brought to you by

provided by Helsingin yliopiston digitaal

Rab8 and Rab8-interacting proteins
as players in cell polarization

Katarina Hattula

Institute of Biotechnology
and
Faculty of Medicine,
University of Helsinki

Helsinki 2007

IIIIIIIIIIIIIIIIIIII


https://core.ac.uk/display/14915983?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Rab8 and Rab8-interacting proteins as players in
cell polarization

Katarina Hattula

Institute of Biotechnology
and
Department of Pathology , Faculty of Medicine
and
Viikki Graduate School in Biotechnology
University of Helsinki, Finland

Academic dissertation
To be presented with the permission of the Faculty of Medicine of the University of

Helsinki, for public criticism in auditorium 1041, Viikki Biocenter 2
on 9" November 2007, at 12 noon.

Helsinki 2007



Supervised by:

Docent Johan Perénen
Institute of Biotechnology
University of Helsinki, Finland

Reviewed by:

Docent Petri Auvinen
Institute of Biotechnology
University of Helsinki, Finland

and
Professor Elina Ikonen

Institute of Biomedicine
University of Helsinki, Finland

Opponent:

Docent Vesa Olkkonen
Department of Molecular Medicine
National Public Health Institute, Helsinki, Finland

ISBN 978-952-92-2842-3 (paperback)
ISBN 978-952-10-4252-2 (PDF)

Edita Prima Oy
Helsinki 2007






CONTENTS

ORIGINAL PUBLICATIONS
ABBREVIATIONS
ABSTRACT
1. REVIEW OF THE LITERATURE .........ccoooiiiiiiiiieece e 11
1.1 Small GTP-binding proteins ..............c.coooiiiiiiiiiiiiieeeeee e 11
L.1.1 The RAS fAMILY c..ocvveeieiieiieie et ettt 12
1.1.2 The RIO fAMILY.......cccuveviaiieiieiieciieieeieeie ettt 13
1.1.3 The RAN fAMILY........ooooeieeiieeieeeieeee et 14
1.1.4 The Sar/Arf fAmily .........ccccooooeeiieiieiieiet ettt 14
1.1.5 The Rab family.........c..cccooviiiieiieiieiieiee ettt 16
1.1.6 Crosstalk between SMall GTPASES............ccccevirerceesiiiniiieeiieeeee, 19
1.2 The CYtoSKeIeton...........cccooviiiiiiieiiie e e 21
L2001 ACHIT ettt 21
1.2.2 MICPOTUDULES ...ttt 22
1.2.3 Intermediate fillaments .............ccoccueeieeoiiiieiieie ettt 23
1.3 Vesicle transport............cccooiiiiiiiiiiiiiiiiiecece e 23
1.4 Cell adhesion and ECM proteins..............ccccceeviiiiiieeniieniienieeciee e 25
1.5 Cell Polarization...............coccoveiiiiiiiiiiieieecee e 27
1.5.1 Polarization of budding Yeast............cccccoueecvueeeeiesiiesiiiencieeecieesceesnnneens 27
1.5.2 Polarization of mammalian cells...............cccccoeeeueevveeeceeesiiieiieeeieennnnn 28
1.5.3 The MOLile Cell ........c.oooeeiaiiiiieiieeeeet ettt 30
1.6 Cell migration and membrane traffic ... 32
1.7 RADS ..ot 34
2. AIMS OF THE PRESENT STUDY ...coooiiiiiiieeee e 36

3. MATERIALS AND METHODS .........cccoiiiiiiiiteeeeee e 37



4. RESULTS AND DISCUSSION.......cooiiiiiiiiitententeeeeeseestesee sttt 38

4.1 Yeast Two-hybrid SCIreens............ccoocieiiiiiiiiiiiiiiiieeceeeeeee e 38
4.2 FIP-2 (Publication I).............cocoiiiiiiiii e 38
4.2.1 A coiled-coil protein interacting with Rab8-GTP ...........ccoevvvevvvervennnnnn. 38
4.2.2 FIP-2 links Rab8 to the huntingtin protein...............ccceeevueeevvreecveescveennnns 39
4.2.3 FIP-2 and vesicle transport.........cccccoeeceeeecueescieesireesireeecreeesieeensveesseenens 40
4.3 Rabin8 (Publication IT).............ccccocoiiiiiiiiieee e 41
4.3.1 A coiled-coil protein interacting with Rab8-GDP..............ccceceeeeeenc. 41
4.3.2 Rabin8 is a Rab8-Specific GEF .........cccovvveicieiieniesiesieeieeieneesee e, 42
4.3.3 Rabin8 is closely associated with actin StrUCHUTES ........c...ccoecvrcvrecrencuenn. 43
4.3.4 Rabin8 mediates polarized membrane transport of

RADE-SPECIfIC VESICIES ...t 44

4.4 Rab8 is a regulator of novel recycling pathway mediating
cell morphogenesis (Publication ITI) .............cccccooiiiiiiiiiiii 44
4.4.1 Rab8 affects cell POLaFILy...........cccccvvveeceecieciiicieeieee et sve e 44
4.4.2 Rab8 compartmentalization ..............cc.ccouecuvecueeceeecueeiiesireecressessessesseens 46
4.4.3 Cross-talk between Rab8 and RNOA ..............cccoccevvivviniiiiiiiiinceen, 48
4.4.4 Clathrin-independent pathways in Rab8 mediated processes................. 49
4.4.5 JFCI is a Rab8-Specific effeCtor ..........couuoimvoimvoumiiniieiieceeieeeeieeeens 50
4.4.6 Rab8 mediates membrane recycling at the leading edge......................... 51
4.4.7 A model for the role of Rab8 in membrane traffic.............cccocouvvvvevuvannnn. 52
5. CONCLUSIONS AND FUTURE PERSPECTIVES ........cocooiiiiiiiiie, 54
ACKNOWLEDGEMENTS ...ttt 56

REFERENCES........oii ettt sttt s 57



ORIGINAL PUBLICATIONS

I. Hattula, K. and Perdnen, J. (2000). FIP-2, a coiled-coil protein, links Huntingtin
to Rab8 and modulates cellular morphogenesis. Curr. Biol., 10:1603-1606.

II.  Hattula, K., Furuhjelm, J., Arffman, A., and Perdnen J. (2002). A Rab8-specific
GDP/GTP exchange factor is involved in actin remodeling and polarized
membrane transport. Mol. Biol Cell, 13:3268-3280.

III. Hattula, K., Furuhjelm, J., Tikkanen, J., Tanhuanpii, K., Laakkonen, P., and
Perédnen J. (2006). Characterization of the Rab8-specific membrane traffic route
linked to protrusion formation. J. Cell Sci., 119: 4866-4877.

