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ABSTRACT 

In a multicellular organism cell migration is essential for normal development and required 
throughout life for responses to tissue damage and infection. Conversely, cell migration also 
occurs as a result of improper regulation causing human diseases such as cancer. Cell 
migration is a process involving changes in the cytoskeleton, cell-substrate adhesions and 
the extracellular matrix, and it is usually initiated in response to extracellular signals. These 
signals stimulate transmembrane receptors to initiate intracellular signalling leading to vast 
morphological changes. 
 
During migration cells polarize and obtain a leading edge and a tracking tail. The leading 
edge encompasses actin-containing filopodia and lamellipodia that take part in the forward 
movement. Locomotion is driven by the development of new cell-substrate contacts at the 
leading edge and detachment of the contacts in the tracking tail. Polarized migration is 
determined by microtubules, which also control the turnover of focal adhesions and function 
as tracks for the transport of membrane vesicles. The conventional view is that the leading 
edge advances by actin polymerization that pushes the front of the cell forward. Another view 
is now emerging, where more emphasis is placed on the recycling of membranes to the 
leading edge, thereby extending the cell forward. The actin cytoskeleton and microtubules 
are most likely important in this type of locomotion as well, and it might be a combination of 
these two models that governs the protrusion of the leading edge. There have been different 
views about which pathway functions in the recycling of membranes and adhesion 
components during cell migration. Recent studies, however, point towards the Arf6 regulated 
pathway in membrane recycling.  
 
R-Ras is a small GTPase shown to enhance cell adhesion, spreading and phagocytosis by 
activating integrins. In this study we showed that R-Ras localizes to focal adhesions and that 
this localization is important for cell morphogenesis. The localization of R-Ras to focal 
adhesions is dependent on its activation state and an intact hypervariable region. 
Furthermore, we show that R-Ras is internalized to vesicles that co-localize with Arf6 
recycling compartment and that the integrity of focal adhesions is dependent on the 
cholesterol content of the plasma membrane.  
 
Another focus of this research has been the GTPase Rab8. Rab8 has previously been 
assigned a role in exocytosis from the TGN to the PM. Rab8 has, however, great impact on 
cell shape indicating that it has a more complicated role than that originally suggested. Our 
results point towards a more important role for this GTPase in the recycling of membranes 
formed at ruffling areas of the leading edge. Furthermore, we demonstrate that Rab8-specific 
recycling tubules contain a previously described protein called EHD1 (Eps15 homology 
domain containing protein 1). Rab8 and EHD1 interact with each other and they are both 
essential components of a highly dynamic tubular recycling compartment, which is linked to 
clathrin-independent endocytosis. We also identified a Rab8 specific GEF, Rabin8, which 
modulates actin reorganization similarly to Rab8.  
 
Taken together, this data gives new information on how a regulatory protein is targeted into 
specific cell surface structures when controlling cell adhesion. Our results also support a 
model where membrane recycling in close association with actin dynamics mediates cell 
shape changes occurring during cell movement.  
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INTRODUCTION 

1. Small GTP-binding proteins 

Small GTP-binding proteins are monomeric proteins with a molecular mass ranging from 20 
to 40 kDa. The first discovered proteins belonging to this superfamily were H-ras and K-Ras. 
They were found to be oncogenes from sarcoma viruses and were shown to be related to the 
heterotrimeric G proteins. Today more than a hundred small GTPases have been identified 
in eukaryotes and they are divided into five subfamilies: the Ras, Rho, Rab, Ran, and 
Sar1/Arf families. The Ras subfamily members mainly regulate gene expression, the 
Rho/Rac/Cdc42 family members of the Rho subfamily regulate both cytoskeletal organization 
and gene expression, the Rab and Sar1/Arf family members regulate intracellular vesicle 
trafficking, and the Ran family members regulate nucleocytoplasmic transport during the G1, 
S, and G2 phases of the cell cycle (Hall, 2000) 
 

 
Figure 1. Phylogenetic tree of yeast (boxes) and human sequences of the ras superfamily. 
Sequences are indentified by their SwissProt or EMBL data base names. ( modified from Takai et al., 
2001). 
 
The small GTPases are molecular switches that cycle between an inactive GDP-bound form 
and an active GTP-binding conformation. When they are in their GTP-bound conformation 
i.e. as active molecules, they are able to bind to their downstream effectors. The small 
GTPases have an intrinsic GTPase activity that hydrolyses GTP to GDP and Pi, rendering 
the protein inactive. This activity is variable but relatively slow and it is stimulated by GAP 
proteins (GTPase activating proteins). For activation the GTPases have to release their 
bound GDP and bind a new round of GTP. This is assisted by a regulator named GEF, which 
stands for GDP/GTP exchange factor. Most GEFs are specific for each member or subfamily 
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of small GTPases. There is a third regulator for the small GTPases of Rho/Rac/Cdc42 and 
Rab proteins; it is called Rho and Rab GDI (GDP dissociation inhibitor). The GDI inhibits both 
the basal and GEF-stimulated dissociation of GDP from the protein and keeps the GTPase in 
the GDP form i.e. in the inactive conformation (Hall, 2000). 
 

 
 
Figure 2. Regulation of small GTPase activity 
 
The Ras, Rho/Rac/Cdc42, Rab, and Arf proteins, are additionally regulated by post-
translational lipid modification of their C- or N-terminus. The lipid modifications are necessary 
for binding to membranes and regulators, and for activation of downstream effectors 
(Glomset and Farnsworth, 1994). 
 
1.1 The Ras-family 

The first oncogene was identified over three decades ago and at that time it gave a deeper 
understanding of cancer characteristics. This oncogene was identified in a rat sarcoma virus 
and the human homolog was found in 1981 and named ras (Parada et al., 1982, Bos, 1989). 
The ras gene codes for a GTPase that regulates normal cell growth and differentiation. Ras 
functions in a transduction-signalling pathway starting with the activation of a membrane 
receptor with intrinsic or associated tyrosine kinase activity (Egan et al., 1993). This 
activation recruits an adaptor molecule (Grb5/Sem5) that in turn recruits the Ras GEF, Sos, 
producing a receptor-adaptor-GEF complex. The membrane recruited Sos stimulates Ras at 
the cytoplasmic face of the PM and converts it to the active, GTP-bound form. Moreover, it 
has been shown that heterotrimeric G protein-coupled receptors and an increase of 
cytoplasmic Ca2+ can activate Ras proteins (Hawes et al., 1995; Farnsworth et al., 1995). 
The activated Ras binds the serine/threonine kinase Raf and recruits it to the plasma 
membrane. As a consequence of this association Raf is phosphorylated and its kinase 
activity activated (Daum et al., 1994; Wittinghofer and Nassar, 1996). The activated Raf 
protein phosphorylates and activates MEK (Huang et al., 1993), which then phosphorylates 
and activates MAP kinases (Matsuda et al., 1992). The activated MAP kinase translocates to 
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the nucleus, where it phosphorylates and stimulates the activity of various transcription 
factors, including Elk-1 (Marais et al., 1993). 
 
The name Ras-protein usually refers to a group of almost identical proteins called, H-Ras, N-
Ras, K-Ras4A and K-Ras4B, (the A and B forms of K-Ras is a result of alternative splicing 
during protein synthesis). All four proteins activate the MAPK-protein cascade and initially it 
was thought that their function was identical. Some results indicating their different functions 
in cell physiology have been proposed but no evidence has been found. K-Ras has been 
shown to be essential for development in mice through K-Ras knockouts, whereas the other 
Ras-proteins are not (Umanoff et al. 1995; Johnson et al 1997). Results demonstrating that 
the functional difference between these proteins would lie in their different localization and 
exact association with the plasma membrane (Choy et al., 1999). The C-terminus of Ras-
proteins contains two signalling sequences that control their correct localization inside the 
cell. The first signal contains a peptide sequence with the amino acids Cys-A-A-X (A, 
aliphatic acid; X, any amino acid). This sequence is first farnesylated at the Cys residue 
followed by the proteolytic removal of the A-A-X portion and the carboxylmethylation of the 
exposed Cys residue (Gutierrez et al., 1989; Hancock et al., 1989). In addition, H-Ras and N-
Ras together with K-Ras4A are palmitoylated at the penultimate C-terminal cysteine. K-
Ras4B instead has a lysine rich amino acid region close to its C-terminus (Hancock et al., 
1990). Moreover, H-Ras has an additional cysteine residue that is palmitoylated (Hancock et 
al., 1989). H-Ras and N-Ras are transported through the Golgi complex and palmitoylated 
before they reach the plasma membrane whereas K-Ras4B is transported via a different 
unknown pathway to the plasma membrane. All Ras proteins seem to be localized to the 
plasma membrane at some point and function there by mediating signals into the cell (Choy 
et al., 1999, reviewed in Prior and Hancock, 2001). It was previously thought that the 
subcellular localization of H-Ras and N-Ras was a reflection of the different biosynthetic 
routes followed by each Ras family member during its maturation and transfer to plasma 
membrane. However, this scenario has changed recently since it has been shown that at 
least H-Ras can be specifically activated at ER and Golgi compartments where it can 
activate downstream effectors (Bivona et al., 2003; Caloca et al., 2003; Arozarena et al., 
2004). Results indicate that Ras-proteins would be associated with lipid rafts, i.e. regions 
with high concentration of cholesterol and sphingolipids, on the plasma membrane (Simons 
and Ikonen, 1997) or/and with caveolae (Anderson, 1998). K-Ras recruits Raf-proteins and 
activates them more efficiently than H-Ras whereas H-Ras is a superior activator of PI 3-
kinase. It has been suggested that it is the hypervariable region (aa 166-165) that directs the 
different affinity for these Ras effectors (Yan et al., 1998). The hypervariable region only 
exhibits 10-15 per cent conservation compared to 90 per cent identity over the N-terminal 
165 residues (Barbacid 1987). A theory that has been proposed is that H-Ras and K-Ras are 
differentially localized on the plasma membrane and that this would regulate their function 
(Roy et al., 1999). 
 
1.1.1 R-Ras  

R-Ras is more than 50 per cent identical with the above Ras-proteins, even though it has in 
its N-terminal part a 26 amino acid extension not present in the other Ras-proteins (Lowe et 
al., 1987a, Lowe et al., 1997b). R-Ras regulates cell adhesion, spreading and phagocytosis 
by integrin activation (Zhang et al., 1996; Berrier et al., 2000; Self et al., 2001), and it has 
also been shown to antagonize Ras/Raf-initiated integrin suppression (Sethi et al., 1999). 
Consistent with a role for R-Ras in activating integrins, Keely et al.1999 reported that stable 
expression of activated R-Ras stimulates integrin-dependent cell migration and thereby 
promotes invasion of breast epithelial cells across collagen, whereas dominant-negative R-
Ras has the opposite effect. The R-Ras-dependent activation of integrins is mediated by a 
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motif in the hypervariable region (HVR) of R-Ras (Oertli et al., 2000; Wang et al., 2000) 
thought to bind the adaptor protein Nck (Wang et al., 2000).  
 
R-Ras localizes to the plasma membrane but is posttranslationally modified by a different 
prenyl moiety than H-Ras, since the C-terminal amino acids CVLL directs the attachment of a 
C20 geranyl-geranyl group rather than a farnesyl group. Membrane association of R-Ras is 
essential for the rescue of H-Ras-induced integrin suppression (Oertli et al., 2000). 
 
To this date no R-Ras specific GEF-proteins have been found whereas several GAP-proteins 
binding to R-Ras have been reported (Yamamoto et al., 1995; Cullen et al., 1995; Garrett et 
al., 1989; Rey et al., 1994). p120RasGAP and neurofibromin associate with R-Ras and 
stimulates GTP-hydrolyzation (Garrett et al., 1989; Rey et al., 1994). GAPIP4 has been 
identified as a GAP-protein for both R-Ras and Rap1 (Yamamoto et al., 1995; Cullen et al., 
1995) and may function as a linker between R-Ras, IP4 and calcium metabolism, since 
calcium has been shown to induce Rap1 activation (M´Rabet et al., 1998). R-Ras is also 
activated by thrombin in thrombocytes and during differentiation of myoblasts (Suzuki et al., 
2000). In contrast to the other Ras proteins over-expression of R-Ras stimulates the 
transformation of only some cell types such as NIH3T3 cells (Saez et al., 1994). This could 
indicate that R-Ras is involved in control of cell proliferation. A role in regulation of apoptosis 
has, however also been suggested for R-Ras (Wang et al., 1995), due to its ability to bind the 
apoptosis-suppressor protein Bcl-2 (Fernandez-Sarabia and Bischoff, 1993).  
 
