility and attenuation of 

cell-matrix adhesion (Donaldson, 2003). Since we found that restoration of Arf6 

activity independently by three different tools is able to re-induce spreading and cell-

matrix adhesion in otherwise contractile and rounded Rac3-expressing N1E-115 cells 

(Chapter 4), it is conceivable that Rac3-GIT1-mediated effect on Arf6 activity is 

causal in Rac3-induced cell rounding. Rac3 could inhibit Arf6 activity by somehow 

increasing the GAPing activity of Git1 while participating in the Git1 complex. A 

support for this hypothesis is provided by evidence that the Git1 point mutant that 

abolishes GAP activity but does not affect any other properties of the molecule 

(Git1R39K) counteracts the characteristic cell rounding of Rac3/N1E-115 cells 

(Chapter 4).  

 

Our model proposes that the binding of Rac1 to the βPix/Git1 complex and its 

subsequent activation by βPix initiates Pak interaction with this complex and 

stimulates an open conformation of Git1. By contrast, Rac3 interaction with Git1 

attenuates the accessibility of Git1 to paxillin. Thus the binding of paxillin to Git1 and 

subsequent targeting of the Pak/Rac1/βPix/Git1/ paxillin complex to the focal 

adhesions at the cell periphery, peripheral actin rearrangements and cell spreading 

facilitated by Rac1, are abolished in the case of Rac3 coupling to Git1. The latter 

stimulates a closed conformation of Git1 and, as a consequence, paxillin is not 

redistributed to the focal adhesions. Simultaneously, Rac3 binding possibly 

stimulates the Git1 ArfGAP activity towards Arf6, resulting in strongly reduced Arf6 

activity. Due to this dual effect of Rac3 on Git1 signaling, the expression of Rac3 

results in cell rounding and impaired differentiation of neuronal N1E-115 cells. 
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In summary, we found that endogenous mammalian Rac1 and Rac3 are both 

required for normal morphology of neuronal cells and that, in spite of high sequence 

homology, these two proteins exert different and opposing functions. Our data 

furthermore implicate that Rac3 and Rac1 oppose each other by differently affecting 

Git1 function. We propose that Rac1 and Rac3 each stimulate a different aspect of 

Git1 signaling in neuronal cells, leading to strikingly different morphological 

outcomes.  

 

Recently, a Rac3 knockout mouse has been generated that showed no apparent 

developmental defects (Corbetta et al., 2005). However, Rac3-null mice appeared to 

be superior to their wild-type littermates in motor coordination and motor learning, 

indicating a possible function of Rac3 in development of the functional nervous 

system. Since Rac3 depletion induces pronounced neurite-like outgrowth and 

promotes the differentiation process (this thesis), it is tempting to speculate that Rac3 

depletion in the circuitry in regions that facilitate the motor learning and coordination 

leads to enhanced neuritogenesis and arborization, facilitating stronger and more 

effective circuitry. Rac3 gene expression is highest postnatally in areas of the brain 

that contain projection neurons that are involved in long and complex neuronal 

networks, such as the hippocampus and cerebral cortex (Corbetta et al., 2005). In 

addition, a recently published study that identifies P-Rex1 (PREX1) as a specific GEF 

for Rac3 in neuronal cells (Waters et al., 2008), points out that it is likely that 

expression and activation of Rac3 takes place in a specific subset of neuronal cells 

and at a specific stage of neuronal development. Since our data implicate Rac3 as a 

suppressor of neurite outgrowth, it would be highly interesting to investigate whether 

Rac3 plays a role in maintenance of the neural stem cell plasticity, with possible 

implications for therapy for injuries of the peripheral nervous system (Tohill and 

Terenghi, 2004).  