ABBREVIATIONS

ADP adenosine diphosphate

ADPKD autosomal dominant polycystic kidney disease
Al adherence junction

ATP adenosine triphosphate

BFA brefeldin A

CCv clathrin coated vesicle

CCP clathrin coated pit

CDS coding sequence

cDNA complementary DNA

COP coatamer protein

C-terminal carboxy-terminal

CTxB cholera toxin B

cyt D cytochalasin D

DN dominant negative

DNA deoxyribonucleic acid

DH domain  Dbl-homology domain

ECM extracellular matrix

EE early endosome

EGFP enhanced green fluorescent protein
ER endoplasmic reticulum

ERC endocytic recycling compartment
EST expressed sequence tags

F-actin filamentous actin

G-actin globular actin, actin monomer
GAP GTPase activating protein

GCK germinal center kinase

GDI guanosine nucleotide dissociation inhibitor



GDF
GDP
GEF
GGTase
GST
GTP
HGF
His
MAP
MDCK
MHCI
mRNA
MTOC
NRP
NSF
N-terminal
PA

PH domain
PI-3 kinase
PIP2
PIP5K
PKC
PLD
PM
REP
RNA
RNAI
RTP
SH2
SH3
siRNA
SNAP
SNARE
Tt
Th-R
TGN
TJ
TNF-a

VSVG protein

wt
70O

GDI displacement factor

guanosine diphosphate

guanine nucleotide exchange factor
geranyl-geranyl transferase
glutathione-S-transferase

guanosine triphosphate

hepatocyte growth factor

histidine

mitogen-activated protein
Madine-Darby canine kidney cell line
major histocompatibility complex class I
messenger RNA

microtubule organizing center, e.g. the centrosome
NEMO related protein
N-ethylmeleimide sensitive factor
amino-terminal

phosphoric acid

plextrin homology domain
phosphoinositol-3 kinase
phosphatidylinositol (4,5)-diphosphate
phosphoinositol (4) phosphate 5-kinase
protein kinase C

phospholipase D

plasma membrane

Rab escort protein

ribonucleic acid

RNA interference

rhodopsin transport carrier

Src homology type 2 domain

Src homology type 3 domain

short interfering RNA

soluble NSF attachment protein
SNAP receptor

transferrin

transferrin receptor

trans-Golgi network

tight junction

tumor necrosis factor-a

vesicular stomatitis virus G protein
wild type

zonula occludens



ABSTRACT

During division, differentiation, and migration cells undergo polarization by reorganizing
internal and external components, such as actin, microtubules, and adhesion receptors. In
moving cells Rho-family small GTPases control the dynamic formation of lamellipodia,
filopodia, and focal adhesions. However, the role of membrane traffic in modulating cell
polarity and cell migration is controversial. Rab small GTPases control distinct steps of
vesicle transport, and are likely candidates in controlling targeting of vesicles. Rab8 is a
small GTPase that has been shown to regulate cell morphogenesis by reorganizing both
actin and microtubules. It induces the formation of new surface extensions and has an
important role in directed membrane transport to cell surfaces. This raises the possibility
that Rab8 controls a membrane trafficking route that participates in the establishment of
cell polarity.

I set out to find novel interactors of the small GTPase Rab8 in order to find out more
about its function in the cell. One of the proteins found, Rabin8, interacts with Rab8
specifically in the GDP-bound form. GDP release and GTP exchange on Rab8, but not
on Rab3A or Rab$, is stimulated by Rabin8, indicating that this protein is a Rab8-specific
GEF. On a cellular level, we have observed that Rabin8 gets recruited onto vesicles
where presumably, it meets and activates its target, Rab8. In addition, we have observed
that the Rabin8 protein localizes to cortical actin. Expression of Rabin§ in cells result in
both remodeling of actin and in formation of polarized cell surface domains.

I also show that FIP-2, a tumor necrosis factor-a (TNF-o)-inducible protein, interacts
with Rab8 specifically in its GTP-bound form. Rab8 binds an amino-terminal region
of FIP-2 and the Huntingtin protein binds a carboxy-terminal region on FIP-2. Co-
expression of FIP-2 and Huntingtin enhanced the recruitment of Huntingtin to Rab8-
positive vesicular structures, and FIP-2 promoted cell polarization in a similar way to
Rab8. I furthermore present a second protein interacting with Rab8 specifically in its
GTP-bound form. JFC1, a member of the synaptogamin-like protein (Slp) family, is also
known to interact with Rab27a in a nucleotide specific manner. What’s more, both Rab8
and Rab27a participate in the actin-dependent movement of melanosomes, suggesting
that they may functionally overlap. JFC1 co-localizes with endogenous Rab8 on tubular
and vesicular structures and is, we believe, involved in controlling Rab8 membrane
dynamics.

I show that both Rab8-depletion by siRNA transfection and expression of the dominant
negative Rab8 (T22N) promote cell-cell adhesion and the formation of symmetric cells.
In contrast, expression of the dominant active Rab8 (Q67L) decreases contact inhibition
and promotes the formation of asymmetric cells with protrusions. I demonstrate that
Rab8 is associated with macropinosomes generated at ruffling areas of the membrane.
These macropinosomes fuse with or transform into tubules that move toward the cell
center, from where they are recycled back to the leading edge to participate in protrusion
formation. I furthermore show that the biogenesis of these Rab8-tubules is dependent on
both microtubules and actin dynamics.



The Rab8-specific membrane route contained several markers known to be internalized
and recycled (B1 integrin, transferrin, transferrin receptor, cholera toxin B subunit
(CTxB), and major histocompatibility complex class I protein (MHCI). Rab8 localization
overlaps with both Rab11 and Arf6, and is functionally linked to Arf6. I propose that
Arf6 and Rab8 together define a recycling pathway that mediates protrusion formation.






Introduction

1. INTRODUCTION
1.1 Small GTP-binding proteins

The Ras super-family of small GTP-binding proteins is a large group of proteins that
are found in eukaryotes from yeast to human, ranging in size between 20-40 kDa. They
can structurally and functionally be divided into at least five subfamilies: Ras, Rho,
Rab, Sar/Arf, and Ran. (Zerial and Huber 1995, Hall 2000). These proteins function
as molecular switches by cycling between a GTP-bound (active) and a GDP-bound
(inactive) conformation (Bourne et al. 1990). The Ras family members mainly regulate
gene expression, controlling cell proliferation and differentiation. The Rho family
members mainly regulate cytoskeletal reorganization but also have an effect on gene
expression. The Rab family is the largest subfamily and its members regulate vesicle
trafficking. The Sar/Arf family control vesicle budding and the Ran family regulate
nuclear transport as well as microtubule organization during mitosis.

All small GTPases except Sarl and Ran have a sequence that undergoes post-
translational modification with lipid. The lipid modification is essential for their
binding to membranes and for their biological functions (Magee ef al. 1992, Zhang
and Casey 1996). Arfs are N-terminally myristoylated whereas Ras, Rho and Rab
proteins are prenylated at one or two cystein residues at the C-terminus. All GTPases
have consensus amino acid sequences for interaction with GDP/GTP and for GTPase
activity, and they all have regions for interaction with downstream effectors (Bourne et
al. 1991, Valencia ef al. 1991). Based on mutations originally found in Ras, it has been
possible to produce constructs locking different GTPases either in their GTP or GDP
bound forms. These constructs have been very useful in elucidating the functions of
individual small GTPases.

Signal The GTPase cycle is a tightly control-

led process where release of bound

+ GDP leads to binding of GTP and a

_ . conformational switch, which allows the

(Ras) GTPase to bind downstream effectors and

activate them (see Fig. 1). De-activation
of the GTPase occurs by hydrolysis of
the bound GTP to GDP and inorganic
phosphate. Regulation of this cycle is
controlled by three groups of molecules:
guanine nucleotide exchange factors

(Ras) (GEFs), GTPase activating proteins
=3
(\IGT—f/J‘
3 Fig. 1. The GTPase cycle and its regulators.
* GTPases can function as molecular switches in
a variety of biological processes as a result of
Effectors the conformational change upon GTP binding
+ or hydrolysis. GAP, GTPase activating protein;
GEF, guanine nucleotide exchange factor; Pi,
Cell growth, differentiation inorganic phosphate.
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Introduction

(GAPs), and in the case of Rho and Rab proteins GDP dissociation inhibitors (GDlIs).
GEFs interact with the GDP bound form of the GTPase to facilitate the release of
the bound GDP and the subsequent binding of GTP, thereby activating the protein.
Once GTP is bound the GTPase is free to interact with its downstream effectors(s).
De-activation is managed by GAPs, which interact with the GTP form of the GTPase
facilitating hydrolysis of the bound GTP to GDP. The exact mechanism for this event
is not known, however, it may be brought about by the GAP speeding up the intrinsic
GTPase activity by stabilizing the optimal conformation or by the GAP contributing
enzymatic activity. The third type of regulator is the GDI; this molecule specifically
binds to the lipid-modified GDP-bound form of the GTPase keeping it in the inactive
conformation both by inhibiting the intrinsic exchange activity and by preventing
activation by a GEF. The GDI also has the ability to extract the GTPase from the
membrane and to then keep it as a soluble complex in the cytoplasm. This activity is
very important for the functions of Rho and Rab proteins, which need to couple their
activation/deactivation cycles with a cycle of localization on and off certain places on
membranes in the cell. Tightly controlled GTPase cycles enable the GTPases to function
not only as a molecular switches but also as a biological timers, controlling the exact
time and position of a certain biological event. Each of the small GTPases may have the
potential to interact with more than one downstream effector, which would allow it to
transmit different downstream signals and different cellular effects. (Hall 2000).