The closest relative of R-Ras, TC21/R-Ras2, is a strong transformant of fibroblast and 
epithelial cell lines, unlike R-Ras, suggesting that it shares more functional similarity with H-
Ras than with R-Ras (Graham et al., 1994;Clark et al., 1996). TC21/R-Ras2 binds and 
activates p110, the catalytic subunit of PI3-kinase, in a GTP-dependent manner. PI3-kinase 
activation is essential for TC21/R-Ras2-mediated transformation (Rosario et al., 2001; 
Murphy et al., 2002; Rong et al., 2002) but TC21/R-Ras2 activation of the Raf/MAPK and 
RalGDS pathways remains controversial (Graham et al., 1999; Movilla et al., 1999; Rosario 
et al., 2001). 
 
1.2 The Rho-family 

Proteins belonging to the subfamily of Rho proteins are 30 per cent homologous with Ras 
and they too regulate signal transduction processes in mammalian cells (Hall, 1990, Burridge 
and Wennerberg, 2004). The mammalian Rho subfamily consists of at least 14 members. 
Their function was first demonstrated in yeast as important factors involved in budding 
processes, through reorganization of the actin cytoskeleton (Johnson and Pringle, 1990; 
Yamochi et al., 1994). It has now been established that at least Rho/Rac/Cdc42 proteins 
primarily regulate cytoskeletal reorganization in response to extracellular signals in 
mammalian cells, but also roles in gene expression, cell growth, membrane traffic, 
development, and axon guidance and extension have been reported (reviewed in Takai et al 
2001). Rac and Cdc42 are required for maintaining epithelial cell polarity (Jou and Nelson 
1998). Rho proteins play a vital role regulating the formation of different actin based 
structures: Cdc42 induce filopodia (Nobes and Hall, 1995; Ridley and Hall, 1992), Rac 
regulates the formation of lamellipodia and ruffles in the front of the cell (Ridley et al., 1992, 
Izawa et al., 1998), while Rho is involved in the creation of stress fibres and focal adhesions 
(Ridley and Hall, 1992). 
 
The activation and inactivation of Rho/Rac/Cdc42 proteins are regulated by basically the 
same mechanisms as Ras proteins but they are further regulated by another class of 
regulators called GDIs. Rho/Rac/Cdc42 are posttranslationally modified with lipids and have 
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to be in a complex with GDIs to remain soluble in the cytosol (Takai et al., 1995; Hoffman et 
al., 2000). The Rho/Rac/Cdc42 GEFs that have been identified so far share a common Dbl-
homology (DH) domain that shows GEF activity in cell-free assay system (Hart et al., 1996) 
and a PH domain, which may be involved in a proper cellular localization presumably through 
interaction with PIP2 (Zheng et al., 1996). 
 
1.2.1 Rho, Rac and Cdc42 

The function of Rac/Cdc42 proteins in cytoskeletal reorganization was first demonstrated in 
yeast. In S. cerevisiae, Cdc42 participates in recognition of the landmark that defines the 
early bud site (Adams et al., 1990; Johnson and Pringle, 1990; Ziman et al., 1993). In 
fibroblasts, Rac proteins regulate formation of lamellipodia and membrane ruffles and 
subsequent stress fibre formation (Ridley et al., 1992). In mammalian cells Cdc42 plays a 
key role in the formation of filopodia at the cell periphery followed by the formation of 
lamellipodia and membrane ruffles (Nobes and Hall, 1995; Kozma et al., 1995). Both Rac 
and Cdc42 induce the assembly of multimolecular focal complexes at the plasma membrane 
of fibroblasts (Nobes and Hall, 1995).  
 
Several effectors of Cdc42 and Rac proteins have been identified and among them is the 
family of serine/threonine protein kinases known as PAKs. It has been shown that Ccd42 
interacts directly with Ste20, a yeast PAK homolog, that in turn interacts with Ste5 and Bem1, 
both of which interact with actin (Zheng et al., 1995). Other data also indicate that it is likely 
that PAK proteins are involved in mediating the effect of Cdc42/Rac proteins on the 
cytoskeleton. All PAKs that have been identified share a common Cdc42/Rac binding motif 
(CRIB). Another effector for Cdc42 is the protein N-WASP. N-WASP is activated when both 
GTP-Cdc42 and PIP2 are bound and is then able to bind Arp2/3 complex thereby stimulating 
its ability to nucleate actin polymerization in vitro (Ma et al., 1998; Rohatgi et al., 1999; 
Machesky and Insall, 1999). POR1 (partner of Rac) interacts specifically with activated Rac 
and is implicated in mediating Rac protein-dependent membrane ruffling (Joneson et al., 
1996). IQGAP interacts with both GTP-Rac1 and GTP-Cdc42 and localizes to membrane 
ruffles and cell-cell adhesion sites. It has been suggested that activated Cdc42 blocks the 
ability of IQGAP to inhibit assembly of a cadherin-catenin complex and thereby promotes 
formation of adherens junctions (Kuroda et al., 1998). 
 
Several downstream effectors of mammalian Rho proteins have been identified. p160ROCK 
(also named ROKα/Rho kinase) is a serine/threonine protein kinase whose activity is 
stimulated by Rho-GTP (Matsui et al., 1996). Many substrates have been identified for Rho 
kinase; these include the myosin binding subunit of myosin light-chain phosphatase (Kimura 
et al., 1996), myosin light chain (Amano et al., 1996a), ERM (ezrin, radixin, and moesin)  
family (Fukata et al., 1998), and LIM kinase (Maekawa et al., 1999). p140mDia has also 
been implicated as a downstream effector of Rho (Watanabe et al., 1997). mDia binds 
profilin via its FH1 domain and regulates reorganization of the actin cytoskeleton. Over-
expression of mDia induces weak formation of stress fibres without affecting the formation of 
focal adhesions and together with Rho kinase it regulates the Rho protein-induced 
reorganization of the actin cytoskeleton (Watanabe et al., 1999; Nakano et al., 1999). Rho 
kinase is also a part of another downstream cascade of Rho proteins, a Rho-Rho kinase-LIM 
kinase pathway (Maekawa et al., 1999). Rho kinase phosphorylates LIM kinase, which in 
turn is activated to phosphorylate cofilin. This phosphorylation inactivates cofilin and inhibits 
its actin depolymerization activity (Maekawa et al., 1999; Sumi et al., 1999). Other Rho 
protein effectors that have been discovered are serine/threonine protein kinase PKN 
(Watanabe et al., 1996, Amano 1996b), citron (Madaule et al., 1995), rhotekin (Reid et al., 
1996), and rhophilin (Watanabe et al., 1996). 
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Roles for the Rho/Rac/Cdc42 proteins outside actin regulation have been suggested, such 
as involvement in membrane-trafficking processes. In type I phagocytosis, plasma 
membrane protrusions extend to engulf the particle and drag it into the cell and this is 
mediated by co-ordinated actions of Rac/Cdc42 proteins. In type II phagocytosis, particles 
sink into actin-lined invaginations in the plasma membrane and RhoA is needed for this 
action (Caron and Hall 1998). Rho/Rac has also been implicated in the regulation of 
endocytosis and secretory vesicle transport (Lamaze et al., 1996). 
 
1.2.2 Other Rho-GTPases 

There is increasing evidence that other Rho family members than Rho, Rac and Cdc42 can 
influence cell morphology and cytoskeletal arrangements. Expression of activated RhoD 
leads to actin rearrangement in several different mammalian cell types altering the motility 
and distribution of early endosomes, suggesting a link between vesicular transport and the 
actin cytoskeleton (Murphy et al., 1996). RhoE (also known as Rnd3) and the related protein 
Rnd1 act antagonistically to Rho and induce a loss of stress fibres (Nobes et al., 1998; 
Guasch et al., 1998). The effector regions of RhoE, Rnd1, and Rnd2 are almost identical to 
RhoA, B, and C, although the remainder of the proteins only show 43 per cent overall 
homology to Rho. This suggests that they may compete with Rho for binding to common 
targets, preventing Rho from activating these targets. RhoG can act via Cdc42 and Rac1 to 
induce filopodia formation or membrane ruffling, but despite its homology to Rac1 and 
Cdc42, it does not appear to interact with targets such as PAK1, POR1, or WASP (Gauthier-
Rouvière et al., 1998). 
 
1.3 The Rab-family 

Small GTPases belonging to the subfamily of Rab proteins have been assigned roles in 
cellular membrane traffic (Zerial and Stenmark, 1993; Novick and Brennwald, 1993; Pfeffer, 
1994). Saccharomyces cereviciae Ypt1 and Ypt4 were the first Rab proteins characterized 
and they were shown to be essential regulatory proteins for specific steps in protein 
secretion. The SEC4 gene was shown to encode a small G protein that is required for vesicle 
traffic from the Golgi apparatus to the plasma membrane (Salminen and Novick, 1987). Rab 
proteins are the mammalian homologs and they comprise the largest subfamily of Ras 
related proteins. The Rab proteins are associated with the cytoplasmic face on different 
exocytotic and endocytotic organelles, and on transport vesicles that couple these 
compartments. The conformational changes that occur when GTP is bound and hydrolysed 
by Rab proteins are thought to regulate the way in which components are connected when 
the transport machinery is linked together. Mutations that affect GTP binding or hydrolysis 
often result in accumulation of vesicles and prevent their correct transport. This would 
indicate that Rabs are involved in the docking/fusion event as well as in vesicle formation 
(Zerial and McBride 2001). 
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Rab proteins contain unique, hypervariable C-terminal domains with two Cys residues, both 
of which require geranylgeranyl moieties. This lipid modification is essential for the 
membrane association of Rab proteins (Kinsella and Maltese, 1992; Chavrier et al., 1991). 
All Rab proteins are localized at organelles and are involved in the vesicle transport event 
involving specific organelles (reviewed in Martinez and Goud, 1998; Novick and Zerial, 
1997). Like the other Ras superfamily proteins also Rab proteins cycle between a GDP-
bound inactive and GTP-bound active form, between the cytosol and the membranes, 
respectively. This cyclical activation, inactivation, and translocation is regulated by at least 
the three types of regulators mentioned earlier (Martinez and Goud, 1998; Novick and Zerial, 
1997). GEFs isolated for Rabs are Mss4 (yeast: Dss4) (Burton et al., 1993), Rab3 GEF 
(Wada et al., 1997), Rabex-5 (Horiuchi et al., 1997), Sec2 for Sec4 (Walch-Solimena et al 



1997) and GRAB for Rab3 (Luo et al., 2001). Only two GAPs have been found and 
characterized for Rab proteins in mammalian cells: Rab3 GAP specific for Rab3, and 
GAPCenA which is specific for Rab6. Three isoforms of Rab GDI have been isolated: 
RabGDIα, β and γ (Nishimura et al., 1994). The α and β forms have been most extensively 
studied and it has been shown to inhibit the basal and GEF-stimulated dissociation of GDP 
from the GDP-bound form of Rab. They bind the lipid-modified GDP-Rab, inhibiting its 
binding to the membrane and keeping it in the cytosol. Finally RabGDI α and β also bind to 
the GDP-bound form of Rabs that are produced on the membrane and bring these proteins 
to the cytosol. In addition to these activities, Rab GDI plays an important role in specific 
delivery of Rab proteins to their target membranes (Pfeffer et al., 1995; Soldati et al., 1994; 
Ullrich et al., 1994).  
 

 
 
Figure 3. Selected Rabs and their cellular localization. ER), endoplasmic reticulum, (TGN), trans-
Golgi network, (M), melanosomes, (EE) early endosomes, (LE), late endosomes . The arrows indicate 
transport pathways.  
 
It is widely thought that targeting/docking specificity of vesicles is determined by the 
combined action of several factors. The function of SNARE proteins are of great importance 
but they cannot be solely responsible for these events. The SNAREs are aided by both 
tethering factors such as Uso1p, TRAPP, p115, exocyst and EEA1, all of which bind 
membranes before the formation of SNARE complex and by Rab proteins. EEA1 has been 
found to be an effector of Rab5 (Christoforidis et al., 1999) and Uso1p is the yeast homolog 
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to, p115 that has been shown to bind directly to Rab1(Allan et al., 2000). It is therefore 
thought that Rab proteins are likely candidates for orchestrating vesicle targeting through 
tethering proteins. 
Rab effectors isolated and characterized are Rabphilin-3 (Shirataki et al., 1993), and Rim 
(Wang et al., 1997) for Rab3, Rabaptin-5 (Stenmark et al., 1995) and EEA1 (Christoforidis et 
al., 1999; McBride et al., 1999; Simonsen et al., 1998) and Rabenosyn-5 (Nielsen et al., 
2000) are effectors for Rab5, Rab8-interactin protein (Ren et al., 1996) for Rab8, p40 (Diaz 
et al., 1997) for Rab9, Rabkinesin-6, PRA1, Rab6IP1/ORF37, Rab6IP2A and Rab6IP2B (for 
Rab6 interacting Protein 2) (Echard et al., 1998, Janoueix-Lerosey et al., 1995, Callebaut et 
al., 2001 ) for Rab6, and Rab11BP/Rabphilin-11 (Mammoto et al., 1999; Zeng et al., 1999) 
for Rab11. Even though it has not been fully elucidated how each Rab protein regulates 
vesicle targeting/docking/fusion processes through their specific effectors, one probable 
mechanism is to regulate or facilitate the assembly of SNARE complex, though Rab proteins 
are not core components of SNARE complexes. 
 