 

Taken all together, the data presented in this thesis reveal novel and intriguing 

aspects of small GTPases functions, and contribute to our understanding of 

complexity, specificity and cross-talk of these small but powerful regulating proteins 

in cell adhesion and related processes.  
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Samenvatting 
 
De focus van dit proefschrift ligt voornamelijk op het vermogen van cellen om aan 

hun omgeving te hechten. Het hechten van de cel is een complex proces, dat  

afhankelijk is van de nauwkeurige regulatie van zowel locatie als tijdstip van 

verschillende dynamische eiwitinteracties. Afhankelijk van het feit of de cel hecht aan 

de onderliggende matrix of de naburige cellen, wat voor type cel het is, en in welk 

proces de cel betrokken is, zijn andere eiwitten betrokken en zijn hun onderlinge 

interacties anders. Correct hechten is van cruciaal belang voor vele aspecten van de 

biologie en fysiologie van zoogdiercellen zoals het ontvangen, passeren en 

doorsturen van de signalen uit en naar de omgeving, op de juiste plaats zitten, 

kunnen migreren, zich kunnen delen, en zich goed kunnen differentiëren en 

specialiseren. Daarom is het niet verbazingwekkend dat het ontsporen van de 

regulatie van correcte celhechting ten grondslag ligt aan vele verschillende ziektes, 

onder andere het ontstaan, ontwikkeling en metastasering van kanker. Het is daarom 

van wezenlijk belang om te weten wat de mechanismen zijn die het hechten van de 

cellen reguleren of dereguleren  om de ontwikkeling van nieuwe en verbetering van 

bestaande medicijnen mogelijk te maken. 

 

Het middelpunt van de regulatie van hechtingsprocessen is een groep kleine eiwitten 

die een nucleotide kunnen binden, de zogenaamde kleine GTPasen. De GTPasen 

kunnen fungeren als een moleculaire schakelaar; ze nemen een “aan” conformatie 

aan als ze gebonden zijn aan een GTP nucleotide, en zijn “uit” in GDP-gebonden 

toestand. In de actieve, “aan” toestand, binden ze verschillende “effector” eiwitten, 

waarvan vele zelf ook actief worden als gevolg van die interactie. Over het algemeen 

zijn de GTPasen in inactieve toestand in het cytoplasma te vinden, en in de actieve 

toestand zijn ze gebonden aan het membraan (plasmamembraan, of verschillende 

membranen binnen de cel, zoals endosomale structuren ed.). Verder is de aan/uit 

toestand van de kleine GTPasen zelf ook onderhevig aan strikte regulatie, waarbij 

een drietal soorten eiwitten betrokken is: ‘guanine nucleotide exchange factoren’ 

(GEFs), die de GTPasen activeren, GTPase activerende eiwitten (GAPs) die ze 

inactiveren door de hun intrinsieke GTPase activiteit te versterken, en RhoGDI 

eiwitten (guanine nucleotide dissociation inhibitor) die ervoor zorgt dat de GTPase in 

inactieve toestand in het cytoplasma blijft. Overigens reguleren kleine GTPases niet 



  
 110 
 

alleen hechting van cellen, maar ook vele andere cellulaire processen, waaronder 

polarisatie, migratie, celdeling, gen expressie, cel differentiatie en morfologie. 

 

Een gedetailleerd overzicht van de huidige kennis over kleine GTPasen van de Rho 

familie, hun structuur, eigenschappen en regulatie wordt beschreven in Hoofdstuk 1. 

Ook wordt hier dieper ingegaan op hun betrokkenheid bij cel-cel en cel-matrix 

adhesie en hun rol bij het ontstaan van kanker.  

 

In Hoofdstuk 2 presenteren we gegevens die erop duiden dat Rap1, een kleine 

GTPase van Ras familie, een belangrijke stimulerende rol speelt in het ontstaan van 

cel-cel contacten. Vroeger was Rap1 vooral bekend om zijn belangrijke functie in het 

stimuleren van integrine-gerelateerde cel-matrix connecties. Jarenlang onderzoek 

heeft uitgewezen dat Rap1 en zijn activatoren actief betrokken zijn bij het ontstaan, 

herstructureren en onderhouden van het hechten van de cel aan een onderliggende 

oppervlak. Nu laten we voor het eerst zien dat Rap1 ook betrokken is bij het ontstaan 

van de cadherine-gerelateerde cel-cel contacten. Uit onze experimenten blijkt 

namelijk dat de actieve mutant van Rap1 in staat is om mesenchymale Ras-

getransformeerde MDCK cellen weer om te zetten naar een epitheliale morfologie 

met hechte cel-cel contacten. Ook bleek dat afwezigheid van Rap1 activiteit leidde tot 

afzwakking van het cadherine signaal op de plaats van cel-cel contacten in OvCar 

cellen. Alle gegevens samen schetsen een nieuwe en intrigerende rol van Rap1 in 

cadherine-gebaseerde cel-cel contacten. 