1.1.1 The Ras family

Ras proteins, constituting a family of 13 members, regulate a wide range of cell
functions such as proliferation, differentiation, morphology, and apoptosis (Feramisco
et al. 1984, Bar-Sagi and Feramisco 1985, Kauffmann-Zeh ef al. 1997). When activated
by point mutations, the three most widely studied members of this family; Ha-Ras,
K-Ras, and N-Ras, have been found able to transform mammalian cells (Brown et al.
1984, Capon et al. 1983, Feramisco et al. 1984, Stacey and Kung 1984). Generally
when Ras proteins are mentioned it is referring to these three members. Mutation of Ras
genes or their regulator genes causes human cancer. As much as 20-30% of all cancers
may be directly or indirectly caused by mutations of Ras molecules (Barbacid 1987,
Bos 1989).

Ras proteins are permanently located on membranes (Choy et al. 1999). Their
activity is triggered by GEFs, mainly downstream of signals mediated by membrane
receptors with their own or an associated tyrosine-kinase activity. Additionally, second
messengers such as calcium and diacylglycerol can also activate Ras in some cell types
(Hall 2000). The tyrosine kinase motif associated with a membrane receptor attracts a
Ras GEF that in turn activates the Ras GTPase. Activated Ras is then free to interact
with its downstream effectors. The best studied Ras effector is Raf kinase. In the
MAP kinase cascade Raf phosphorylates and activates MEK (a MAP kinase kinase)
that in turn phosphorylates and activates ERK (a MAP kinase). ERK translocates to
the nucleus where it phosphorylates and activates various transcription factors. Another
well known Ras effector is the catalytic subunit of PI3K, mainly leading to protection
against apoptosis. Through a distinct pathway PI3K can also activate Rac leading to the

12



Introduction

formation of cell surface protrusions. Finally there is the RasGEF family, the prototype
being RalGDS, which activates Ral. Signaling complexes are in this way assembled at
the original site of action, leading to changes in gene expression in the cell and affecting
processes like cell growth, differentiation and morphology. The biological outcome of
Ras signaling is very much dependent on the cell type and other signaling events in the
cell. Important and poorly understood factors are the intensity of the signal produced as
well as its duration. (Takai ef al. 2001, Hall 2000).

1.1.2 The Rho family

The function of Rho proteins was first demonstrated in yeast where they were shown
to be involved in the budding process, presumably through reorganization of the actin
cytoskeleton (Johnson and Pringle 1990, Yamochi ef al. 1994). There are believed to be
20 members in mammals, 18 so far described (Schultz et al. 1998, Govek et al. 2005).
Rho proteins are key regulators of the actin cytoskeleton in all eukaryotic cells and have
additional roles in microtubule cytoskeleton reorganization (Wittmann and Waterman-
Storer 2001), gene expression (Coso et al. 1995, Hill et al. 1995, Perona et al. 1997)
and membrane transport processes (Brown et al. 1998, Komuro ef al. 1996, Lamaze
et al. 1996). The three most intensively studied Rho proteins; RhoA, Racl and Cdc42,
have their own niches in the regulation of the actin cytoskeleton. RhoA controls the
formation of stress fibers (bundles of actin filaments that traverse the cell) and focal
adhesions (Miura et a/.1993, Ridley and Hall 1992). Racl regulates the formation
of lamellipodia (thin protrusive actin sheets at the leading edge of a migrating cell)
and membrane ruffles (Ridley ef al. 1992). Finally, Cdc42 controls the formation of
filopodia (fingerlike protrusions that contain tight bundles of long actin filaments in the
direction of the protrusion) (Kozma et al. 1995, Nobes and Hall 1995). Additionally, all
three induce the assembly of multi-molecular focal complexes at the plasma membrane
of fibroblasts (Nobes and Hall 1995). Since these are central features of cell migration
it is not surprising to find that RhoA, Racl and Cdc42 play a crucial role in controlling
cell migration. Cdc42 is required also for another important aspect of cell migration: the
establishment of cell polarity (Etienne-Manneville and Hall 2002).

Just as for Ras proteins, the Rho GTPase activity is regulated by GEFs and GAPs.
However, Rho proteins are additionally regulated by a third protein called GDI. The
Rho protein is kept as an inactive complex with the GDI in the cytosol and has to be
released from the GDI before it can be activated by a GEF. The mechanism for this
release is largely unknown but ERM (ezrin/radixin/moesin) proteins may be somehow
involved (Takahashi et al. 1997). There are ~60 Rho-family GEFs in humans, including
several oncogenes (Schmidt and Hall 2002, Schultz et al. 1998). They all contain a
Dbl-homology (DH) domain that is required for GEF activity (Hart et al. 1994). Most
Rho GEFs also contain a plextrin-homology (PH) domain, adjacent and C-terminal to
the DH domain. This domain is thought to be involved in proper localization in the
cell, probably through an interaction with PIP, (Zheng et al. 1996, Rameh et al. 1997).
Additionally, many Rho GEFs have other functional domains including src homology
(SH2 and SH3) domains, serine/threonine or tyrosine kinase domains, suggesting that
they may have functions other than assisting the guanine nucleotide exchange on Rho-

13



Introduction

family proteins (Bishop and Hall 2000, Schmidt and Hall 2002). So far, 40 GAPs have
been cloned (see Moon and Zheng 2003) and three different GDIs (Takai et al. 2001,
Hall 2000).

Around 40 downstream effectors of mammalian Rho protein have been found
(Bishop and Hall 2000, Raftopoulou and Hall 2004). One of these, pl60ROCK (also
called ROKa or Rho kinase) is implicated in several pathways involved in actin
rearrangement. It also co-operates with another Rho effector, p140mDia, in promoting
stress fibers (Takai ef al. 2001). The major targets for Rac and Cdc42, in mediating
actin polymerization in protrusions, are the WASP/WAVE family proteins (Ridley et al.
2003). Rac stimulates lamellipodial extension by activating WAVE proteins (Cory and
Ridley 2002), and Cdc42 binds to WASP proteins (Ridley et al. 2003). Interestingly,
it has been reported that WAVE/WASP proteins bind to Rho-family GAPs and GEFs,
potentially creating positive or negative feed-back loops to regulate the extent of actin
polymerization (Ridley et al. 2003).