Several links connecting the Rab proteins to both the microtubule and actin cytoskeleton 
have been described. As an example, the effector for Rab6 can be mentioned. Rabkinesin-6 
is a kinesin-like protein that most probably is recruited to the microtubule network by Rab6 
and serves as a motor protein in transportation of tubular structures from the Golgi apparatus 
to the cell periphery (White et al., 1999). Rab11 and Rab25 interact with the C-terminal 
domain of the myosin Vb tail (Lappiere et al., 2001). Very recently, another type of Rab-
motor protein interaction has been discovered in melanosome transport (Fukada et al., 2002 
11–14) and plasma membrane recycling systems (15); myosin Va indirectly recognizes 
Rab27A on melanosomes via Slac2-a (synap-totagmin-like protein (Slp)1 homologue lacking 
C2 domains-a) (also called melanophilin). A good deal of evidence is also indicating that Rab 
proteins may play a part in the budding process, but unlike Sar1/Arf proteins they have not 
been found to regulate coat assembly (reviewed in Takai et al., 2001). 
 
1.3.1 Rab8 

Rab8 was originally found to regulate the constitutive transport of newly synthesized 
membrane proteins from the Trans Golgi Network (TGN) to the plasma membrane (Huber et 
al., 1993), but more recent results have indicated that this might not be the case. Instead 
Rab8 has been proposed to participate in polarized transport of proteins through 
reorganization of actin and microtubules (Chen et al., 2001;Peränen et al., 1996; Ang et al., 
2003). Rab8 shares high sequence homology with Sec4p protein from S. cerevisiae (Huber 
et al., 1993) and Ypt2p from fission yeast (Craighead et al., 1993). In humans two Rab8 
isoforms are known, Rab8 and Rab8b. Rab8b is predominantly expressed in spleen, testis 
and brain (Armstrong et al., 1996) whereas Rab8 is constitutively expressed in different 
tissues. The lipid modification site of Rab8 differs from the other Rab proteins in that Rab8 
has a CAAL motif instead of the CC or CXC site in other Rabs. It is therefore 
geranylgeranylated only once (Casey and Seabra, 1996), resembling Rho family GTPases in 
this respect (Joberty et al., 1993). Another difference between Rab8 and other Rabs is its 
ability to drastically alter the cell shape when expressed in a variety of cells (Armstrong et al., 
1996;Peränen et al., 1996). 
 
Cell morphogenesis is also altered by the Rab8-interacting protein optineurin, also called 
FIP-2 (Hattula and Peränen, 2000). This coiled-coil protein is induced by TNFα and links 
Rab8 to huntingtin (Hattula and Peränen, 2000). Mutations in optineurin cause adult-onset 
primary open-angle glaucoma (Rezaie et al., 2002). Other Rab8 interacting proteins are the 
small zinc binding protein Mss4 that functions as a GEF on several Rabs (Horiuchi et al., 
1997; Tall et al., 2001). Rab8ip is a kinase that participates in TNFα-mediated processes and 
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specifically interacts with Rab8 (Katz et al., 1994, Ren et al., 1996). TRIP8b interacts with the 
Rab8b isoform and together they are involved in the regulated secretory pathway in AtT20 
cells (Chen et al., 2001).  
Research in the field of Rab8 has not been very extensive so far. Moritz et al. 2001 have 
investigated the role of mutant Rab8 in the development of Xenopus rods, and in their study 
they show that the dominant negative Rab8 mutant causes apoptosis of transgenic Xenopus 
rods whereas the constitutively activated Rab8 only shows a minor effect. The depletion of 
Rab8 from neurons inhibits neurite outgrowth due to the decrease in number of transported 
vesicles (Huber et al., 1995). In this same study Huber et al. could also point out that 
depletion of Rab8 interfered with the formation of membrane vesicles in the Golgi apparatus, 
with their budding or with the subsequent binding to microtubules. Rab8 is also required for 
the late stages of the synaptic delivery of AMPAR into the postsynaptic membrane (Gerges, 
et al., 2004). In addition, it has been shown that Rab8 is phosphorylated in human platelets 
when the cells are treated with thrombin, an activator of platelet secretion (Karniguian et al., 
1993). 
 
1.4 The Ran-family 

Ran (previously called TC4) belongs to the more recently found proteins of the Ras 
superfamily (Moore and Blobel, 1994). Ran plays a central role in nucleocytoplasmic 
transport, but functions in microtubule organization during the M phase of the cell cycle has 
also been uncovered (Moore and Blobel, 1994; Kahana and Cleveland, 1999). 
Nucleocytoplasmic transport is transport of macromolecules back and forth between the 
cytoplasm and the nucleus through the nuclear pore complex (NPC). The NPCs contain 
more than 50 different proteins (Nigg, 1997; Mattaj and Englmeier, 1998). The transport 
takes place by two different mechanisms: passive diffusion and active transport (Feldherr 
and Akin, 1994). The transport of cargo proteins involves at least three types of soluble 
factors: transport receptor molecules, adaptor molecules, and Ran and its binding proteins 
(Dahlberg and Lund, 1998; Gorlich, 1998; Mattaj and Englmeier, 1998). Just like the other 
small GTPases, Ran is cyclically activated and inactivated, but a unique feature of this 
protein is that the active and inactive forms are asymmetrically distributed in the cell. The 
active form localizes in the nucleus and the inactive form in the cell cytosol. This is due to the 
different distribution of Ran regulating proteins. RCC1 is a regulator of chromosome 
condensation and has been shown to be a Ran GEF. It is exclusively found in the cell 
nucleus (Ohtsubo et al., 1989). Ran GAP1 is a Ran inactivator found only in the cytoplasm 
(Bischoff et al., 1994; Matunis et al., 1996). Three different functions of Ran have been 
described: export of proteins from the cell nucleus to the cytoplasm, nuclear import (Ohno et 
al., 1998), and together with RanBPM (Ran binding protein M) Ran regulates aster and 
spindle formation during M phase (Nakamura et al., 1998). 
 
1.5 The Sar/Arf-family 

The first member of this subfamily isolated was the Sar1 gene in Saccharomyces cerevisiae 
and it was shown to be required for transport from ER to the Golgi apparatus (Nakano and 
Muramatsu, 1989). There is one SAR1 gene in yeast, whereas two Sar1 proteins have been 
found in mammals (Kuge et al., 1994). The function of Sar1 in vesicle budding has been well 
characterized in S. cerevisiae (Schekman and Orci, 1996; Barlowe, 1998) whereas its 
function in mammalian cells is still not clear but the protein has been shown to be important 
for lipid transportation by COPII vesicles (Jones et al., 2003). Sar1 does not undergo any 
known lipid modification, but it is associated with the endoplasmic reticulum and is involved 
in the formation of COPII-coated transport vesicles from this organelle (Barlowe et al., 1994; 
Nishikawa and Nakano, 1991; Oka and Nakano, 1994). 
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Arf proteins are homologous to Sar1 with about 35  per cent identity at amino acid level. Six 
Arf proteins have been identified in mammals and three members exist in yeast (Moss and 
Vaughan, 1995). It has been established that Sar1 and Arf proteins are involved in the 
budding of vesicles in all organisms from yeast to human (Schekman and Orci, 1996; Moss 
and Vaughan, 1998; Moss and Vaughan, 1995; Chavrier and Goud, 1999). Mammalian Arf 
proteins are grouped into three classes based on their structure: class I includes Arf1, Arf2, 
and Arf3; class II includes Arf4 and Arf5; and class III includes Arf6 (Chavrier and Goud, 
1999; Moss and Vaughan, 1998). Of these Arf proteins, Arf1 has been the most studied and 
is established to be involved in the budding of vesicles from the Golgi. Studies implicate Arf6 
in the formation of vesicles from the plasma membrane ( Radhakrishna and Donaldson, 
1997; D’souza-Schorey et al., 1995; D’souza-Schorey et al., 1998; Altschuler et al., 1999), 
and endocytic recycling (Arnaoutova et al., 2003, Brown et al., 2001), but also an 
involvement in the remodelling of the actin cytoskeleton and cell motility downstream of Rac1 
has been proposed (Radhakrishna et al., 1999). 
 
Arf proteins are modified post-translationally by the removal of the amino-terminal methionine 
and the addition of myristic acid to the new amino-terminus. This modification is required for 
Arfs to bind tightly to membranes. Inactive Arf bound to GDP has a low affinity for 
membranes and has the amino-terminal myristate tucked into a hydrophobic pocket on the 
surface of the protein. The exchange of GTP for GDP on Arf takes place only on membranes 
and requires that the amino-terminal myristate be inserted into the lipid bilayers before 
exchange can occur. In this way, active Arfs are restricted to membrane surfaces (Roth, 
2000) 
 
Arf1, the best-characterized Arf, is localized to the Golgi complex and is a common regulator 
of non-clathrin (COPI vesicles) and clathrin (AP-1 and AP-3 adaptor complexes) coat 
assembly (Schekman et al., 1996, Rothman et al., 1996, Ooi et al., 1998). A number of 
studies have led to a model for the mechanism of Arf1 activation and function in coat 
recruitment (Schekman et al., 1996, Rothman et al., 1996). GDP-bound Arf1 is inactive in the 
cytosol and has to bind to a membrane with its myristylated tale before it can be activated by 
GEFs. Arf1-GTP triggers the recruitment of the coat protein complex to the donor 
compartment where Arf1 resides. Assembly of coat subunits at the membrane results in the 
capture of a cargo molecule in the forming vesicle. A vesicle-associated GTPase-activating 
protein (GAP) stimulates the hydrolysis of bound GTP to release Arf1-GDP and to trigger 
coat dissociation prior to vesicle fusion (Rothman et al., 1996). 
 
The Arf6 protein localizes quite differently in cells compared to class I and II Arf proteins, and 
has been shown to be involved in recycling of endosomal vesicles and regulated receptor-
mediated endocytosis (D’souza-Schorey et al., 1998; D’souza-Schorey et al., 1995; 
Radhakrishna and Donaldson, 1997). Arf6 is also implicated in remodeling of the 
cytoskeleton underlying the plasma membrane and is localized to the plasma membrane, 
especially to membrane ruffles in spreading cells. Activation of Arf6 induces remodeling of 
the actin cytoskeleton and cell spreading, and expression of a dominant negative mutant of 
Arf6 blocks cell spreading (Song et al., 1998; Radhakrishna and Donaldson, 1997; D’souza-
Schorey et al., 1997). Studies have pointed to a crosstalk between the Arf6 and Rac1 
pathways in actin remodeling, and Arf6 probably functions either downstream or in concert 
with Rac1 (de Curtis, 2001). 
 
Arf proteins are regulated by GEFs and GAPs but not by GDIs. Arf can by itself be weakly 
linked to the membrane and this interaction permits the activation of Arf by a GEF. Many 
GEFs for Arf proteins have been isolated and they all have a conserved amino acid region 
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called the Sec7-domain (Chardin et al., 1996; Goldberg, 1998). The members of the Arf GEF 
family have been grouped into two subfamilies; the high-molecular-weight Arf GEF subfamily 
includes yeast Sec7, Gea1, and Gea2, and mammalian BIG1/p200, BIG2, and GBF1. The 
second subfamily (low-molecular-weight type) includes mammalian ARNO, cytohesin-1, 
GRP1, cytohesin-4, and EFA6 (Franco et al., 1999; Jackson and Casanova, 2000). Many Arf 
GAPs have been identified in both yeast and mammals (Moss and Vaughan, 1998; Roth 
2000). The minimum unit for the GAP activity has been shown to be a zinc finger-like domain 
(Ding et al., 1996).  
 