 

In Hoofdstuk 3 beschrijven we nieuwe inzichten in de functie van kleine GTPasen 

van de Rac subfamilie. Rac1 is het best onderzochte lid van deze familie, en tot 

dusver is het betrokken gebleken bij zeer uiteenlopende processen, variërend van 

celspreiding en adhesie, cel differentiatie, cel polarisatie en migratie, gen expressie 

en geprogrammeerde celdood (apoptose). Rac3 daarentegen, dat hoog tot expressie 

komt in hersenweefsel en ook sterk aanwezig is in borstkanker- en 

prostaatkankercellen, is relatief recent ontdekt en nauwelijks onderzocht. Alhoewel 

deze twee eiwitten qua structuur hoge mate van homologie vertonen, doet een 

verscheidenheid aan factoren (waaronder differentiële expressie) vermoeden dat hun 

functie niet volkomen overlappend is. En inderdaad, de in hoofdstuk 3 beschreven 
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studie bevat de intrigerende ontdekking dat Rac1 en Rac3 in feite tegenovergestelde 

rollen spelen met betrekking tot cel adhesie en differentiatie van (in dit geval) 

neuronale cellen (N1E-115). Namelijk, onderdrukking van Rac1 expressie door 

middel van short hairpin RNA (shRNA) leidt tot afronding van N1E-115 cellen, terwijl 

Rac3 suppressie resulteert in betere adhesie van N1E-115 cellen en versnelde 

differentiatie. Deze resultaten worden ondersteund door exogene expressie van 

wtRac1 of wtRac3, die leiden tot respectievelijk cel spreiding of cel afronding. We 

laten verder zien dat beide genen van nature in deze cellen tot expressie komen, en 

dat de hoeveelheid van Rac3 transcript substantieel verminderd is in 

gedifferentieerde N1E-115 cellen. Dit wijst erop dat Rac3 de neuronale differentiatie 

tegengaat en dat er een intrinsiek mechanisme bestaat om Rac3 expressie te 

onderdrukken tijdens de differentiatie. We tonen ook aan dat het aminozuren triplet 

dat zich vlak voor de CAAX box bevindt, verantwoordelijk is voor het verschil in 

functie tussen Rac1 en Rac3. Daarnaast hebben we onderzocht of Rac3 gebruik 

maakt, c.q. onderdeel uitmaakt van een andere GTPase signaleringsroute. De kleine 

GTPase RhoA is namelijk veelvoudig geïmpliceerd in het proces van cel contractie 

en afronding, dat bereikt wordt door middel van een eiwit cascade die via Rho kinase 

en myosine light chain kinase (MLCK) tot fosforylering van MLC en contractie van 

actine cytoskelet leidt. Onze resultaten laten zien dat de functie van Rac3 afhankelijk 

is noch onderdeel uitmaakt van de RhoA signalering cascade. Ten slotte 

demonstreren we dat de Rac3-geinduceerde blokkering van celspreiding 

tegengegaan kan worden door de expressie van (dominant actieve mutant van) 

Rap1A, een sterke stimulator van integrine-gemedieerde cel adhesie.    

 

Nu we bepaald hebben dat de rol van Rac3 wezenlijk verschilt van die van Rac1, 

hebben we in Hoofdstuk 4 getracht de signalering cascade te ontrafelen die Rac3 

aanzet om zijn functie uit te oefenen. We hebben gevonden dat zowel Rac1 als Rac3 

binden aan een multifunctioneel eiwit genaamd Git1. Echter in tegenstelling tot Rac1 

doet Rac3 dit zonder bemiddeling van de GEF βPix. Verder demonstreren we dat 

Git1 wezenlijk onderdeel uitmaakt van Rac3 signalering, en dat de Rac3-

geinduceerde afronding van cellen afhankelijk is van Git1. Ook laten we zien dat 

Rac3 de downstream signalering van Git1 beïnvloedt. Ten eerste, daar waar Rac1 

binding aan Git1 leidt tot stimulatie van paxillin/Git1 interactie, fungeert Rac3 als een 
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belemmering voor deze interactie, met als het gevolg een defecte lokalisatie van 

paxillin. Ten tweede, Rac3 inhibeert de activatie van de kleine GTPase Arf6, die 

betrokken is bij cel spreiding en het transport van kleine blaasjes. Arf6 wordt 

doorgaans door Git1 gedeactiveerd. Beide bovengenoemde effecten van Rac3 zijn 

van belang voor de Rac3-geinduceerde celafronding.  