1.1.3 The Ran family

There is only one Ran protein in many cell types (including human) or then two or more
closely related Ran genes in other organisms (e.g. S. cerevisiae) (Moore 1998). Ran
plays a central role in both nuclear import and export (Moore and Blobel 1993, Ohno et
al. 1998), and has also been implicated in microtubule organization during the M-phase
of the cell cycle (Carazo-Salas et al. 1999, Kahana and Cleveland 1999). Its regulators
are asymmetrically distributed between the nucleus and the cytoplasm. This leads to
Ran-GTP being found exclusively in the nucleus where the Ran-GEF, RCC1 (Bischoff
and Ponstingl 1991), is localized and Ran-GDP found only in the cytoplasm where it’s
GAP, Ran GAP1 (Bischoff et al. 1994), is located. The gradient of GDP and GTP-bound
Ran plays a key role in the directionality of transport between nucleus and cytoplasm
(Izaurralde et al. 1997). Ran unlike other small GTPases does not bind to membranes
inside the cell and does not need lipids for its activity (Rush et al. 1996).

1.1.4 The Sar/Arf family

Sarl from S. cerevisiae was the first member of this subfamily of small GTPases to
be isolated. It was shown to function in the assembly of COP Il-coated vesicles in
membrane transport from the ER to the Golgi apparatus (Nakano and Muramatsu 1989).
Two Sarl proteins (Sarla and Sarlb) (Kuge et al. 1994) and six Arf proteins (Arf1-6)
have been found in mammals (Moss and Vaughan 1995). Arf proteins act to regulate
membrane traffic and organelle structure (Chavrier and Goud 1999, Nie et al. 2003).
The Sar/Arf GTPase cycle is regulated by GEFs and GAPs (Jackson and Casanova
2000, Randazzo and Hirsch 2004).

Sarl does not undergo any lipid modification, although it is associated with the
endoplasmic reticulum to assist in the formation of COPII-coated vesicles from this
organelle (Barlowe ef al. 1994, Nishikawa and Nakano 1991). All Arfs are N-terminally
myristoylated, a modification that is needed for membrane binding. Inactive Arf has
low affinity to membranes because its lipid gets tucked into a hydrophobic pocket at
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the protein surface. Activation of Arfs takes place only at membranes, and requires the
lipid to be inserted into the membrane prior to GTP exchange. In this way activated
Arfs are restricted to membrane surfaces (Roth 2000). All Arf proteins have nearly
the same effector domain regions and can in vitro, to varying degrees, recruit coat
proteins to Golgi membranes (Liang and Kornfeld 1997), activate phospholipase D
(PLD) (Liang et al. 1997), and activate PIPSK (Honda et al. 1999). In the cell Arfs are
targeted to distinct membranes where they function. The different GEFs and GAPs are
also targeted to specific compartments where they presumably encounter specific Arf
proteins (Donaldson and Honda 2005).

Mammalian Arfs can be subdivided into three classes based on their sequence
similarity. They are thought to act through recruitment of soluble coat proteins to
membranes facilitating vesicle formation, activation of lipid-modifying enzymes, and
modulation of actin structures (Donaldson 2003).The class I Arfs (human Arfl, 2, and
3) seem to be functionally redundant, and are involved in COP I and some types of
clathrin vesicle-coat assembly in the secretory and endocytic pathways (Schekman and
Orci 1996, Rothman 1996). The biological role of class II Arfs (human Arf4 and 5) is
still unclear. The class III Arf (human Arf6) influences membrane trafficking and the
actin cytoskeleton at the plasma membrane (Donaldson 2003). There are no known
coat proteins that are recruited by activated Arf6 to membranes, instead Arf6 is closely
associated with modification of membrane lipid composition and actin cytoskeleton
organization (Donaldson 2003).

Arf6 localizes to a tubular endosomal compartment in its GDP-bound conformation
and with the plasma membrane in its GTP-bound conformation, regulating membrane
traffic between these compartments through its GTPase cycle (D’Souza-Schorey et al.
1995, D’Souza-Schorey et al. 1998, Peters et al. 1995, Radhakrishna and Donaldson
1997). This membrane recycling pathway is used by many plasma membrane
receptors including MHCI, interleukin-2 receptor, carboxypeptidase E and 1-integrin
(Radhakrishna and Donaldson 1997, Brown et al. 2001, Blagoveshchenskaya et al.
2002, Arnaoutova et al. 2003, Powelka et al. 2004).

Arf6 also has an important role in remodeling of the cytoskeleton and cell motility
downstream of Racl (Radhakrishna ez al. 1999). A family of multi-domain proteins with
Arf-GAP activity, are capable of interacting both with proteins involved in cell adhesion
and actin reorganization (de Curtis 2001). At least some of these could function not
only as Arf GAPs but also as Arf6 effectors in actin modulation (Hashimoto et al. 2004
a). Arf6 has also been implicated in the regulation of adherence junction disassembly/
turnover, in epithelial cell migration (Palacios et al. 2001, Palacios et al. 2002) and in
tight junction formation and stability downstream of E-cadherin (Luton et al. 2004).
In addition, mutant forms of Arf6 that affect either actin or recycling inhibit motility
of a breast cancer cell line (Powelka et al. 2004). Furthermore, tumor cell invasion
has recently been shown to be regulated by Arf6 through activation of the ERK/MEK
signaling pathway (Tague et al. 2004).

Arf6 localizes with PIP5K in cells and activates it, leading to production of PIP,
(Honda et al. 1999). Arfs also bind to and activate phospholipase D (PLD) leading to
production of phosphatic acid (PA) (Melendez et al. 2001, Powner et al. 2002, Xu et
al. 2003). Because PA can activate PIP5SK, Arf6 can, by regulating both PIP5K and
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PLD, greatly amplify PIP, -mediated signals. A biophysical study (Ge et al. 2001) has
suggested that Arf6 binding to PIP, vesicles alters bilayer structure providing an alternate
way for Arf6 to affect membrane structure. Changes in membrane lipid composition and
structure may mediate Arf6 alterations of the cortical actin cytoskeleton and regulation

of membrane traffic and signal transduction (Donaldson 2003).

1.1.5 The Rab family

The Rab family is the largest group of GTP-binding proteins in mammals. Based
on ESTs and the sequenced human genome there are 63 members in humans (Zerial
and McBride 2001). Rab proteins can be found in all eukaryotic cells and are major
regulators of vesicle transport. It was in yeast that Rab proteins were first characterized
as essential for secretion (Novick et al. 1980). Massive accumulation of vesicles in a
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Fig. 2. Rab trafficking in a mammalian cell. This figure gives a summary of the intracellular
localization of Rab proteins in mammalian cells (based on Zerial and McBride 2001). Some
Rabs are cell specific (e.g. Rab3a in neurons), or tissue specific (¢.g. Rab17 in epithelia). Others
exhibit a cell type specific localization (e.g. Rab13 in tight junctions). CCV, clathrin-coated
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distinct pathway was often seen as the result of a defective Rab protein (Lazar et al.
1997, Salminen and Novick 1987), and in some cases the Rab protein was also essential
for cell survival. Recently evidence has started to emerge linking Rab dysfunction to
human disease. Griscelli syndrome is a disease that is caused by mutations in Rab27a,
affecting melanosomes and T cells. Mutations in general regulators of Rab activity such
as REP-1, Rab GGTase, and Rab GDIa (leading to partial dysfunction of multiple Rab
proteins) have also been linked to various disorders (e.g. retinal degeneration, mental
retardation and Hermansky-Pudlak syndrome) (Seabra et al. 2002).