1.6 Crosstalk between small GTPases 

The protein cascades regulated by the small GTPases are not isolated entities and much 
evidence exists for extensive crosstalk between these proteins and the cascades they are 
involved in. The first example is the Rho/Rac/Cdc42 proteins and their involvement in the 
Ras protein-induced transformation of cells (Jalink et al., 1994, Qiu et al., 1995a). Dominant 
negative mutants of Rho, Rac and Cdc42 can inhibit Ras induced transformation, while 
dominant active mutants of Rac/Cdc42 proteins enhance oncogenic Ras protein-triggered 
transformation. Evidence exist that Rho and Rab regulate cell adhesion and migration of 
cultured MDCK cells in co-ordination (Imamura et al., 1998). During cell migration 
Rho/Rac/Cdc42 proteins regulate reorganization of the actin cytoskeleton, while Rab5 
indirectly controls the recycling of adhesion molecules such as integrins by intracellular 
vesicle trafficking (Takai et al., 2001). The catalytic domain of p120RasGAP can stimulate 
the GTPase activity of Rab5, but no other Rab protein, indicating a direct link between Ras 
signalling and vesicle transport (Liu and Li, 1998). P532 is a very large protein able to 
stimulate guanine nucleotide exchange of Arf1 and Rab proteins, linking them together (Rosa 
et al., 1996). There is also evidence for a cooperative regulation of budding/targeting/-
docking/fusion processes by Sar1/Arf and Rab (Qiu et al., 1995b; Qiu et al., 1997). Arf6 
functions either downstream of, or in concert with, Rac1 to mediate cytoskeletal 
reorganization. EFA6, a low molecular weight Arf GEF, induces cytoskeletal remodeling that 
is blocked by co-expression of a dominant negative mutant of Arf6 or Rac1 (Franco et al., 
1999). In addition, a dominant negative mutant of Arf6 inhibits growth factor- and Rac1-
mediated membrane ruffling (Radhakrishna et al., 1999). 
 
2. Cell adhesion and ECM proteins 

The association of cells with the extracellular matrix (ECM) initiates the assembly of specific 
cell-matrix adhesion sites. These sites are involved in physical attachment of cells to external 
surfaces, which is essential for cell migration and tissue formation as well as for activation of 
adhesion-mediated signalling events. Key mediators of both matrix attachment and signalling 
responses are the integrins, which are heterodimeric transmembrane receptors for ECM 
components (Hynes, 1992; Clark and Brugge, 1995). 
 
The extracellular matrix provides the physical microenvironment in which cells live, it 
provides a substrate for cell anchorage and serves as a tissue scaffold, guides cell migration 
during embryonic development and wound repair, and has other key roles in tissue 
morphogenesis. Another important feature of the ECM is its ability to transmit environmental 
signals to the cell. Almost all types of adherent cells form adhesions with the ECM, but the 
morphology, size and distribution in the cell makes the contacts quite heterogeneous. The 
extracellular ligands that anchor these adhesions include fibronectin, vitronectin and various 
collagens. There are four types of adhesions of which “classical” focal adhesions are best 
known. The other three are fibrillar adhesions, focal complexes and podosomes and they will 
be discussed in the following part. 
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2.1 Extra cellular matrix adhesions 

Focal adhesions are flat, elongated structures that are several square microns in area, and 
are often located near the periphery of cells (Sastry and Burridge, 2000). “Classical” focal 
adhesions (FA) that are usually located at the cell periphery, are highly tyrosine 
phosphorylated, and contain proteins such as αvβ3 integrin, vinculin and paxillin. FA 
development is stimulated by RhoA and driven by actomyosin contractility.  
 
At a more central position in cells one can find “fibrillar adhesions”, in association with 
fibronectin fibrils. Fibrillar adhesions (FB) contain α5β1 integrin, tensin and little or no 
phosphotyrosine (Zamir et al., 1999). They are elongated or dot-like structures. 
 
At the cell periphery, mainly along the leading lamella of motile cells, small matrix adhesions, 
called ‘focal complexes’ (FX) are formed (Nobes and Hall, 1995). FX are short-lived dot-like 
structures, containing β3-integrin (Ballestrem et al., 2001), vinculin (Rottner et al., 1999), 
paxillin, α-actinin (Laukaitis et al., 2001) and possibly Arp2/3 (DeMali et al., 2002). Their 
formation is induced by the Rho-family GTPase Rac (Nobes and Hall, 1995; Rottner et al., 
1999). Focal complexes normally develop into focal adhesions as a consequence of the 
activation of Rho (Clark et al., 1998; Rottner et al., 1999) or following the application of 
external force (Riveline et al., 2001). 
 
Podosomes are another form of integrin-mediated adhesion (David-Pfeuty and Singer, 1980; 
Marchisio et al., 1984; Tarone et al., 1985). They were first described as unusual matrix 
adhesions formed in Rous-sarcoma-virus-transformed cells. They are small (~0.5 mm) 
cylindrical structures containing an actin core surrounded by tyrosine phosphorylated 
proteins and several typical focal contact proteins, such as vinculin and talin. Podosomes are 
present in a variety of normal cells, such as monocytes and macrophages, in which they are 
apparently involved in cell motility (Duong et al., 1998; Lakkakorpi et al., 1999; Wesolowski et 
al., 1995).  
 
It has been established that the first three forms of ECM adhesions described above 
represent different stages in the interaction of cells with the matrix; thus, FX are early 
adhesions, which transform into FA following the activation of Rho-A (Ballestrem et al., 2001; 
Rottner et al., 1999) or as a result of external mechanical perturbation (Galbraith et al., 2002; 
Riveline et al., 2001). Fibrillar adhesions, in contrast, arise from FA following actomyosin-
dependent centripetal displacement of ECM-associated fibronectin receptors (Pankov et al., 
2000; Zamir et al., 2000). On the cytoplasmic side of the cell the FAs are associated with 
bundles of actin microfilaments and apparently play an important role in cell spreading and 
migration. 
 
2.1.1 Integrins 

Integrins are heterodimers of α and β subunits, each of which contains a large extracellular 
domain responsible for ligand binding, a single transmembrane domain and a cytoplasmic 
domain that can interact with the cytoskeleton. There are several α- and β-subunits, the 
combination of which defines the binding specificity to the ECM. Initially, nascent cell–matrix 
adhesions, or focal complexes, form at the cell periphery as a cell spreads or at the leading 
edge as a cell migrates. Actin filaments are indirectly tethered to integrins at FAs (Geiger et 
al., 2001; Woods and Couchman, 1998). Integrins are connected to the cytoskeleton and can 
transmit signals both from inside the cell to the extracellular matrix as well as from outside 
the cell inwards (Clark and Brugge1995). Integrins bring forth cell motility by associating with 
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adapter proteins that connect the integrins to the cytoskeleton. The adapter proteins can for 
example be cytoplasmic kinases and transmembrane growth factor receptors (Giancotti and 
Ruoslahti, 1999). IGF-I (insulin growth factor-I) can for example both activate integrin (αVβ3) 
and focal adhesion kinase (FAK), which is required for cell migration (Ilic et al., 1995). 
 
2.1.2 Adhesion regulation and dynamity 

RhoA stimulates actin–myosin contractility (Zaidel-Bar et al., 2003) via a kinase cascade 
leading to the phosphorylation of the regulatory light chain of myosin II (Ballestrem et al., 
2001). A downstream effector of RhoA, Rho kinase, can directly phosphorylate myosin light 
chain (Rottner et al., 1999) and can also inhibit myosin phosphatase (Riveline et al., 2001), 
both of which result in enhanced light chain phosphorylation and hence increased 
contractility. Increased actin–myosin contractility results in bundling of actin filaments to 
generate stress fibres and clustering of integrins and associated proteins to form FAs 
(Zaidel-Bar et al., 2003; Geiger and Bershadsky 2001). It is clear, however, that many factors 
can regulate RhoA activity, including integrin signalling, other adhesion receptors, soluble 
factors like LPA (lysophosphatidic acid), receptor tyrosine kinase signalling, and components 
of the microtubule cytoskeleton (Hanein et al., 1993; Smilenov et al., 1999). Microtubule 
depolymerization stimulates increased actin–myosin contractility by activating RhoA. This 
has been confirmed by direct measurement of RhoA activity (Zamir et al., 1999). 
 
Active Rho has multiple targets (Bishop and Hall, 2000), but the combined action of just two 
of them, Rho kinase and Diaphanous (Dia1), appears to induce the transition of focal 
complexes into focal adhesions (Watanabe et al., 1999). Interestingly, focal adhesions move 
centripetally in non-motile cells and seem to be rather stationary (relative to the substrate) in 
motile cells. In migrating cells, three distinct zones of focal contact behaviour have been 
found: a focal contact formation zone between the leading edge and the nucleus; a 
persistence zone where focal contacts grow and mature between the nucleus and the tail, 
and a culling zone where focal contacts disassemble (Smilenov et al., 1999). 
 
3. Cell polarization 

3.1.1 Introduction 

Eukaryotic cells have to direct their growth in response to extracellular signals and thereby 
be able to polarize transport of proteins and membranes to a specific site in the cell. The 
selection of this polarized growing site is crucial for the correct development of both 
unicellular and multicellular organisms. The budding yeast Sacchararomyces cerevisiae 
needs to establish cellular polarity at many different stages of its life cycle and has therefore 
been an important tool for the study of polarization in eukaryotes. Many of the components 
important for establishing cell polarity have been shown to be very conserved in other 
organisms. Even though the budding yeast cell has brought a great deal to the research area 
of polarization it will not be discussed in this thesis in depth since this study has been carried 
out using mammalian cells. The best-studied examples of cellular polarization in mammalian 
cells are found in epithelial cells and neuronal cells, but cellular polarization is a functional 
aspect of almost every cell type (Nabi 1999). The polarity of epithelial, neuronal and moving 
cells will be described more comprehensively in the following part.  
 
3.1.2 Polarization of epithelial cells 

Polarized epithelial cells form barriers that separate biological compartments and regulate 
homeostasis by controlling ion and solute transport between these compartments. The 
formation of a typical epithelial cell as a member of a compact sheet of cells starts with an 
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extrinsic cue, resulting in the formation of cytoskeletal and signalling networks at cell 
contacts. These contacts define the separation of membrane proteins to contacting and 
noncontacting (free) surface domains. Specific contact structures, such as tight junctions 
(TJ), coordinate cell-cell contacts and cell polarization. They divide the plasma membrane of 
adjacent cells into an apical domain facing the lumen and a basolateral domain contacting 
the neighboring cells and the ECM. Each domain contains proteins and lipids involved in 
directional transport. The basolateral domain is subdivided into lateral and basal surfaces. 
With their lateral surface, epithelial cells contact each other. These cell interactions depend 
on the enrichment of adherens junctions (AJ), gap junctions (GJ), and desmosomes within 
the lateral surface. The basal surface contacts the ECM. Microtubules are organized into a 
sheet of short filaments under the apical membrane and bundles of long filaments run 
parallel to the lateral membrane. Actin filaments form the core of thin cylindrical membrane-
covered projections called microvilli at the apical membrane. The microvilli are anchored into 
a cortex known as the terminal web that is associated with a circumferential band of actin 
filaments near the tight junction (TJ). Components of the secretory apparatus including the 
Golgi complex and apical and basal endosomes become restricted to different regions of the 
cytoplasm (Davies and Garrod 1997). 
 
The general view of epithelial cell polarity has been that the compartmentalization of the 
plasma membrane is a direct consequence of protein sorting by the trans Golgi network 
(TGN) and endosomes (Matter and Mellman, 1994, Simons and Wandinger-Ness, 1990). 
However, recent results indicate that sorting of apical and basolateral proteins in the TGN is 
a constitutive process, occurring in nonpolarized cells such as fibroblasts as well as in 
polarized epithelial cells (Müsch et. al. 1996, Yoshimori et. al., 1996). Membrane proteins in 
resting fibroblasts are not segregated into distinct membrane domains despite their sorting in 
the TGN, whereas they are distributed in great specificity in the membrane of polarized 
epithelial cell (Yeaman et al., 1999). Yeaman et al., (1999), propose that there are three 
types of structures associated with the plasma membrane that maintain the asymmetry of the 
epithelial plasma membrane. These structures are the targeting patches, the membrane 
skeleton and the tight junctions and they ensure that proteins are targeted to the correct 
membrane domain. Targeting patches are formed on each membrane domain so that 
vesicles can dock correctly and thereby deliver the appropriate cargo to its correct place. The 
Rab proteins are likely to be involved in the regulation of the docking and fusion of vesicles 
but they are vesicle associated proteins and cannot by themselves mark a site on the PM for 
the docking event (Yeaman et al., 1999). It is likely there are multiprotein complexes such as 
the exocyst, in yeast, that provide the spatial landmarks. The Sec6/8 complex is located to 
the tight junctions in early contacting cells and as the monolayer of cells (MDCK or neurons) 
becomes polarized, the distribution of the complex becomes restricted to the top of the lateral 
membrane (Yeaman et al., 1999). The Sec6/8 complex could serve as a targeting patch 
given that, in early contacting cells, it is co-distributed with E-cadherin and the tight junctional 
protein ZO-1 along the length of each cell-cell contact (Grindstaff et al., 1998) 
 
Proteins from the Rho family of small GTPases have been shown to take part in the 
regulation of cadherin complexes. Cdc42 and Rac1 presumably regulate E-cadherin-
mediated cell adhesion by acting directly on the cadherin/catenin complex whereas Rho 
probably acts indirectly by acting on the actin cytoskeleton (Fukata et al., 1999) Cell 
adhesion to ECM is mediated by the integrin superfamily of adhesion receptors (Hynes, 
1992). Integrin and cadherin mediated adhesion induce localized assembly of cytoskeletal 
and signalling proteins at contacting membranes. The actin cytoskeleton is associated with 
both cadherin and integrin adhesion receptors, which strengthens cell-cell and cell-ECM 
contacts. The assembly of cytoskeletal proteins to the adhesion site serves as a scaffold for 
recruitment and binding of signalling proteins. This local organization of proteins also serves 
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as a physical barrier to hinder the mixing of newly synthesized apical and basolateral 
proteins (Yeaman et. al., 1999). Activation and clustering of integrins induces the assembly 
of a network of signalling proteins that transmit information from the cell-ECM contact site to 
the interior of the cell (Clark and Brugge, 1995, Dedhar, 1995, Miyamoto et al., 1995, 
Parsons, 1996, Wilson et al., 1992, Yamada and Miyamoto, 1995). The binding of integrins 
to ECM also promotes phosphorylation of several proteins, among them the focal adhesion 
kinase (FAK), which in turn is able to recruit several other signalling proteins to the contact 
sites (Kornberg et al., 1992). 
 