 

Samenvattend, we hebben aangetoond dat de kleine Rho GTPases Rac1 en Rac3, 

ondanks een hoge mate van homologie wezenlijk verschillen in de functie die ze 

uitoefenen. De beschreven verschillen in effecten op cell-matrix adhesie berust op 

het feit dat Rac1 en Rac3 onafhankelijk van elkaar en op een andere manier aan het 

multifunctionele eiwit Git1 binden. De hierdoor veranderde Git1 downstream 

signalering beinvloedt de cel matrix adhesie waardoor cellen of spreiden of afronden. 

De mate van cel-matrix interacties heeft een grote invloed heeft op de groei, 

polarizatie en differentiatie van cellen en deregulatie van cel-matrix adhesies speelt 

een belangrijke rol bij de progressie van kankercellen.  Uit dit onderzoek blijkt dat 

Rac1 en Rac3 op een antagonistische manier de cel-matrix adhesies beinvloeden.   

 

 



  
 113 
 

Sažetak 

 

Ovaj naučni rad se prvenstveno fokusira na adheziju ćelija sisara. Ćelijska adhezija 

je kompleksan proces, koji zavisi o striktnoj regulaciji kako momenta tako i lokacije 

različitih dinamičnih interakcija medju bjelančevinama. Zavisno od toga da li se ćelija 

vezuje za površinu na kojoj se nalazi ili za susjedne ćelije, o kojoj vrsti ćelija se radi, 

te u kakvoj vrsti procesa ta ćelija učestvuje, su drukčije i bjelančevine koje regulišu 

proces adhezije, a i njihove medjusobne interakcije. Pravilna adhezija je od iznimnog 

značaja za razlicite aspekte biologije i fiziologije ćelija sisara, kao sto su primanje, 

propuštanje i dostavljanje signala iz okoline i ka okolini, pozicioniranje na korektnoj 

lokaciji, sposobnost kretanja unutar tkiva, sposobnost dijeljenja, te sposobnost 

pravilne diferencijacije i specijalizacije. Zato i nije iznenadjujuće da pogreške u 

regulaciji pravilne adhezije dovode do različitih bolesti, izmedju ostalog do nastanka, 

razvitka i metastaze raka. Tim prije je prijeko potrebno spoznati mehanizme koji 

dovode do nastanka i razgradnje ćelijske adhezije, da bismo omogućili razvitak novih 

i poboljšanje postojećih tretmana i lijekova. 

 

U srži regulacije ćelijske adhezije nalazi se grupa malih bjelančevina koje su 

sposobne da vezuju nukleotide, takozvanih malih GTPaza. GTPaze funkcionišu kao 

molekularni prekidač; kad su vezane za GTP, nalaze se u „upaljenom“ stanju, dok su 

„ugašene“ u GDP-vezanoj konformaciji. U aktivnom, „upaljenom“ stanju, ove GTPaze 

vezuju različite „efektor“ bjelančevine, od kojih mnoge i same bivaju aktivirane usljed 

ove interakcije. Uopste uzevši su neaktivne GTPaze lokalizovane u citoplazmi, dok 

su u aktivnoj konformaciji vezane za membranu (ćelijsku membranu, ali isto tako i 

različite membranske strukture unutar ćelije, kao sto su endozomalni mjehurici, itd.). 

Istovremeno je i aktivacija/deaktivacija malih GTPaza podvrgnuta strogoj regulaciji, 

koju sprovode tri vrste bjelančevina: „guanine nucleotide exchange factors“ (GEFs), 

koji aktiviraju GTPaze; GTPase activating proteins (GAPs), koji deaktiviraju male 

GTPaze stimulišuci njihov inheretni kapacitet da se oslobode GTP nukleotida; i na 

kraju RhoGDI bjelančevine („guanine nucleotide dissociation inhibitor“) koji male 

GTPaze drze u inaktivnom stanju u citoplazmi. Usput budi rečeno, male GTPaze ne 

regulišu samo ćelijsku adheziju već i mnoge druge ćelijske procese, kao naprimjer 
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polarizaciju i kretanje ćelija, djeljenje ćelija, ekspresiju gena, morfologiju i 

diferencijaciju ćelija, i tako dalje. 