The Rab proteins function as molecular switches and timers by cycling between a
GDP-bound and a GTP-bound conformation. Regulators of this cycle are GEFs, GAPs
and GDI. In the cytosol the Rab protein is held as an inactive complex with GDI, it
is released by an unknown mechanism, coupled to transport to its specific membrane
compartment (Soldati et al. 1994, Ullrich et al. 1994). The GTPase is converted to the
active form by the action of a GEF and the Rab is free to interact with its downstream
effector(s). A GAP finally inactivates the Rab by hydrolyzing the bound GTP to GDP
and inorganic phosphate. GDP Rabs can be extracted from the membrane by GDI,
bringing it back to the cytosol, ready for another round of activation. Each Rab protein
is believed to have a sub cellular localization corresponding to the step of vesicular
transport it controls (see Fig. 2) (Novick and Zerial 1997, Nuoffer and Balch 1994,
Olkkonen and Stenmark 1997, Takai et al. 2001). However the exact site of action for
each Rab has not yet been defined. Moreover, it is almost entirely unknown how the
Rab GTPases are targeted to their specific locations.

Rab GTPases are synthesized as soluble proteins in the cytosol and then post-
translationally modified by prenylation. One or usually two geranyl-geranyl groups are
added to cystein residues at the C-terminus of the Rab protein. Newly synthesized and
prenylated Rabs are thought to be escorted by Rab escort protein (REP) to their target
organelle where the lipid allows attachment into the membrane. Similarly GDI delivers
Rab to the membrane for reuse in subsequent cycles of activation. Rab-GDI complexes
are thought to be recognized by membrane linked proteins named GDFs (GDI
displacement factors), a transient association allowing the Rab to become membrane
associated. Once on the correct membrane the Rab would be activated by a GEF and
interact with its effector and in this way achieve its proper localization. (Pfeffer 2005).

The specific mechanism by which the Rabs regulate vesicle transport is still unclear.
They have been reported to control vesicle budding, vesicle and organelle movement
along cytoskeletal tracks as well as their controlling vesicle docking and fusion (see
reviews by Takai et al. 2001, Zerial and McBride 2001, Seabra and Coudrier 2004).
In fact Rabs could have more than one function during a single round of membrane
transport, undergoing several rounds of GTP-binding and hydrolysis. Microdomains
on cellular membranes are believed to be created and maintained by Rabs and their
effectors with the assistance of specific lipids and the cytoskeleton (Zerial and McBride
2001). These domains generate the correct environment for the particular vesicle
transport step to take place. Interplay between such microdomains could then help
regulate the organization of the whole cell, to balance the different transport events
taking place at the same time. (Zerial and McBride 2001, Hall 2000).
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Table 1: Rab interacting proteins
List of Rab-interacting proteins found so far in mammalian cells. Based on tables in review by
Zerial and McBride, 2001.

REGULATORS/ FUNCTION RAB-SPECIFICITY | REFERENCES
MODIFIERS
Rab GGTasell Lipid modification of the Rab's | All Rab proteins Hall 2000
(geranyl-geranyl c-terminus
transferase)
REP-1 Delivers newly synthesized, All Rab proteins Hall 2000
prenylated Rabs to membranes
RabGDI Keeping the Rab in the GDP- All Rab proteins Hall 2000
bound form, recycling of the
Rab
Mss4 GDP-release factor Rabl, Rab3, Rabs, Zerial and McBride 2001
Rabl0
Rab3aGRF Guanine nucleotide release Rab3A Burstein and Macara 1992
factor
Rabin3 Unknown, possibly an exchange | Rab3? Brondyk et al. 1995
factor
Rabex5 GEF Rab5,Rab4 Zerial and McBride 2001
RAP6 GEF (also GAP for Ras) Rab5 Hunker et al. 2006
AS160 GAP Rab2, Rab8, Rab10, Miinea et al. 2005
Rab14
Rab3-GAP GAP Rab3 Burstein and Macara 1992
Tuberous sclerosis 2 | GAP? Rab5 Zerial and McBride 2001
RN-Tre GAP Rab5, Rab41 Lanzetti et al. 2000, Haas et
(Also a Rab5 effector) al. 2005
RabGAP-5 GAP Rab5 Haas et al. 2005
GAPcenA GAP Rab6 Zerial and McBride 2001
EFFECTORS FUNCTION RAB SPECIFICITY | REFERENCES
PRA-1 and 2 Proposed Rab receptors Rabl, Rab3,Rab4, Bucci et al.1999, Abdul-
Rab5, Rab6, Rab7, Ghani et al. 2001
Rab17, Rab22
pll5 Tethering, sequestering of Rabl Zerial and McBride 2001
SNAREs
Rabphilin-3 Potentiates fusion (Rab3), Rab27 Zerial and McBride 2001,
Fukuda and Yamamoto 2005
RIM I and 2 Membrane fusion Rab3 Zerial and McBride 2001
Calmodulin Confers calcium sensitivity Rab3 Zerial and McBride 2001
Noc2 Inhibition of calcium-regulated | (Rab3), Rab27 Fukuda and Yamamoto 2005
exocytosis
Rabaptin-4 Protein sorting and recycling Rab4 Zerial and McBride 2001
Syntaxin4 Rab4 Li et al. 2001
Dynein LIC-1 Rab4 Bielli ez al. 2001
EEA1 Tethering, core fusion Rab5s Zerial and McBride 2001
component
p150 PI-3 kinase regulatory subunit Rab5 Zerial and McBride 2001
pl10B PI-3 kinase catalytic subunit Rab5 Zerial and McBride 2001
Rabaptin-5 and 5 Recruits Rabex5, to activate Rab5, Rab4 Zerial and McBride 2001
Rab5
Rabenosyn-5 Required for CCV-EE and EE- | Rab5, Rab4 Zerial and McBride 2001
EE fusion
RN-tre Macropinocytosis, formation of | Rab5 Lanzetti et al. 2004
circular ruffles, Also a Rab5-
GAP
Rab6I1P2 unknown Rab6 Monier et al. 2002
ERC family unknown Rab6 Wang et al. 2002
Rabkinesin-6 Vesicle motility, cytokinesis Rab6 Zerial and McBride 2001
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Table 1 continuing

EFFECTORS FUNCTION RAB SPECIFICITY REFERENCES
RILP Transport to lysosomes Rab7, Rab34 Cantalupo et al. 2001, Wang
and Hong 2002
Rabring7 lysosome biogenesis, traffic to Rab7 Mizuno et al. 2003
late endosomes/lysosomes
Rab8ip Stress activated kinase Rab8 Ren et al. 1996
Trip8b Regulated secretion Rab8b Chen et al. 2001
p40 Stimulates fusion Rab9 Diaz et al. 1997
Rabl1BP/ Ttn recycling, membrane Rablla and b, Rab25 Zeng et al. 1999, Mammoto
Rabphilin-11 turnover etal. 1999
Rabl11-FIP1 Unknown Rablla and b, Rab25 Hales et al. 2001
Rabl1-FIP2/nRipll | Ttn recycling, coupling to Rablla and b, Rab25 Hales et al. 2001, Lindsay
myosinVb and McCaffrey 2002
Rabl1-FIP3/Eferin/ | Regulation of recycling Rabl1, Rab25 Prekeris et al. 2001, Hickson
Arfophilin endosome distribution, also bind et al. 2003
Arf5
Rab11-FIP4 Retinal development Rabl1 Wallace et al. 2002, Muto et
al. 2006
Ripl1/pp75 Apical vesicle trafficking Rablla and b, Rab25 Prekeris et al. 2000
RCP Protein sorting in tubular Rabl1 (not Rab4) Lindsay et al. 2002, Peden et
(Rab-coupling endosomes al. 2004
protein)
5-PDE Extracts Rab13 from Rab13 Zerial and McBride 2001
membranes
Melanophilin/Slac2-a | Recruits myosin-Va Rab27a Fukuda et al. 2002b
MyRIP Trafficking of retinal Rab27a El-Amraoui et al. 2002
melanosomes, coupling to
myosin VIla
Rab33BP Motility of vesicles Rab33 Zerial and McBride 2001

Three isoforms of Rab GDI have been isolated (Nishimura et al. 1994), several
GAPs and even more effectors have been described (see Table 1, and review by Zerial
and McBride 2001). Rab effectors are highly specialized molecules whose activities are
adapted for the specific transport systems and organelles where they function. They are
defined as a group by their specific binding to a GTP-Rab, and by their being required
for a downstream function determined by that GTPase. Each Rab protein may interact
with several effectors. Rab5-GTP has for example been shown to interact directly or
indirectly with more than 20 polypeptides from bovine brain cytosol (Christoforidis et
al. 1999). In Table 1 some of the known Rab-interacting proteins found to date are
listed. However, many, if not most, are yet to be discovered and could offer important
clues as to Rab protein function, which even to date remains unclear.