3.1.3 Polarization of neuronal cells 

Neurons have also been suitable model cells for the study of polarization. To simplify the 
concept of polarization in these cells the cell has been divided into two domains; axonal and 
somatodendritic, even though the membrane composition is far more complex. The initial 
event in establishing a polarized neuron is the determination of a single axon, a process 
called “axon specification” (Fukata et al., 2002). Changes that could initiate axon 
specification are exclusion of polyribosomes from the axon, higher concentration of 
intracellular membranes in the axonal growth cone (Deitch and Banker 1993), and the 
localization of axon specific proteins such as GAP-43 (Goslin et al., 1988). In the axon the 
microtubules are organized in just one orientation with the plus end of the tubule facing the 
distal part of the axon, whereas tubules exhibit a mixed orientation in dendrites (Baas et al., 
1989). It has been proposed that a dynamic actin cytoskeleton in the tip of the putative axon 
could contribute to its development since this would allow the microtubules to grow into distal 
areas of the growth cone and thus axon formation can take place (Bradke and Dotti 1999). 
This dynamity could be regulated by the Rho GTPases (Nobes and Hall 1999). 
 
When it has been determined which dendrite that will further develop and elongate to 
become an axon, the polarity has to be maintained during the whole life time of the neuron. 
This is achieved through polarized traffic and the event is unique for neurons since their 
traffic route, the microtubules, are organized in a specific way, as explained above. The 
exocyst complex, a multiprotein complex directing the exocytosis to the right localization on 
the PM, is important in neurons for constitutive exocytosis but not for neurotransmitter 
events. The exocyst has been found in both dendritic and axonal domains (Murthy et al., 
2003). SNAREs on the other hand are core components of the vesicular trafficing machinery 
and it has been suggested that specific SNARE proteins are either differentially distributed or 
functionally different in axonal versus dendritic domains (Horton and Ehlers, 2003). No 
specific diffusion barrier, such as the tight junction in epithelial cells has yet been found in 
neurons. Restricted diffusion of the lipids in the axonal segment has been observed, but this 
barrier only exists in mature neurons (Nakada et al., 2003). 
 
3.1.4 Polarization of the motile cell 

The ability to move is of great importance for some cells. Several eukaryotic cells must be 
able to move to find nutrients, others have to move to mate, axons must move to find the 
correct path and cells in the immune system must move to find and kill invading pathogens or 
infected cells. This migration occurs toward a source of chemoattractant ligand and is called 
chemotaxis. It has been studied most successfully in neutrophils and Dictyostelium 
discoideum and in both cell types it has been shown that the cells can respond to a chemical 
gradient as small as 2  per cent across the cells´ diameter (Devreotes and Zigmond, 1988). 
There are two major chemoattractants for eukaryotic cells, the chemokines that act through 
seven-membrane G protein receptors (Ward et al, 1998) and are peptide growth factors and 
cytokines that act through tyrosine kinase receptors (Rosen and Goldberg, 1989).  
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The earliest detectable morphological change induced by growth factors is the redistribution 
of the actin cytoskeleton associated with the formation of membrane ruffles in the front of the 
cell (Kadowaki et al., 1986). Then the membrane is extended and forms the cellular lamella 
(Ridley, 1994). The following event is the formation of lamellipodia, which mediate cell 
movement, and translocation of growth cones in neurons (Goldberg and Burmeister, 1988; 
Kleitman and Johnson, 1989). An important step is the attachment of the protruding lamella 
to the underlying extracellular matrix (ECM) through specific adhesion receptors such as 
integrins (Kolega et al, 1982). As the cells move forward the integrin attachment moves to 
the rear of the cell and eventually has to be broken.  
 
In order for a cell to move it has to develop asymmetry between its two ends; one end has to 
become the leading edge with lamellae formation, and the other the retracting rear end. The 
motile cell is thus polarized but what initiates the polarization? It has been shown that the βγ 
subunit of the G protein coupled receptor is the initiator of chemokine-induced chemotaxis in 
mammalian cells (Arai et al., 1997; Neptune et al., 1999). It is not the localization of the 
receptors that initiates polarity but their activation, because it has been shown that they are 
uniformly distributed throughout the cell (Parent et al., 1998). This means that polarization is 
determined at the next level of signalling, and would be the action of Rho-GTPases. It has 
been shown that the Rho-GTPases are able to translate the chemoattractant gradient from G 
protein receptors and trimeric G-proteins at the cell surface to the effectors of polarity and 
motility. Rho proteins regulate polymerization of actin and rearrangement of the actin 
cytoskeleton (Wittmann and Waterman-Storer, 2001). It has been shown that in fish 
keratinocytes asymmetric contractility of the actin cytoskeleton is sufficient for polarized 
protrusion and adhesion (Euteneuer and Schliwa, 1984; Verkhovsky et al., 1999; Kaverina et 
al., 2000). These results show that under specific experimental conditions, a simple gradient 
of actomyosin contractility and/or substrate adhesion can drive polarization and directional 
motility, but under normal conditions inside a cell this process has to be more complex. One 
possibility is that the activity of signalling proteins is locally regulated in the cell. Rho-proteins 
have been presented for this role, more specifically RhoA, Rac1 and Cdc42. The simplest 
way to envision how Rho proteins could regulate polarized actin polymerization would be 
their local activation inside the cell. Rac1 would be active in the front of the cell whereas 
RhoA would be active in the cell body. There is evidence of different cellular localization of 
Rho proteins from studies in budding yeast where localization of Cdc42 is the main cue for 
the polarity of the actin cytoskeleton (Pruyne and Bretscher, 2000). In mammalian cells this 
localization is not that clear since the lipid modification of the Rho proteins is the main 
determinant of their localization to different cellular compartments. Rac1 is mainly localized 
to the PM, whereas Cdc42 is associated with different intracellular membrane compartments, 
but both proteins are primarily relocated to the lamellipodial membrane upon activation 
(Michaelson et al., 2001). The localization of the protein does, however, not determine its 
activation state. Therefore it might be the localized activity of the protein determining the site 
of actin polymerization. This has been shown for Rac1 indicating that GTP-bound Rac1 is 
accumulated in ruffles and a gradient of activated Rac1 is formed from the front to the rear of 
migrating cells at a wound edge (Kraynov et al., 2000).  
 
From the Rho proteins the polarization signal has to travel to the cytoskeleton of the cell so 
that the cell can actually move. Actin filaments have to be polymerised in a regulated fashion 
at the leading edge of the cell. The actin filaments are oriented so that the fast growing 
barbed end is pointing towards the protruding front and the slow growing pointed end is 
pointed inwards to the cell centre (Small et al., 1978). The actin makes up a meshwork of 
branched filaments that continuously grow at one end and through retrograde flow finally end 
up further back in the cell (Symons and Mitchison, 1991; Chan et al., 2000). The branched 
network changes shape during its retrograde flow and develops stronger adhesion sites to 
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the underlying matrix (focal adhesions) and is eventually not that branched any more. 
Extracellular stimuli, for example a chemoattractants, activate Rho GTPases and stimulate 
formation of PIP2 that in turn activate proteins from the WASP/Scar family that bring actin 
monomers, together with Arp2/3, to polymerization sites (Pollard and Beltzner, 2002). Rapid 
growth at the newly formed branches pushes the membrane forward (Cunningham et al., 
1992).  
 
We have already established that Rho protein activity is essential for the polarization of the 
cell and that an activity gradient might play a role in this event. How is such a gradient 
generated? There is some evidence indicating that microtubules may play a part in this 
process. The most striking fact is, that the microtubule cytoskeleton is in itself polarized in a 
migrating cell just as the actin cytoskeleton. The first thing one notices when looking at the 
microtubule cytoskeleton is the polarized orientation of the centrosome in direction of 
movement. This is not seen in all cells and it is not known if it is a reason for or a 
consequence of the polarization (Euteneuer and Schliwa, 1992; Schliwa and Höner, 1993). 
The microtubules themselves are preferentially organized so that their stabilized plus ends 
are facing the leading edge (Gundersen and Bulinski, 1988). Microtubules at the leading 
lamella grow more than microtubules in other parts of the cell or compared to stationary cells 
(Waterman-Storer et al., 2000). Microtubules close to the leading edge have to grow 
because they are pulled backwards by the retrograde flow, indicating that they are somehow 
coupled with actin (Waterman-Storer and Salmon, 1998). Microtubules have been shown to 
be essential for axonal growth, polarization of fibroblasts and macrophages and stabilization 
of pseudopodia in chemotaxing amoeba (Goldman, 1971; Bamburg et al., 1986; Glasgow 
and Daniele, 1994; Ueda and Ogihara, 1994), so it is clear that they are needed in the 
polarization of migrating cells, but what is it that they actually achieve? Three hypotheses 
have been presented to answer this question: firstly, one function could be to provide tracks 
for directed membrane and organelle transport to the leading edge (Nabi, 1999). This 
however is probably not their only function (Liao et al., 1995). Secondly, growing 
microtubules could directly promote lamellipodial protrusion and thus be required for the 
selective stabilization of the leading edge maintaining polarized movement of the cell 
(Rinnerthaler et al., 1988). The third idea contradicts the second one since it postulates that 
microtubules would be responsible for the local regulation of retraction and adhesion 
(Bershadsky et al., 1996). 
 
4. Membrane traffic in connection to cell polarity and cell migration 

Originally there were two competing hypotheses that were put forward to explain how cells 
polarize during cell migration (reviewed in Heat and Holifield, 1991). According to the lipid 
flow hypothesis the driving force in generating motile polarity is mediated through directed 
insertion of membrane lipids from an internal store to the leading edge by exocytosis, and the 
removal of lipids from the rear by endocytosis. A more refined model of this hypothesis was 
later suggested by Bretscher (1996). In this model membranes are taken in from the cell 
surface by clathrin-dependent endocytosis and then recycled back to the plasma membrane 
to build up cell surface extensions. The second hypothesis for generation of motile polarity is 
based on the dynamic behaviour of actin-containing structures; filopodia and lamellipodia at 
the leading edge and stress fibres responsible for cell retraction at the rear. This actin-based 
hypothesis has been the prevailing model for a long time, because many studies have shown 
these actin-containing structures to be essential for cell migration. However, it is known that 
brefeldin A (BFA), which inhibits both exocytosis and some aspects of recycling also inhibits 
cell polarity and migration. Moreover, a temperature sensitive mutant of the NEM-sensitive 
factor (NSF) in Dictyostelium discoideum inhibits the formation of motile polarity and 
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decreases cell locomotion (Thompson and Bretscher, 2002). These results argue that 
membrane traffic plays at least some role in generating cell movement.  
 