 

Detaljan pregled sadasnjeg znanja o malim GTPazama Rho familije, njihove 

strukture, osobina i regulacije je dat u Prvom poglavlju. Ovdje se takodje osvrćemo 

na njihovu ulogu u ćelija-ćelija i ćelija-povrsina adheziji, te na njihove uloge pri 

nastanku i razvitku raka. 

 

U Drugom poglavlju izlažemo resultate koji ukazuju na to da Rap1, mala GTPaza 

Ras familije, igra vrlo bitnu ulogu u nastanku ćelija-ćelija adhezije. Rap1 je prethodno 

bio prvenstveno poznat po svojoj značajnoj ulozi pri nastanku integrinskih ćelija-

površina spona. Dugogodišnja istrazivanja su pokazala da Rap1 i njegovi aktivatori 

aktivno učestvuju pri nastanku, preobličavanju i odrzavanju adhezije ćelije za 

površinu na kojoj se ćelija nalazi. Naše istrazivanje ukazuje na novu i do sad 

nepoznatu ali značajnu ulogu ove GTPaze u uspostavljanju i odrzavanji kadherinskih 

ćelija-ćelija spona. Iz naših eksperimenata proizilazi da je aktivni mutant Rap1 u 

stanju da metastatične Ras-transformisane ćelije pseceg epitela (MDCK ćelije) vrati u 

prvobitno stanje normalne epitelijalne morfologije sa čvrstim ćelija-ćelija sponama. 

Takodje se ispostavlja da smanjene Rap1 aktivnosti u ćelija-ćelija kontaktima dovodi 

do smanjenja intenziteta kadherina u istim kontaktima. U cjelini gledano, rezultati 

prezentirani u ovom poglavlju ukazuju na novu, interesantnu i bitnu ulogu koju Rap 

igra u kadherinskim ćelija-ćelija kontaktima. 

 

U Trećem poglavlju opisujemo nova saznanja o funkcijama malih GTPaza Rac 

podfamilije. Rac1 je do sada najbolje istrazeni član ove podfamilije, i tokom godina se 

pokazao vrlo bitan u regulaciji širokog spektra ćelijskih procesa, od širenja ćelije i 

ćelijske adhezije, ćelijske diferencijacije, polarizacije i kretanja, de ekspresije gena i 

programirane ćelijske smrti (apoptoze). Nasuprot njemu, Rac3 je nova, relativno 

nedavno otkrivena bjelančevina o čijem se djelovanju vrlo malo zna, koja je u 

zdravom organizmu prevashodno prisutna u nervnim ćelijama, ali isto tako intenzivno 

prisutna u ćelijama raka dojke i raka prostate. Što se strukture tiče, Rac1 i Rac3 

dijele visok stepen homologije; unatoč tome, različiti faktori (izmedju ostalog, 

raznolika eskpresija na nivou tkiva i u toku razvitka organizma) ukazuju na 
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potencijalne razlike u njihovim funkcijama. I zaista: u trecem poglavlju prezentiran 

naučni rad sadrzi intrigantno otkrice da ove dvije, strukturno jako slične bjelančevine, 

igraju potpuno suprotne uloge u nastajanju i odrzavanju ćelijske adhezije, te u 

nastanku i razvitku nervne diferencijacije. Naime, blokada Rac1 ekspresije (uz pomoc 

shRNA) rezultira zaokruzivanjem nervnih ćelija, što ukazuje da Rac1 igra 

stimulatornu ulogu u nastanku adhezije ovih (a i drugih) ćelija. Dijametralno suprotno, 

blokada Rac3 ekspresije dovodi do poboljšanja adhezije nervnih ćelija te do 

stimulacije nervne diferencijacije. Isto tako, naši rezultati pokazuju da je nivo 

ekspresije Rac3 izuzetno smanjen prilikom prirodne nervne diferencijacije u ovom 

tipu ćelija, ukazujuci na njegovu inhibitorsku ulogu u tom procesu. U daljnim 

eksperimentima pokazujemo i strukturnu razliku koja je uzročnik ove funkcionalne 

razlike izmedju Rac1 i Rac3: triplet aminokiselina koji se nalazi neposredno pred 