1.1.6 Crosstalk between small GTPases

As more is known about individual GTPases, attention is now turning to how they are
combined and regulated in a cooperative fashion. It is becoming increasingly clear that
these molecules are not only linked in cascades but as a network, being coordinated and
balanced, in order to create a functional and efficient entity.

An example of Ras-Rho crosstalk has been described in yeast, where the Ras-
family member Rsrl (activated by an unknown signal produced at the previous bud-
site) interacts with Cdc24, a Cdc42 GEF, resulting in recruitment and activation of
Cdc42 (Zheng et al. 1995). In yeast we can also find an example of Rho-Rab crosstalk.
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Activated Cdc42 not only induces reorganization of actin but also recruits several
small GTPases among these Sec4, a yeast Rab-protein, to the future bud site (Zheng
et al. 1995). Another example of Rho-Rab crosstalk has been demonstrated in cultured
MDCK cells, where Rho and Rab proteins have been shown to regulate cell adhesion
and actin stress fiber formation in coordination (Imamura et al. 1998). It makes sense
that Rab and Rho proteins would crosstalk to coordinate vesicle transport with actin
cytoskeleton organization since actin rearrangement always precedes vesicle docking
and fusion. A link between Ras signaling and vesicle transport is suggested by the
fact that the catalytic domain of p120 RasGAP can specifically stimulate the GTPase
activity on Rab5 (Liu and Li 1998). A hierarchy of activation has been reported with
a cascade of the three Rho-family proteins Cdc42, Racl and RhoA. The order of
activation corresponds to each protein’s physiological role in motile cells. Activation
of Cdc42 leads to formation of filopodia followed by Racl activation and the formation
of lamellipodia and membrane ruffles and finally activation of RhoA needed for the
formation of new adhesions at the protruding edge with the underlying matrix (Chant
and Stowers 1995, Huttenlocher et al. 1995).

It is logical for different steps in vesicle transport to be balanced and coordinated
in such a way that the organization of organelles, as well as the cell as a whole, remains
functional and efficient. It seems obvious that Rab-family crosstalk should perform this
function. Rabaptin-5, for example, interacts with both Rab5 and Rab4 in their GTP-
bound conformations through two distinct regions (Vitale ez al. 1998). Rab5 regulates
clathrin-coated vesicle fusion with early endosomes as well as early endosome-early
endosome fusion and Rab4 is involved in sorting and recycling in the early endosome; a
balance of these functions is necessary for a functional endosomal compartment. In order
to balance secretion and recycling of membrane receptors, there should be crosstalk
between Rab3 regulating protein secretion and a Rab-protein regulating recycling from
the plasma membrane. The Rab3 effector protein Rabphilin-3 binds Rabaptin-5 (Zerial
and McBride 2001), which in turn recruits and binds Rabex-5. Together Rabaptin-5 and
Rabex-5 activate Rab5, which provides one example of such crosstalk.

Several examples of crosstalk involving Arfs have also been reported. A large
protein p619 links Arfl and Rabs given that it can stimulate guanine nucleotide
exchange on them (Rosa et al. 1996), and Arfophilin/Eferin/Rab11-FIP3 is a protein
shown to bind Arf5 as well as Rabl1 and Rab25 (Hickson et al. 2003). Arf-Rab
crosstalk could possibly provide a way to coordinate the budding of vesicles with their
transport in the cell. Two examples of crosstalk between Arf6 and Racl in the control
of actin cytoskeleton reorganization are that the Arf GEF, EF6A induces cytoskeleton
remodeling that can be blocked by expression of dominant negative Arf6 or Racl
(Franco et al. 1999), and that dominant negative Arf6 inhibits growth factor- and Racl-
mediated membrane ruffling (Radhakrishna et al. 1999). Furthermore, there are several
examples of crosstalk involving Arf6 and Rho or Ras GTPases in the regulation of cell
migration and cell invasion. Santy and Casanova (2001) have shown that overexpression
of ARNO, an Arf6 GEF, induces epithelial cell migration via activation of PLD and
Racl. Arf6 can furthermore, like the Ras GTPases activate the MEK/ERK-signaling
pathway leading to enhanced invasive capacity (Tague et al. 2004), and the enhanced
phospholipase activity in H-Ras transformed cells has been shown to be due to the
synergistic activities of RalA and Arf6 (Xu ef al. 2003).
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1.2 The cytoskeleton

The cytoskeleton is composed of three different types of filaments; actin, microtubules
and intermediate filaments. In each case these fibers are ordered polymers built from
small protein subunits held together by non-covalent bonds. Together they stabilize
the cell membrane and cell shape as well as to form tracks along which vesicles and
organelles can move in the cytosol during intracellular trafficking. The cytoskeleton is
constantly remodeled, and this is vital for a number of cellular processes including cell
polarity, cell movement, cytokinesis, and tissue morphogenesis (Fuchs and Yang 1999).

1.2.1 Actin

Actin cytoskeleton is composed of actin filaments and many actin-binding proteins.
Filamentous actin (F-actin) is a polar structure built up from a single subunit;
monomeric actin (G-actin). Actin is the most abundant protein in most eukaryotic cells
and it has been very well conserved during evolution, in fact so well that actin molecules
from different organisms are functionally interchangeable in vitro (Nefsky and Bretcher
1992). F-actin forms a tight a-helix, a polar structure with each G-actin in the same
direction. The plus end, also called barbed end, grows faster than the minus end, also
called pointed end. ATP-actin is added onto the filament mainly at the plus end, within
the filament the ATPs of the incorporated monomers are eventually hydrolyzed to ADP,
and ADP-actin is finally disassembled at the minus end (Carlier 1998).

Assembly of actin into filaments occurs spontaneously under the right conditions.
However, actin polymerization in vivo is a tightly regulated process with a myriad of
different proteins taking part to ensure that the correct type of filament is formed or
disassembled at the correct place at the right time. Actin cytoskeleton regulation occurs
at multiple levels including the organization of actin into polymers and the organization
of these polymers into bundles or networks. A large number of actin-binding proteins
regulate actin assembly by controlling filament formation and cross-linking of the actin
filaments (Welch et al. 1994, Schmidt and Hall 1998). In most cells actin filaments are
concentrated mainly in a layer just beneath the plasma membrane, called the cell cortex.
Here it is organized as a meshwork to stabilize the surface of the cell, influencing
the shape and mechanical properties of the cell. Another main function for the actin
cytoskeleton is transport of vesicles along actin filaments inside the cell (Kaksonen et
al. 2006). In addition actin forms the contractile ring during cytokinesis, and powers
cell motility (Burgess 2005, Ananthakrishnan and Ehrlicher 2007).