Clathrin-dependent endocytosis plays a central role in internalization of a wide range of 
nutrients, growth factors, cytokines and cellular adhesion molecules (Schmid, 1997; Takei 
and Haucke, 2001). Clathrin coated pits are invaginations on the cell surface that, when 
loaded for example with receptor and ligand pinch off inside the cell and are transported as 
clathrin coated vesicles in the cytoplasm. Clathrin is the main structural component of the 
vesicle coat but they also contain adaptor-protein complexes, AP-2 and several accessory 
proteins. Using real-time analysis it has been shown that clathrin-mediated endocytosis 
occurs behind the leading edge during cell migration (Rappoport and Simon, 2003). 
Moreover, depletion of a component associated with the clathrin-complex by RNA 
intereference does not affect cell shape (Mise-Omata et al., 2003). Endocytic vesicles that 
are formed by invagination of clathrin coated pits become uncoated in the cytoplasm of the 
cell and fuse with early endosomes. Markers for these early endosomes are Rab5 and EEA1 
(see section 3.1). Rab5 is one of the most well characterized Rabs and it is involved in the 
formation and function of the sorting endosome. Rab5 together with the phosphoinositide-
binding protein, early endosome antigen 1 (EEA1) (Dumas et al., 2001; Lawe et al., 2002; 
McBride et al., 1999), regulates fusion between primary endocytic vesicles and sorting 
endosomes. More recently, it has been appreciated that the effects of Rab5 are not limited to 
regulating fusion, but that it also has a role in controlling endosome dynamics by recruiting 
microtubule motors to endosomes. In fact, one of the main roles of Rab5 might be to recruit 
various protein components and thereby establish specific membrane domains (regions) in 
endosomes (Zerial and McBride, 1999; Sonnichsen et al., 2000; Murray et al., 2002). The 
role of Rab5 in mediating cell migration is not clear, although it seems connected to 
formation of some actin-containing structures (Lanzetti et al., 2004). Internalised molecules 
can be recycled back from early endosomes via recycling endosomes that contain Rab4, 
taking a fast track back to the plasma membrane, whereas other molecules are transported 
to a long-lived organelle, the endocytic recycling compartment (ERC) (Mohrmann and van 
der Sluijs, 1999). Rab4 has also been implicated in control of cell spreading by modulating 
the recycling of alphaV beta3 integrin (Roberts et al., 2001). The ERC has been described as 
a dense collection of tubular structures that are associated with microtubules (Hopkins, 1983; 
Yamashiro et al., 1984). The distribution of the ERC varies among different cell types. In 
some cell types, the ERC tubules are mostly condensed around the microtubule-organizing 
center, but in other cells ERC tubules are distributed more widely throughout the cytoplasm 
(Lin et al., 2002). The ERC can sort molecules to several different destinations, but most 
molecules in the ERC return to the plasma membrane. The ERC and related organelles rival 
the Golgi in the complexity of their sorting processes. Rabenosyn-5, an effector for Ran4 and 
Rab5 (Nielsen et al., 2000); has been shown to function in the transport from early 
endosomes to the ERC (Naslavsky et al., 2004). Rab11 is located to the ERC and has a role 
in the recycling of proteins back to the plasma membrane from this organelle (Chen et al., 
1998; Ren et al., 1998). Besides localizing to recycling endosomes, Rab11 has also been 
found on late Golgi and post-Golgi membranes, suggesting an additional role in transport 
from Golgi to plasma membrane (Ullrich et al., 1996; Urb et al., 1993; Calhoun et al., 1998) 
or in recycling to Golgi (Wilcke et al., 2000). The proteins that are not recycled back to the 
PM are either transported to the TGN or through late endosomes containing Rab7 to 
lysosomes for degradation (Naslavsky et al., 2003). There are indications that Rab11 or 
Rab11 associated proteins are essential for cell movement (Mammoto et al., 1999). Taken 
together, it seems that clathrin-dependent endocytosis is not the major pathway for building 
new cell surface domains. However, it might indirectly participate in this process by 
controlling the internalization and recycling of chemokines, cytokines and growth factor 
receptors, and thereby regulate cell movement signalling. 
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A variety of endocytic pathways that do not utilize clathrin are responsible for taking up either 
large particles or small solutes, together with membrane, into cells (Nichols and Lippincott-
Schwartz, 2001). These pathways include phagocytosis, caveolae-mediated uptake, 
constitutive non-clathrin uptake and macropinocytosis. In migrating cells growth factor 
stimulated ruffling of membranes can lead to the formation of macropinosomes when the tip 
of the ruffle fuses back with the plasma membrane. Macropinosomes are dynamic structures 
that frequently move inwards towards the centre of the cell, and persist for approximately 5 to 
20 minutes (Swanson and Watts, 1995). The membrane components of macropinosomes 
are likely to be recycled back to the plasma membrane over a similar period of time, 
potentially passing via other organelles within the cell. This membrane transport pathway is 
regulated by the small GTPase Arf6, and it is closely connected to cortical actin 
rearrangements. Proteins that lack the AP-2 localization signal, such as integrins, major 
histocompatibility class I (MHC I), the alpha-subunit of the interleukin-2 receptor and GPI-
anchored proteins traffic through the Arf6-dependent pathway (Naslavsky et al., 2004). They 
also accumulate in Arf6-containing tubular structures after treatment with cytochalasin D, an 
actin depolymerising agent (Radhakrishna and Donaldson, 1997 ). After internalization, 
vesicles containing these proteins can either return to the PM in an Arf6- and Rab22-
dependent manner or, upon the action of a PI3-kinase and recruitment of EEA1, fuse with 
the classical early endosome and move to late endosomes/lysosomes for degradation 
(Naslavsky et al., 2004; Weigert et al., 2004). This clathrin-independent pathway provides the 
cell with an endocytic membrane-trafficking system that parallels and connects with the 
“classical” endocytic membrane system and is distinguished by a specific set of GTP-binding 
proteins, phosphoinositides, and membrane cargo proteins. 
 
Arf6 has been shown to control cell migration and polarity in numerous cells, by regulating 
membrane trafficking and actin remodeling (Palacios et al., 2001; Palacios and D’Souza-
Schorey, 2003). Cancer cell invasion has also been shown to be dependent on Arf6 (Tague 
al, 2004). This fact has actualized the idea that membrane trafficking has an important role in 
mediating cell polarity during cell migration. Moreover, this is not only based on 
morphological data but also on unraveling of cross-talk between different proteins 
participating in both actin dynamics and membrane trafficking. EFA6 and ARNO are Arf6-
specific GEFs that also participate in the regulation of both membrane recycling and actin 
organization. Through co-transfection studies it has been shown that there is cross-talk 
between Arf6 and the Rho proteins (Boshans et al., 2000). More importantly, Arf6 mediates 
indirectly Rac activation that is essential for lamellipodia formation and forward cell 
movement (Palacios and D’Souza-Schorey, 2003). There are also proteins that function as 
linkers between Arf6 and Rho proteins. Arfaptin and Arfphilin are known to bind both Arf6 
and Rac (Tarricone et al., 2001) and at least two GAP proteins (ARAP1 and ARAP2) have 
been shown to link Arf6 to Rho GTPases (Krugmann et al., 2002; Miura et al., 2002). The 
Arf6-mediated membrane traffic and cortical actin cytoskeleton reorganization is also coupled 
to stimulation of phosphatidylinositol 4-phosphate 5-kinase, the enzyme responsible for 
generating plasma membrane PIP2 that is crusial for controlling actin dynamics (Honda et al., 
1999; Schafer et al., 2000; Brown et al., 2001). Although the exact role of Arf6-mediated 
membrane traffic in regulation of cell migration and polarity is not known there are some 
indications that it has to do with turnover of adhesion receptors. Palacios et al. (2001) 
showed that Arf6 regulates adherens junction turnover and cell migration of epithelial cells. 
Arf6 also regulates integrin beta 1 recycling during cell motility (Powelka et al., 2004). Finally, 
there are indications that exocytosis controlled by protein kinase D1 (PKD) is essential for 
fibroblast motility (Prigozhina and Waterman-Storer, 2004). 
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AIMS OF THE STUDY 

Small GTPases are a large superfamily of proteins and a wide variety of functions have been 
assigned to these proteins. In this study the aime was to elucidate the role of R-Ras and 
Rab8 during cell morphogenesis. 
 
R-Ras has previously been shown to activate integrins and to enhance cell adhesion. This 
study aimed to further investigate this by examining R-Ras localization in cells. The specific 
localization of Ras family members in cells has been shown to depend on specific amino acid 
regions in the proteins. We approached R-Ras localization by constructing deletions of the 
protein and chimeras of R-Ras and H-Ras, in a similar way that has been done by others 
with H-Ras and K-Ras. In addition to specifying the R-Ras localization in cells, the aim was 
to elucidate how different mutant versions of the protein would influence the morphology of 
the cell. 
 
Rab8 has been assigned a role in exocytosis, but recent studies have implicated a greater 
role for it in the regulation of membrane recycling in the cell. Rab8 has also been shown to 
have a large impact on actin reorganization in cells. Since both recycling of membrane and 
actin reorganization are of utmost importance for the migration of the cell, the impact of Rab8 
on cell function should be of high interest. This study aimed for a better understanding of the 
function of Rab8 during membrane recycling and actin reorganization. We approached this 
by searching for Rab8 interacting proteins and investigating their relationship with Rab8 and 
cell morphogenesis. 
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MATERIALS AND METHODS 

The experimental methods used in this thesis work are listed in table 1, and detailed 
descriptions are found in the original publications as indicated. 
 
Method                                                                                                Publication 
Plasmid construction I, II, IV 
Yeast two-hybrid screen II 
Western blot I, III 
Northern blot II 
Affinity purification of antibodies II, IV 
Production of recombinant proteins with NusA II 
GST-fusion protein expression and binding assay II, III 
GDP/GTP Exchange assays II 
Cell culture I, II, IV 
Cell spreading I 
Transfection of cultured animal cells I, II, III, IV 
Immunofluorescence microscopy I, II, III, IV 
In Vitro binding assay II, III 
Cholesterol depletion I 
Construction of bacterial expression vectors IV 
Time-laps video microscopy III 
Cloning and mutagenesesis of mouse Rab8b IV 
Gene knockdown by RNAi III 
 
Table 1. Experimental methods used in this study. 
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RESULTS AND DISCUSSION  

5. R-Ras is targeted to focal adhesions (I) 

5.1 Localization of R-Ras in cells 

Ras molecules are membrane bound proteins associated with the inner surface of the 
plasma membrane. Many signalling transduction routes at the plasma membrane are linked 
to the activity of Ras proteins. However, much less is known about where Ras molecules are 
localized on the PM, and how they are targeted and turned-over there. This is especially true 
for R-Ras. To examine the subcellular targeting of R-Ras in cells we constructed wild type, 
constitutively activated (R-Ras38V) and dominant negative forms (R-Ras43N) of R-Ras 
fused to EGFP. When transfected into HeLa cells these constructs localized to the 
perinuclear region, Golgi apparatus and to the plasma membrane (I, Fig. 1). When untagged 
R-Ras-wt and mutants were transfected into cells and visualized with anti-R-Ras antibody, 
they showed an identical localization pattern as the EGFP tagged proteins illustrating that the 
GFP did not interfere with the targeting of R-Ras (not shown). H-Ras and N-Ras are targeted 
to ER after synthesis and then transported via Golgi to the plasma membrane (Choy et al., 
1999). The subcellular localization of R-Ras was very similar to that of H-Ras and N-Ras, 
which could indicate that R-Ras uses the same endomembrane trafficking route as these 
Ras molecules. We were able to create an R-Ras mutant that remained in the ER. In 
addition, by mutating the palmitoylation site or deleting the hypervariable region of R-Ras, 
resulted in Golgi retention of the protein. The dominant negative R-Ras (R-Ras43N) was also 
found on abundant vesicles in HeLa cells and on vacuoles in COS cells and when further 
investigated these vesicles co-localized with Arf6-27N positive vesicles (I, Fig. 1). Since Arf6 
has been implicated in membrane recycling (Brown et al., 2001) this co-localization would 
indicate that R-Ras would be internalised into a recycling compartment. One explanation 
could be that the cycling between the active and inactive form would be linked to membrane-
mediated recycling between the plasma membrane and a recycling compartment. This 
recycling could in turn regulate the turnover of focal adhesions. 
 
5.2 The active form of R-Ras is targeted to focal adhesions 

R-Ras has been shown to affect integrin function. Expression of activated R-Ras in 32D.3 
mouse myeloid cells, which normally grow in suspension, causes the cells to become highly 
adherent. Introduction of dominant negative R-Ras into adherent Chinese hamster ovary 
cells, on the other hand, reduces their adhesiveness (Zhang et al., 1996). It is known that R-
Ras directly regulates integrin affinity and avidity states, enhancing adhesion of several cell 
types (Berrier et al., 2000; Lowe and Goeddel, 1987; Zhang et al., 1996) and migration of 
breast epithelial cells (Keely et al., 1999). Next we wanted to examine the plasma membrane 
targeting of R-Ras more closely and we observed that the GTP-bound form and the wild type 
R-Ras preferentially localized to focal adhesion-like structures on the plasma membrane, 
whereas the dominant negative form of the protein (R-Ras43N) was uniformly distributed on 
the plasma membrane (I, Fig. 2). This was established in both HeLa and C2C12 cells. 
Endogenous R-Ras also localizes to focal adhesions. It has previously been shown that 
other Ras proteins mediate their downstream action from the plasma membrane and these 
results indicate that R-Ras works in a similar fashion. Through its correct localization on the 
plasma membrane R-Ras would be able to mediate integrin activation and regulate cellular 
adhesion as previously shown by Zhang et al. (1996). 
 