CAAX krajem bjelančevine. Takodje, naši rezultati ukazuju i na to da su ove dvije 

bjelančevine drugačije distribuirane unutar ćelije; Rac1 se prvenstveno nalazi na 

ćelijskoj membrani, dok je Rac3 najviše lokalizovan na membranskim strukturama 

rasporedjenim blizu ćelijskog jezgra. Sve u svemu, ova studija opisuje novu i iznimno 

interesantnu ulogu nove bjelančevine Rac3 u ćelijskoj adheziji i diferencijaciji nervnih 

ćelija, pokazujuci da je ta uloga, unatoc struktornoj homologiji, potpuno oprečna ulozi 

„starijeg brata“ Rac1.  

 

Kako smo u predhodnom radu ukazali na to da Rac1 i Rac3 igraju bitne ali i potpuno 

suprotne uloge u ćelijskoj adheziji, slijedeci korak se sastoji u razotkrivanju signalne 

kaskade koju Rac3 koristi da bi oslabio ćelijsku adheziju i odlozio nervnu 

diferencijaciju. U Cetvrtom poglavlju prezentirani eksperimenti ukazuju na to da 

Rac3, kao i Rac1, vezuje multifunkcionalnu bjelančevinu po imenu Git1, koja igra 

bitnu ulogu u ćelijskoj adheziji. Medjutim, dok Rac1 koristi GEF βPix da bi uspostavio 

ovu interakciju, Rac3 uspostavlja interakciju sa Git1 bez upliva βPix. Samim tim, 

kompleks bjelančevina oko Git1 mijenja karakter, a time i efekat koji Git1 ima na 

ćelijsku adheziju. Naime, Rac1/βPix interakcija sa Git1 stimulise vezivanje sa 

paxilinom i distribuiranje istog na ćelijsku periferiju, dok Rac3/Git1 interakcija blokira 

vezivanje paxilina i onemogucuje njegovu distribuciju na ćelijsku periferiju. 

Istovremeno, rezultati ove studije pokazuju još jedan efekat interakcije izmedju Rac3 i 
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Git1: Rac3 stimuliše GAP aktivnost od Git1 ka maloj GTPazi Arf6, što takodje 

rezultira blokiranjem ćelijske adhezije i nervne diferencijacije.  

 

Uzete u cjelini, ove studije pokazuju da male GTPaze Rac subfamilije, unatoč 

visokom stepenu slicnosti njihove aminokiselinske strukture, imaju fundamentalno 

drukčiji efekat na ćelijsku adheziju. Pokazali smo da obadvije bjelančevine vezuju istu 

efektor bjelančevinu, Git1, ali da na potupno različit nacin regulišu komplex u kojem 

se Git1 nalazi, dovodeci na taj suptilni nacin do potpuno oprečnih efekata: Rac1 

stimuliše širenje i adheziju, dok Rac3 inducira zaokrugljivanje ćelije i blokira adheziju. 

Intenzitet i oblik ćelija-površina adhezije ima veliki efekat na rast, polarizaciju i 

diferencijaciju normalnih ćelija, dok deregulacija ćelija-površina adhezije igra 

centralnu ulogu u progresiji ćelija raka. Naši rezultati ukazuju na to da dvije 

bjelančevine, strukturno gotovo identicne, mogu imati tako antagonisticne efekte na 

ćelijsku adheziju, i objašnjavaju signalnu kaskadu koja dovodi do tih efekata. Stoga, 

u ovom radu pokazani rezultati bitno doprinose našem razumijevanju procesa 

ćelijske adhezije i mogucnostima kako da razriješimo problematiku vezanu za 

devijacije ćelijske adhezije koje mogu dovesti do grešaka u diferencijaciji ili nastanka 

razlicitih bolesti, izmedju ostalih i raka.  
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Thank you 
 
Mijn proefschrift ligt klaar, volstrekt ongelooflijk. Hoe vaak heb ik niet gedacht dat alles maar 
tegenzat en dat het nooit af zal zijn – en toch ligt dat boekje er. En het is mooi geworden, al 
zeg ik het zelf. Er zijn er velen geweest die op deze of gene wijze ertoe bijgedragen hebben 
dat mijn  proefschrift nu een feit is, en ik wil jullie allemaal op deze plaats bedanken. Het zal 
niet erg kort zijn en weliswaar in een ietwat onorthodoxe volgorde… Maar jullie zijn van mij 
ook niet anders gewend ☺! 
 