The motor-proteins, that move or slide along actin filaments in an ATP dependent
manner (Kron et al. 1992), are called myosins. Myosins have been implicated in several
processes like cytokinesis (Rodriguez and Paterson 1990), mitochondrial organization
(Drubin et al. 1993, Simon et al. 1995, Smith et al. 1995), and vesicle trafficking
(Johnston et al. 1991, Lillie and Brown 1994, Govindan et al. 1995).

Signaling through phosphoinositides and Ras-family small GTPases is crucial for
actin cytoskeletal- and membrane- remodeling during cell motility (Qualmann and
Kessels 2002). Rho family GTPases have been shown in vivo to regulate cytoskeleton
remodeling during developmental and disease-related processes (Etienne- Manneville
and Hall 2002). Rho, Rac, and Cdc42 signal through the actin network to regulate stress
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fibers (Ridley and Hall 1992), lamellipodia (Ridley et al. 1992), and filopodia (Kozma
et al. 1995, Brown et al. 2000) respectively. Recently it has been shown that Rho-family
GTPases signal through the Arf family to bring about cytoskeletal rearrangements
during cell motility (Zhang et al. 1999, Santy and Casanova 2001, Tarricone ef al.
2001).

1.2.2 Microtubules

Microtubules are polymers of globular tubulin subunits arranged in cylindrical tubes.
They are, like actin-filaments, polar structures whose ends have different rates of
assembly. Like actin, tubulin binds a nucleotide, in this case GTP, which is hydrolyzed
when the subunit has been incorporated into the filament. The building blocks for
microtubule assembly are dimers formed from a-tubulin and B-tubulin. These of3-
tubulin dimers form protofilaments that are added on to y-tubulin rings to form the
microtubule wall. More dimers can then be added to elongate the microtubule. The y-
tubulin rings are found at the microtubule organizing center, also called the centrosome,
near the center of the cell. The a3-dimers are added on in a specific orientation creating
an asymmetry where the minus end normally is embedded in the centrosome and both
growth and shrinkage occur preferentially at the plus end. The microtubule organizing
center is the major organizing structure of the cell, determining the organization of
microtubule-associated structures and organelles like mitochondria, the Golgi complex,
and the endoplasmic reticulum (Lodish ef al. 1999). Microtubules are continuously
assembled and disassembled in a process called dynamic instability. As a consequence,
the microtubule organizing centre, or centrosome, is continually shooting out new
microtubules in an exploratory fashion in different directions and retracting them.
Attachment to another molecule or cell structure can prevent microtubule disassembly.

The motor proteins of the microtubule system can be divided into two different
groups; kinesins and dyneins. Kinesins are dimers that show specificity for their
respective cargo. They are nearly all plus end directed (moving toward the centrosome,
inward) whereas dyneins are minus end directed (moving away from the centrosome,
outward). Dyneins are large multimeric proteins that require large complexes of
microtubule-binding proteins for movement. Both types of motor use energy derived
from repeated cycles of ATP hydrolysis to move. Microtubules are used as tracks for
membrane transport bi-directionally, but they are not absolutely required for short-
range transport (Cole and Lippincott-Schwartz 1995, Bloom and Goldstein 1998).
Microtubules are, however, needed for long-range transport; a striking example being
neuronal transport where supplies have to be delivered very long distances from the cell
body out to the neurite. New evidence implicates dysfunction of microtubule-dependent
transport in the development, or even the cause, of several neurodegenerative diseases
(Guzik and Goldstein 2004).

The polarity of the cell is linked to the orientation of the microtubules and in a
motile cell the microtubules are oriented towards the leading lamellae in the direction
of movement (Gundersen and Bulinski 1988). New evidence is emerging to indicate
Rho family GTPases as central players in the regulation of microtubule dynamics
(Gundersen et al. 2004, Kodama et al. 2004). Since it is well established that Rho
proteins are central in control of actin cytoskeleton rearrangements, it seems likely that
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Rho-family GTPases could be key molecules in the coordination of actin-microtubule
crosstalk. Coordination between microtubules and filamentous actin can be seen in
many polarized processes including cell shape, motility, growth-cone guidance and
wound healing (Kodama et al. 2004).

1.2.3 Intermediate filaments

Intermediate filament subunits are alpha-helical rods that assemble into ropelike
filaments, resembling microtubules in structure. Intermediate filaments are extremely
stable, their principal function is structural; to reinforce cells and to organize cells
into tissues. Therefore they are foremost found in the cytoplasm of cells that need to
withstand mechanical stress e.g. muscle cells, and epithelial cells of the skin, as well
as along the length of nerve cell axons. The nuclear lamina is a mesh of intermediate
filaments that underlies and strengthens the nuclear envelope in all eukaryotic cells.
Intermediate filaments can be classified into six types based on sequence similarity:
type I (acid keratins), type II (basic keratins), type III (vimentin, desmin, glial fibrillary
acid protein, peripherin), type IV (NF-L, NF-M, NF-H, internexin), nonstandard type
IV (filensin, phakinin) and type V (laminA, B and C). These classes vary to a great
extent in sequence and molecular weight. The expression of intermediate filaments is
characteristic of a certain tissue or cell type, therefore they can sometimes be used to
identify the cellular origin of tumors. (See Lodish ez al. 1999).

1.3 Vesicle transport

For any cell in our body it is essential that its proteins are targeted and sorted to the
correct membrane or aqueous compartment. This is achieved by vesicular transport.
Newly synthesized proteins enter the endoplasmic reticulum (ER) where they are sorted
and transported to their correct intra- or extra-cellular destination (secretory pathway).
Material can also be taken up from outside the plasma membrane and transported into
the cell (endocytic pathway). Finally, there are recycling pathways for proteins that have
escaped their proper localization or have served a function elsewhere in the cell, to be
transported back to their appropriate locations for reuse.

Vesicular transport progresses in several different phases. First, a vesicle buds off
the donor compartment. It is then transported along cytoskeletal tracks to its proper
destination where it docks and finally fuses (Rothman 1996). Budding is a process
regulated by the Sarl/Arf family of GTPases. They recruit coat components to the
membrane leading to the formation of a specific domain on the membrane that is
enriched in certain membrane receptors and their associated proteins. A bud is formed
and pinched off, to form a vesicle that can then be transported through the cytosol, along
cytoskeletal tracks. The dynamin-family of large GTPases (reviewed by Praefcke and
McMahon 2004) has been proposed to constitute universal scission molecules. Once
the vesicle has been formed it is uncoated, an essential step for the vesicle to be able
to dock with its acceptor compartment. Once the vesicle reaches its destination, there
is conserved machinery in place that mediates membrane fusion. Central to this are
the SNAREs and SNAP25. SNARE-homologues make up a family of proteins that in
mammals so far consists of more than 30 members (Bock and Scheller 1997) localized
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to different intracellular compartments. A vesicle SNARE (v-SNARE) forms a trimeric
complex with a target-membrane SNARE (t-SNARE) and SNAP25, bringing the two
membranes into close proximity, facilitating their fusion (Weber et al. 1998). Thereafter,
NSF and SNAPs allow the SNARE/SNAP-complex to dissociate and the components to
be recycled (Nichols et al. 1997).