To confirm that the specific localization of R-Ras was indeed to focal adhesions we double-
stained constitutively activated R-Ras (R-Ras38V) with known focal adhesion markers such 
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as vinculin, β1-integrin, talin and paxillin (I, Fig. 2 and 3). Co-localization could nicely be 
shown with R-Ras38V, whereas R-Ras43N did not colocalize with these markers. We also 
found that when R-Ras38V was expressed in cells the focal adhesions where larger and they 
were found in greater quantity compared to cells expressing GDP-R-Ras. The focal 
adhesions were also located more towards the centre of the cell when compared to cells 
expressing wild type R-Ras where the adhesions were smaller and located more in the 
periphery of the cell. The overall structure of the cells expressing GTP-R-Ras was 
symmetrical and spread, whereas in GDP-R-Ras cells the morphology was more contracted 
and the cells often contained filopodia-like structures. These morphological changes due to 
the activation state of R-Ras clearly show that the activation versus deactivation is important 
for the cells. By coupling the activation state and the correct localization of the protein to 
each other randomised signalling could be eliminated and enhancement of the signal that 
mediates cell adhesion would be possible. Deactivation of the protein and its subsequent 
exclusion from focal adhesions could release it for a second round of signalling, perhaps 
mediated by a GAP or through phosphorylation.  
 
A spreading assay with cells expressing the three different forms of R-Ras clearly showed 
that cells expressing the active and wild type form of the protein spread with equal efficiency 
whereas expression of the dominant negative form resulted in fewer spread cells (I, Fig. 4). 
The difference in cell spreading correlated clearly with the formation of focal adhesions. The 
adhesions were symmetrical and large in GTP-R-Ras expressing cells whereas wild type 
protein expression lead to more peripherally located adhesions. Cells expressing the 
dominant negative form had very few and tiny focal adhesions. 
 
5.3 The focal adhesion targeting signal is located in the C-terminus of R-Ras 

We next wanted to elucidate which part of R-Ras is responsible for the specific targeting to 
focal adhesions. We started by deleting the outermost N-terminal extension of the protein, 
which is not present in other Ras molecules. This 28 amino acid deletion did not affect the 
focal adhesion localization of the protein and therefore does not seem to be important for 
correct localization. These unique residues are not important for integrin regulation by R-Ras 
as shown by a resent report (Hansen et al., 2003). In the C-terminus of small GTPases 
resides a sequence called the hypervariable region, HVR. This region has been shown to be 
important for membrane targeting of GTPases and we fused the HVR of R-Ras to EGFP. 
This EGFP-HVR was transported to the plasma membrane via Golgi but was not targeted to 
focal adhesions. Mutations in the proline rich region responsible for binding to the Nck 
protein did not affect the targeting of active R-Ras to focal adhesions. The same was true for 
the mutation of the palmitoylation site. This finding is emphasized by the result that the Nck 
binding site and palmitoylation site do not have any impact on the R-Ras modulation of 
integrin function (Hansen et al., 2003). However, a mutation that disrupts the nucleotide 
binding properties of the protein did inhibit the focal adhesion targeting. Deletion of both the 
CAAX box and the palmitoylation site hindered the protein from reaching the plasma 
membrane and therefore its localization to focal adhesions (I, Fig. 5 and 6). A similar 
transport defect has also been shown for N-Ras (Choy et al., 1999). These results indicate 
that the hypervariable region of R-Ras is important for its membrane transport and correct 
targeting but not sufficient to determine the focal adhesion connection. 
 
Furthermore we constructed chimeras from H-Ras61L (constitutively active) and K-Ras12V 
(constitutively active) with the hypervariable region of R-Ras (I, Fig. 7). Since neither K-Ras 
nor H-Ras normally localizes to focal adhesions and their expression results in decreased 
number and size of existing adhesions we expected this experiment to give a clue of the 
region in R-Ras needed for the targeting to focal adhesions. After replacing the amino acids 
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175-218 from R-Ras with the corresponding amino acids 147-188 from H-Ras or K-Ras the 
R-Ras failed to target adhesions but localized uniformly on the plasma membrane. On the 
other hand by excising the amino acids 147-188 from H-Ras and replacing them with the 
corresponding ones from R-Ras, H-Ras was relocated to focal adhesions indicating that the 
last 41 amino acids of R-Ras contain the focal adhesion targeting signal and that they 
together with the activation state of the protein, are crucial for the function of the protein. It 
has furthermore been shown that the C-terminal amino acids 175-203 are involved in rescue 
of H-Ras–induced integrin suppression (Hansen et al., 2003).  
 
5.4 Localization of R-Ras 38V to focal adhesions is dependent on the 

cholesterol content of the plasma membrane 

It has previously been shown that H-Ras and K-Ras reside and operate at different plasma 
membrane microdomains (Prior et al., 2001). K-Ras is localized primarily in the disordered 
plasma membrane whereas H-Ras exists in its inactive state on the cholesterol rich lipid rafts 
and in caveolae. The activated H-Ras protein segregates from caveolae and rafts and 
relocates to bulk plasma membrane, where it can more efficiently activate the Raf kinase 
(Prior et al., 2001). This difference in localization is due to the differences in modification of 
the hypervariable region of these proteins. Because of the close relation of R-Ras to these 
Ras proteins we wanted to determine in a similar way the localization of R-Ras on plasma 
membrane microdomains. Cholesterol gives the plasma membrane rigidity and could be 
important for the formation and maintenance of focal adhesions. Depletion of cholesterol by 
beta-methylcyclodextrin resulted in disappearance of focal adhesion and in a uniform 
distribution of EGFP-R-Ras38V at the plasma membrane. Reloading these depleted cells 
with cholesterol lead to reformation of focal adhesion and targeting of R-Ras38V to focal 
adhesions, showing that the process is reversible. In summary, focal adhesions are 
dependent on the cholesterol content of the cell as is the targeting of R-Ras (I, Fig. 8). 
 

 
 

Figure 4. Targeting of Ras molecules to the plasma membrane. 
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6. Rab8 and interacting proteins (II, III, IV) 

6.1 Identification of a Rab8-specific GEF that binds Rab8 through its coiled-
coil region (II) 

The fact that Rab8 mediates cell shape changes raised the question whether this is also true 
for Rab8 activators. Because no Rab8-specific activators were known we started a search for 
them by using the yeast two-hybrid system. We used the dominant negative mutant Rab8b-
T22N as a bait in our two-hybrid screen, because GEFs bind small GTPases in their GDP-
form. Mss4 was the most abundant protein in the screen that bound Rab8. However, Mss4 is 
also known to bind other Rabs, and its GEF-specific function has been questioned because it 
is only able to induce GDP dissociation and not the association of GTP (Collins et al., 1997, 
Nouffer et al., 1997, Strick et al., 2002). We also found another human protein that we 
named Rabin8 (II, Fig. 1), because of its close homology with rat Rabin3 that has been 
shown to bind Rab3 (Brondyk et al., 1995). Rabin8 was shown to bind specifically to Rab8-
GDP. By using a deletion assay with both two-hybrid and in vitro translation we could 
pinpoint the area in Rabin8 that interacts with Rab8-GDP to the coiled-coil domain of the 
protein (II, Fig. 2). This is comparable with the results obtained for Rabin3 and Rab3 
(Brondyk et al., 1995). Many coiled-coil regions form homodimers or homomultimers. We 
could show that Rabin8 immobilized on GST could bind in vitro-translated Rabin8 indicating 
that Rabin8 could potentially form dimers or multidimers. 
 
6.2 Rabin8 as a GEF for Rab8 (II) 

Very few GEFs for Rab proteins and none specific for Rab8 have been found in 
mammalians. The only known GEFs for Rab proteins identified are Rabex-5 and RIN for 
Rab5 (Horiuchi et al., 1997; Tall et al., 2001), Rab3-GEP exchange factor for Rab3A, C and 
D (Wada et al., 1997) and GRAB for Rab3 (Brondyk et al., 1995, Walch-Solimena et al., 
1997, Luo et al., 2001). Based on the sequence homology with Sec2p and GRAB the 
possibility of Rabin8 being a GEF for Rab8 was eminent (Walch-Solimena et al., 1997; Luo 
et al., 2001). We were able to show that Rabin8 could both dissociate GDP and associate 
GTP to Rab8 (II, Fig. 3). We also tested Rabin8 GEF activity on Rab3A but no activity could 
be detected. We further tested rat Rabin3 activity on both Rab8 and Rab3A and could show 
that it functions as a GEF on Rab8 but not on Rab3A. The latter was also shown by Brondyk 
et al., (1995). These results indicate that both Rabin8 and Rabin3 are Rab8-specific GEFs 
and that Rabin3 is the rat equivalent of human Rabin8 due to their close sequence 
homology. 
 
6.3 Cellular modulation by Rabin8 (II) 

By transfecting HeLa cells with Rabin8 we could determine its localization and effect on cell 
morphology. Transfected Rabin8 caused reduction of stress fibres and formation of 
protrusions and ruffles at the cell periphery. We could show that actin colocalized with 
Rabin8 in these structures (II, Fig. 4). The yeast Sec2p protein related to Rabin8 has been 
shown to be dependent on actin localization (Elkind et al., 2000). As follows, we tested the 
effects of agents that perturb actin filaments or microtubules on the localization of Rabin8 (II, 
Fig. 5). Nocodazole, an agent disrupting microtubules relocalized Rabin8 to the plasma 
membrane and also caused an extensive up-regulation of actin stress fibres. Cytochalasin D, 
an agent disrupting the polymerization of actin, on the other hand, localized Rabin8 together 
with actin in patches throughout the cell membrane. The predominant localization of Rabin8 
to the plasma membrane could indicate that its activation of Rab8 would occur here, whereas 
the inactive Rab8 is predominantly localized to the perinuclear region of the cell. However, 
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the coexpression of Rab8-GDP with Rabin8 relocalized Rabin8 to intracellular vesicles that 
colocalized with Rab8-GDP. Bringing these proteins together facilitates a common 
localization where activation could occur. It is not clear whether Rabin8 can activate Rab8 
throughout the entire area of Rab8 function or if other GEFs specific for Rab8 are needed at 
other locations. 
 
6.4 EHD1 is linked to Rab8 on tubular structures (III) 

Recent research by Caplan et al. (2000), showed the tubular localization of an Eps15 
homology (EH) domain-containing protein, EHD1 in HeLa cells. These tubular compartments 
colocalized with Arf6, implicating a role for EHD in clathrin-independent recycling membrane 
pathway in addition to its previously attained role in the clathrin-mediated endocytosis 
(Caplan et al., 2002, Grant et al., 2001, Lin et al., 2001). In our study we found that both 
endogenous and expressed Rab8 localized to tubules similar to those described for EHD1. 
To further elucidate the properties of these tubules we looked at the localization of Rab8 
together with EHD1 in different cell lines (III, Fig. 1). We transfected HeLa, COS-7 and 
HT1080 fibrosarcoma cells with a GFP-EHD1 construct and stained the cells with anti-Rab8 
to detect endogenous Rab8. Apparent co-localization could be seen on tubules and on 
smaller vesicles. Both proteins were also found in filopodia. In HT1080 cells they were also 
found on macropinosome-like structures at ruffling areas. As we have also been able to see 
a close co-localization of Rab8 and Arf6 on intracellular tubules (unpublished results) we 
considered the possibility of these proteins being functionally linked. These tubules were also 
seen in cells with prominent movement and membrane ruffling whereas in stationary cells 
they were absent, suggesting their involvement in cell locomotion. 
 

 
 

Figure 5. HeLa cells stained with anti Rab8 antibodies showing tubular structures. 
 