Allereerst: mijn ouders. Dragi mama i tata, vi ste ovdje na prvom mjestu. Ucili ste me da 
vjerujem u svoje sposobnosti, i da, uz trud i zalaganje, mogu postici sve – i evo izgleda da 
ste bili u pravu… Hvala vam sto ste mi dali prostor da sama donosim svoje odluke i sto ste 
me podrzavali u njima, bez obzira koliko su vam neke od njih bile teske. Hvala, volim vas.  
 
En dan: John. Volgens mij wist je in het begin niet zo goed wat je met mij aan moest, ik was 
een beetje te exotisch voor jouw begrip van een succesvolle OIO-kandidaat. Toch heb je me 
het voordeel van de twijfel gegeven, waarvoor mij dank. Ook heb je me veel ruimte gegeven 
om mijn creativiteitsvleugels te spreiden, je was niet ongevoelig voor mijn enthousiasme over 
die rare Rac3 en damde je bijtijds in die superleuke-experimenten-vloed die mij soms 
dreigde op te slokken. Even belangrijk, je toonde altijd begrip voor de soms moeilijke 
persoonlijke omstandigheden die zich wel eens voordeden. Dit allemaal heeft een grote rol 
gespeeld in mijn persoonlijke en professionele groei, en daarvoor wil ik je heel hartelijk 
bedanken. En prof. Anton Berns, bedankt dat u mijn promotor was. 
 
Alle Collardjes wil ik heel hartelijk bedanken voor alles wat ik van jullie geleerd heb, en vooral 
voor de gezellige tijd. Twee in het bijzonder: Rob met/zonder snor, jij was de rode draad door 
mijn NKI tijd; bedankt voor al je hulp, vooral voor de experimenten die je voor de revisie van 
Rac3/Git1 artikel gedaan hebt; Ireempje, je bent werkelijk de aardigste “leeuw” die er is; van 
een lieve collega ben je een dierbaar vriendin geworden, lang leve onze etentjes! And of 
course: Kris, Angeliki, Rob R, Leo, Mariette, Cristina, Inge, Kristin, ma petite Francaise 
Audrey (I miss you a lot!), Sander, Michiel, Tomek and Sandra, thank you all very much for 
interesting discussions and tons of laughs. Ook alle studenten die ons lab zonniger maakten, 
waaronder in eerste plaats mijn eigen protegés Babet en Zvezda, bedankt (hvala!) voor jullie 
inzet en bijdrage in de gezelligheid. 
 
Mijn paranimfen, mijn Saskiae wil ik even apart in het zonnetje zetten. Van Es, het was een 
ware plezier om vier jaar lang samen met en naast jou te mogen pipetteren, naar hartenlust 
klessebessen over Rac3, politiek, religie, vrouwendingetjes, mannelijke en andere collega’s 
– je liet me de leuke kanten zien van dat befaamde Hollandse nuchtere kijk op de wereld. De 
kroon spande het feit dat we bijna synchroon aan de dikke buiken gingen, wie verzint dat 
nou! En toen was je plots weg uit de lab. Mijn Saskialoos labbestaan duurde gelukkig niet 
lang want ziedaar: Ellenbroek tijdperk brak aan. Sasje, je bent een van die zeldzame parels 
die het leven mooier en leuker maken, hopelijk zal je altijd omringd zijn door mensen die je 
weten te waarderen. Jouw enthousiasme en optimisme, oprechte aandacht voor andermans 
verhaal en behulpzaamheid maken jou tot een meest geweldige (lab)speelkameraadje dat 
mens zich kan wensen. Lieve dames, nogmaals heel erg bedankt voor jullie hulp bij de 
laatste loodjes en het corrigeren van mijn teksten (om het puntje op mijn “de” en “het” te 
zetten ☺). Bedankt voor alles! 
 
Vervolgens wil ik graag Lauran en Lenny, Anita en Frank, Mike en Ron, en Natasja, Hans en 
Patty bedanken voor deskundige technische ondersteuning, die op een onwaarschijnlijk 
geduldige, toegankelijke en vriendelijke manier gegeven was.  
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Niet alleen Collardjes maar ook Jalinkjes, Roosjes en Sonnenbergjes hebben bijgedragen 
aan het thuisgevoel die ik op het NKI had en voorzagen mij geregeld met alle (on)mogelijke 
experimentbenodigdheden. Jacco, Gerard (koffie en filosofie), Michiel (wat is er allemaal niet 
mogelijk met die N1E-115’s hé!), Bas (altijd paraat om onnodige proeven af te raden), Laila, 
Daan en Blauwbaard zelf; Ingrid, Belen, Joost (mijn kook-soulmate, tripple chocolate cheese 
cake mmmm…), Rosalie (you go girl!), Yvonne, Agnieszka (East Europe rules!) en Ed (de 
enige Joego-kenner van H1); Erik (to-the-point adviezen), Stephan, Sandy (altijd 
optimistisch), Jan, Sandra, Petra, Cecile, Duco, Iman (leuke pittige discussies!), Stephanie, 
Ingrid, Maaike, Karine, Johan, Quint (good cooking guy ;), Coert, Evelyne, Mirjam, Norman 
and sectieleider zelf: thank you all for sharing fun, science and good times! 
 
Also Jacqueline, Leonie, Jonathan, Nullin, Nicolai, Andrej, Renée, Marije en Agnes (NKI) en 
Jup, Micha en Mar (CLB): thanks for helping me out with tons of lab goodies and useful 
discussions, I appreciate it a lot. 
 
In het leven buiten de wetenschap (ja, ja, Arnoud, het bestaat écht!☺) heb ik ook heel veel 
steun gekregen in de afgelopen jaren. Mijn lieve vrienden, liebe freunden, dragi prijatelji and 
ches amis, thank you for all the crazy fun, serious discussions, great food and good times 
that we have enjoyed during the past years (with many of you living far away, all this being 
predominantly on-line), your attention has helped me to load up with new energy and put my 
science in the right perspective. Hvala vam, i cmmmmmmok za sve! Mijn schoonmama, 
schoonpapa en schoonzusje: bedankt ontzettend voor het geduldig luisteren naar mijn 
wetenschappelijke perikelen, voor het opvangen van de kids zodat ik wat langer kon 
pipetteren of schrijven, voor het goddelijke eten en vooral voor het gevoel van thuis dat jullie 
me hier in het koude Noorden hebben gegeven. Ik hou van jullie, dank jullie wel. Lanic, nog 
een bijzonder bedankje voor het wondermooie tekening dat het kaft van mijn boekje opsiert, 
prekrasno. Mijn lieve schoontante Maja, jou en je gezin wil ik speciaal bedanken voor alle 
hulp, warmte en gezelligheid die jullie me gegeven hebben, het betekent heel veel voor mij. 
Moja draga Aida, ti si mi bila nevjerovatna podrska svih ovih godina; kao da si tacno znala 
kad mi je tezak momenat, pa da me nazoves ili posaljes mail pun bodrenja… hvala ti puno, 
volim te. I svim mojim dragima, na prvom mjestu Hani (moj sekili tackica glisa ) i Ameru (eh… 
braco…), nani Suphi (za svu energiju i ljubav koju si mi dala), dedi Mehmedaliji, nani Dzemili 
i dedi Rami (koji mi, svako na svoj nacin, u ovom trenutku nemoguce nedostaju), i cijeloj 
dragoj rodbini – hvala do neba za ljubav, podrsku i toplinu. 
 
Mijn lieve schatten Armin en Mina wil ik bedanken voor de onvoorwaardelijke, pure liefde die 
je nergens anders tegenkomt, dat ze me het cadeautje gegeven hebben om die liefde te 
mogen ervaren. Voor het inzicht in het werkelijk belangrijke van dit bestaan. En omdat ze me 
de kracht gegeven en de wijsheid bijgebracht hebben om nieuwe kanten van mijzelf te 
ontdekken. 
 
En net als velen voor mij, ga ik met het meest belangrijke eindigen: draga moja ljubavi, sve 
sto smo prosli, prosli smo skupa – cestitke na ovom uspjesnom radu, zajedno smo ga izveli! 
Hvala ti na prilagodjavanju, razumijevanju, podrsci, zastiti, ljubavi i njeznosti, svih ovih 20 
godina. Op naar de nieuwe avonturen, many mountains climbed – many yet to conquer, my 
love. 
 
   
 
Hvala, bedankt, thanks! 
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