 
The close proximity of EHD1 and Rab8 in cells led us to investigate their molecular 
relationship. Through an in vitro binding assay we could show that EHD1 binds to GDP-Rab8 
but not to either wild type or GTP-Rab8 (III,Fig. 7 and 8). We concluded that this binding to 
Rab8 dominant negative form was specific since EHD1 did not bind to the corresponding 
mutants of Rab2, Rab3A, Cdc42, or Rac. EHD1 binds Rab8 with its P-loop domain, which 
has been shown to be important for membrane association (Caplan et al., 2002). The P-loop 
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domain contains a nucleotide-binding motif and resides in the N-terminal part of the protein 
(Mintz et al., 1999, Pohl et al., 2000). The fact that EHD1 binds Rab8-GDP and not Rab-GTP 
could indicate a GEF activity, as previously shown for Rabin8, but we have not been able to 
show any such function. Another possibility is that EHD1 exists as an intermediate, 
presenting Rab8 to an unknown GEF, or functions as a chaperone keeping the protein in a 
nucleotide free state, similar to the function of Mss4 on Rab15 (Collins et al., 1997, Nouffer et 
al., 1997, Strick et al., 2002) 
 
It has previously been reported that treatment of cells with the actin-depolymerising agent 
cytochalasin D has no effect on the formation of EHD1 tubular structures (Caplan et al., 
2002). However when we added CD onto HeLa cells expressing GFP-EHD1 the number of 
cells with EHD1 positive tubules increased, as did the quantity of the tubules. Rab8 
colocalized with these tubules. Arf6 has previously been shown to localize to tubulovesicular 
structures that are more prominent when cells are treated with CD or when the dominant 
negative mutant of Arf6 is expressed (Radhakrishna and Donaldson, 1997). Nocodazole 
treatment, and thereby disruption of microtubules, rendered the tubules fragmented and 
resulted in separation of EHD1 and Rab8 to distinct vesicular structures (III, Fig. 2). GFP-
EHD1 was mainly seen on randomly scattered vesicles, while most of Rab8 was localized to 
a perinuclear region. This indicates that microtubules are necessary for the formation of 
EHD1 and Rab8 positive tubules. In our experiments we also noticed a lesser amount of 
tubules in cells with very high EHD1 expression demonstrating that EHD1 could inhibit their 
formation. The increase of tubules in CD treated cells could suggest that endocytosis in the 
cell periphery might be faster and that this would result in an expended tubular membrane 
compartment. This could also be dependent on the recycling of membranes back to the PM, 
which may be slower or completely inhibited by the depletion of actin. 
 
It was recently shown that the GTP-GDP cycle of Arf6 regulates the formation of EHD1-
containing tubules (Caplan et al., 2002). To determine whether the nucleotide status of Rab8 
affected the EHD1 tubules we coexpressed GFP-EHD1 with either the dominant active Rab8 
(Q67L) or the dominant negative Rab8 (T22N) (III; Fig. 3). The dominant active Rab8 did not 
have any apparent negative effect on EHD1 tubules and the same was seen when 
expressing Rabin8, a Rab8 GEF. Rab8-GDP expression together with EHD1 relocated 
Rab8-GDP from reticular structures in the cytoplasm where it normally resides to vesicular 
structures positive for EHD1. The EHD1 tubules disappeared indicating a role for Rab8 in 
maintaining or inducing these tubules. Our results also pointed to an essential role for EHD1 
in Rab8-specific tubules since the dominant negative construct of EHD1 (Caplan et al., 2002; 
Guilherme et al., 2004) reduced the presence of EHD1/Rab8 tubules. 
 
We also depleted Rab8 from cells expressing GFP-EHD1 by an RNAi approach and 
observed an almost complete disappearance of EHD1 tubules indicating that Rab8 is 
essential for the formation of these tubules (III, Fig. 5). Moreover, a ∆ EH-EHD1 mutant that 
is known to inhibit protein recycling inhibited the formation of cytochalasin D induced Rab8-
specific tubules (III, Fig. 4). Taken together, this shows that both EHD1 and Rab8 are 
essential components of the tubular recycling system that is connected to clathrin-
independent internalization.  
 
6.5 Activation of protein kinase C redistributes Rab8, Rabin8 and EHD1 in 

cells (II, III) 

Activators of protein kinase C (PKC) such as the phorbol ester phorbol 12-myristate 13-
acetate (PMA) have been shown to induce cortical actin rearrangements in cells (Downey et 
al., 1992). To test the effect of cortical actin rearrangements in cells transfected with myc-
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Rabin8 and GFP-EHD1 we treated the cells with PMA for 30 minutes in separate 
experiments (II, Fig. 7 and III, Fig. 6). We could see a clear relocation of both Rabin8 and 
EHD1 to peripheral lamellipodia of the cells. Endogenous Rab8 colocalized with both Rabin8 
and EHD1. EHD1 and Rab8 were also seen on peripheral tubules together. These structures 
were devoid of the transferrin receptor, indicating that it uses other transport carriers.  
 
In the EHD1 manuscript (publication III) we used time-lapse image analysis to investigate the 
dynamics of both GFP-Rab8 and GFP-EHD1 vesicles in vivo. In the cells treated with PMA 
we could see that the dynamics of both kinds of vesicles dramatically increased as compared 
to controls (III, Fig. 6). It also appeared as if the vesicles emerged from the outer region of 
the PM and moved to the center of the cell. In the Rabin8 study (publication II) we speculated 
that these vesicles would be exocytosed but in light of this new evidence we conclude that 
most likely the Rabin8 vesicles induced by PMA also move towards the cell interior. We 
could however see a rapid flow of smaller vesicles toward the cell periphery indicating a 
recycling of the endocytosed membrane back to the plasma membrane. A similar response 
to PMA treatment has been seen in cells expressing Arf6 (Song et al., 1988). This again 
indicates a convergence of Rab8, Rabin8 and EHD1 positive structures with the endocytic-
recycling compartments regulated by Arf6. The EHD1 protein has been implicated in clathrin-
dependent and clathrin-independent endocytosis (Naslavsky et al., 2004, Lin et al., 2001, 
Grant et al., 2001, Caplan et al., 2002), whereas Arf6 is thought to regulate the clathrin-
independent pathway (Radhakrishna and Donaldson., 1997, Brown et al., 2001, Naslavsky et 
al., 2003). EHD1 was shown to interact with Rabenosyn-5, an effector for Rab5 and Rab4 
(Naslavsky et al., 2004). Rabenosyn-5 is thought to function in the merging of the two 
different recycling pathways (Naslavsky et al., 2004). The co-localization between EHD1, and 
Rabenosyn-5 was minor in comparison to the co-localization we have seen between Rab8 
and EHD1 demonstrating a closer role of EHD1 in the clathrin-independent pathway 
regulated by Arf6. The clear partitioning of the different recycling pathways, i.e., the clathrin-
independent versus the clathrin-dependent is dependent on the type of cell that has been 
examined. In HeLa cells the Arf6 recycling system is distinct from the transferrin receptor 
recycling pathway (Radhakrishna and Donaldson, 1997, Brown et al., 2001). This is in 
contrast to CHO cells where the Arf6 and transferrin pathways are partially overlapping 
(D’Souza-Schorey et al., 1998). The significance of Rab8 during recycling has also been 
suggested by the evidence that the protein participates in the late stages of AMPAR synaptic 
delivery to the postsynaptic membrane (Gerges et al., 2004). Taken together, our results 
show that Rab8 is a major determinant in regulating membrane recycling, and the role of 
Rab8 in exocytosis might be in directing the transport of vesicles to specific membrane 
domains on the plasma membrane. 
 
6.6 Development of methods for studying small GTPases (II, IV) 

In humans two Rab8 isoforms are known; Rab8 and Rab8b. Rab8b is predominantly 
expressed in spleen, testis and brain (Armstrong et al., 1996) whereas Rab8 is constitutively 
expressed in different tissues. In this study we demonstrate the cloning of mouse Rab8b 
from mouse NIH 3T3 cells. The oligonucleotides designed for this purpose were based on 
the published sequence of rat Rab8b (Armstrong et al., 1996). We found seven differences in 
the coding sequence of mouse Rab8b compared to rat Rab8b, but the amino acid sequences 
of the two proteins were identical. We also describe the generation of a dominant negative 
and constitutively activated mutants of mouse Rab8b by site-directed mutagenesis.  
 
To express GFP-fused Rab8b the gene was initially cloned into the commercial expression 
vector pEGFP-C1 from Clontech, however this gave a non-specific localization of the protein 
in cells and we concluded that the protein was not functional. We reasoned that Rab8b was 
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perhaps joined too close to the EGFP protein and constructed a new vector with an alanine 
linker between the two proteins. When this pEGFP-C1A vector with Rab8b was transfected 
in HeLa cells the Rab8b colocalized with co-expressed Rab8-67L on same vesicles 
indicating that they regulate the same membrane traffic pathway. Rab8-67L was visualized 
with anti-Rab8 antibodies that do not recognize Rab8b. Both proteins had a profound effect 
on the cell shape and on actin organization (IV, Fig. 1 and 2). 
 
One problem in studying the function of Rab8 has been its strong tendency to form 
aggregates when expressed in E. coli. To produce more active Rab8 we first tried to express 
it as a GST- or hisGST-fusion protein from vectors we have designed (pGAT, pGEX-2TL). 
However, almost all of Rab8 was still found as inclusion bodies, even when expressed at 
15oC. Nonetheless, these proteins could be successfully used for producing Rab8A specific 
antibodies (Peränen et al., 1995). To circumvent the insolubility problem when producing 
Rab8b-specific antibodies, we expressed only the hypervariable domain as a GST-fusion. 
Immunological assays showed that these antibodies were specific for Rab8b. Later we 
decided to try a new commercial expression system based on using the NusA protein as 
fusion partner, because it has been claimed to enhance the solubility of proteins prone to 
aggregate in E.coli (Davis et al., 1999). Both Rabin8 and Rab8 were soluble as NusA-
fusions. Moreover, they were both active. Although NusA-Rab8 was soluble only a fraction of 
it could be purified, because most of it stuck to the Ni-NTA column irreversibly due to 
improper folding. Similar results have been seen with some maltose binding protein fusions 
(Nomine et al., 2001). Thus, solubility does not automatically mean proper folding. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

The results of this work emphasise the importance of two small GTPases, Rab8 and R-Ras, 
in mediating cell shape changes. R-Ras is known to control cell adhesion and spreading and 
here we show that this process is linked to the localization of R-Ras to focal adhesions. 
Targeting of R-Ras to focal adhesions is dependent both on a sequence in its hyper-variable 
region (HVR) and on the nucleotide state of the protein. The integrity of the focal adhesions 
and localization of R-Ras to these adhesions are also dependent on the cholesterol content 
of the plasma membrane. R-Ras uses the same endomembrane route as H-Ras and N-Ras 
to reach the plasma membrane after synthesis. However, inactive R-Ras is also found in a 
recycling compartment, raising the possibility that activation and deactivation of R-Ras are 
linked to membrane recycling, which in turn could be coupled to turnover of focal adhesions. 
Thus, it would be of major importance to investigate whether activation of R-Ras takes place 
on intracellular organelles or at the plasma membrane. Also, are focal adhesions built around 
R-Ras or is R-Ras translocated into preformed focal adhesions? What is the lipid 
composition of focal adhesions? How mobile are molecules (receptors) inside focal 
adhesions compared to receptors outside the adhesions? Finding new activators and 
effectors for R-Ras in the future will certainly help in answering these questions. 
 
 

 
 
Figure 6. A model for membrane trafficking at the leading edge. Activated Arf6 on the plasma 
membrane initiates the endocytosis of transport vesicles from the plasma membrane in an actin 
dependent manner. These vesicles fuse with the Rab8 and EHD1 positive tubules, and emerge into 
recycling compartments from where membranes are recycled back to the plasma membrane to build 
up new dynamic cell surface domains and regulate turnover of focal adhesions. 
 
 
Rab8 was originally implicated in regulating exocytosis of newly synthesized membrane 
proteins. Recent results show, however, that Rab8 controls polarized membrane transport 
and cell shape changes by reorganizing actin and microtubules. We show here that Rab8 is 
a major determinant of a membrane recycling compartment. Rab8-specific vesicles and 
tubular structures are especially formed at the leading edge in areas of membrane ruffling, 
where also the Rab8-specific GEF Rabin8, Arf6 and EHD1 are located. Moreover, these 
proteins are functionally linked to each other. The fact that Arf6 regulates cell migration 
suggests that Rab8 might also have an important role in this process. Rab8 could also 
determine the polarity of motile cells because Rab8 promotes the formation of cell 
protrusions. Another role for Rab8 could be to modulate the turnover of focal adhesions at 
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the leading edge of the cell by transporting or by internalizing both regulatory (Ras and Rho 
GTPases) and structural components. It is also possible that Rab8 is involved in other 
processes that are dependent on generation of cell polarity; neurite outgrowth, epithelial 
polarization and cell division. Another important question to unravel is how Rab8-mediated 
membrane traffic is coupled to changes in both actin and microtubular organization. Cross-
talk between Rab8 and Rho GTPases is apparent. Searching for new Rab8-specific 
activators and effector molecules will be of central importance in thorough understanding of 
these events. 
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