The localization pattern of SNARESs may contribute to vesicle docking specificity,
but since SNARE protein interactions are not selective, it is obvious that other factors
are also needed to confer the additional specificity (Yang et al. 1999). Tethering factors
such as Usolp, TRAPP, p115, exocyst and EEA1 all bind membranes before the
formation of the SNARE complex. EEA1 is an effector of Rab5 (Christoforidis et al.
1999), and Usolp is the yeast homologue of p115, that has been shown to bind directly
to Rabl (Allan et al. 2000). Consequently, the Rab family of small GTPases is likely
to aid vesicle targeting through these tethering proteins. Evidence is also accumulating
linking Rab proteins to cytoskeleton motor proteins, implicating them in the transport of
vesicles through the cytoplasm along cytoskeletal tracks. Rabkinesin6, a Rab6 specific
effector protein, for example is a kinesin-like protein that functions as a motor protein
in transport of tubular structures from the Golgi apparatus to the cell periphery (White
et al. 1999). Rabl1 and Rab25 have been shown to interact with the C-terminal domain
of myosinVb (Lappiere et al. 2001), and Rab27a functions as an essential component of
the melanosome receptor for myosinVa, interacting indirectly via one or more bridging
proteins (Wu et al. 2002). As more and more information becomes available it seems
increasingly likely that Rabs are multifunctional molecules involved in many of the
steps involved in vesicle formation, transport and fusion at the target membrane. They
could be activated in several rounds during one membrane transport step and thus be
involved in more than just one step in this process through the interaction of different
effector proteins.

1.4 Cell adhesion and ECM proteins

Cells adhere to the surrounding matrix and neighboring cells by adhesion receptors
on the cell surface. There are five principal classes of adhesion receptors: integrins,
cadherins, the immunoglobulin superfamily, selectins, and proteoglycans (see review
by Gumbiner 1996). The ECM proteins, to which the receptors bind, are usually large
glycoproteins such as collagens, fibronectins, laminins and proteoglycans. Cytoplasmic
peripheral membrane proteins link the adhesion systems to the cytoskeleton. There are
four main types of junctions: the tight junction (TJ), the gap junction, cell-cell junctions
(adherence junctions and desmosomes), and cell-matrix junctions (focal adhesions and
hemidesmosomes). Tight junctions connect epithelial cells preventing the passage of
fluids through the cell layer. Gap junctions allow for direct communication between
cells in tissues, by permitting adjacent cells to exchange small molecules. Cell-cell and
cell-matrix adhesion perform a structural role of holding cells within a tissue. Cadherins
and integrins are the major molecules that connect the cell exterior with the internal
cytoskeleton. (Lodish et al. 1999).

Cadherins make up a large family of adhesion receptors, with over 80 members
known (Angst et al. 2000). They mediate calcium-dependent cell-cell adhesion,
known to be vital both during development (Takeichi 1991) and for the adult organism
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(Gumbiner 1996). The three main cadherins on mammalian cells are E-cadherin, P-
cadherin and N-cadherin. E-cadherin is predominantly expressed in non-neuronal
epithelial tissue. It is required for epithelial cells to remain tightly associated in the
epithelium, and is believed to act as a suppressor of tumor cell invasiveness and
metastasis (Birchmeier and Behrens 1994, Takeichi 1993). Calcium ions cause E-
cadherin monomers to form parallel homodimers, cell adhesion then results from head
to head contact between E-cadherin dimers in adjacent cell membranes (Shapiro et al.
1995).

In adherence junctions (AJs) cadherins are liked to actin/myosin filaments via the
adapter molecules, a- and B-catenin (Gumbiner 1993, Kemler ef al. 1989). Nectins are a
family of Ca2+-independent Ig-like cell adhesion proteins, with four members, that are
also involved in cell-cell adhesion. They are linked to the actin cytoskeleton via afadin
adaptor proteins and organize AJs cooperatively with the cadherin-catenin system in
epithelial cells (Miyoshi and Takai 2005). The desmosome is a cadherin-containing
junction, where cadherin is linked to the intermediate filament network (usually keratin)
via catenin-like adapter molecules. This network gives the extra strength and rigidity
needed to survive high levels of mechanical stress, for example, in epithelium and
cardiac muscle (Gumbiner 1996). Tight junctions (TJs) are thought to be membrane
microdomains, a dynamic assembly of cholesterol and sphingolipids. Three types of
transmembrane proteins have been identified at TJs: occludin, claudins and junctional
adhesion molecules. They are all linked to the actin cytoskeleton via adaptor ZO
proteins. Apart from their obvious role as barriers, TJs also have a role in concentrating
signaling and cell polarity proteins, and help coordinate many cell processes (Miyoshi
and Takai 2005).

A. cell-cell adhesion junctions B. cell-matrix adhesion junctions

F-actin Keratin Stress fiber
Adapter proteins F.actin Keratin
Cytosol .
Adapter proteins
I I
Cadherin
Exterior
A4 01 | Exterior Integrin
Cytosol Fibronectin Laminin
Focal adhesion Hemidesmosome
Adherens Desmosome
junctions

Fig. 3. Schematic representation of junctions in cell adhesion. A. The two main types of cell-
cell adhesion junctions; adherence junctions and desmosomes. Cadherins are linked to actin or
intermediate filaments (usually keratin) respectively via adapter proteins. Two other junction
types linking cells in tissues are gap junctions and tight junctions, not depicted here. B. The
two main types of cell-matrix adhesion junctions; focal adhesions and hemidesmosomes. Here
integrins link actin and intermediate filaments respectively to the extracellular matrix via adapter
proteins. (Based on figures in Lodish et al. 1999)
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Integrins are the main cell adhesion molecules responsible for cell-matrix
interactions. In animals there are at least 22 heterodimers composed of 17 types of a-
and 8 types of B-subunits. This diversity enables the integrins to specifically bind a
multitude of ligands. Most integrins are expressed on a variety of cells and most cells
express several integrins, enabling them to bind to several matrix surfaces (Hynes 1992,
Hynes 2002). Integrins normally show relatively low affinity for their ligands and need
to be 'activated' to bind the ECM. Activation occurs either by a conformational change
associated with increased binding affinity or with an increase in the number of integrins
at the site of adhesion, a process called clustering (Lodish et al. 1999).

Integrin-containing junctions connect cells to the substratum. There are two types
of such junctions: hemidesmosomes, mainly found in epithelial cells, (intermediate
filaments connected to the basal laminae) and focal adhesions (actin cytoskeleton
attached to fibers of fibronectin) (Lodish ef al. 1999). Ligand binding induces integrin
clustering and recruitment of actin filaments and signaling proteins to the cytoplasmic
domain of the integrins (Hynes 2002). These ECM attachment sites are known as
focal complexes when they are still forming and then as focal adhesions when they
have matured into larger complexes. The integrin-actin connection is very dynamic and
highly regulated. It is even differently regulated at different locations in the cell. At the
leading edge of a migrating cell for example, integrin binding to the ECM leads to local
rearrangement of the actin cytoskeleton, promoting protrusion formation, whereas at the
rear integrins detach from the ECM, dissolve the link to the cytoskeleton and are at least
partially recycled to the front (Ballestrem et al. 2001, Laukaitis et al. 2001).

Integrins are signaling molecules that can transmit signals both from the outside
inwards and from inside the cell to the ECM (Clark and Brugge 1995). Adaptor proteins
like ILK, talin, a-actinin and filamin link the integrin receptors to the actin cytoskeleton
and signaling molecules, creating platforms for integrin signaling (Brakebusch and
Féssler 2003). Focal adhesions can thus be seen as multiprotein platforms regulating
cell-adhesion dependent signals for cell growth and motility.

Some common integrin ligands are collagens, laminins, and fibronectins. Collagens
constitute the majority of insoluble protein in the extracellular matrix. Most collagen in
the body belongs to a type of collagen that forms fibrils. After being secreted into the
extracellular space, these collagen molecules pack together to form long thin fibrils,
that are then organized into networks. Another type of collagen assists in organization
of fibrils by binding to and cross-linking fibrous collagen. Finally there is a type of
collagen that forms two-dimensional networks. It is this type of collagen that together
with the laminin family forms the two dimensional lattice of the basal lamina. This
structure is a thin sheet-like network of ECM components, which is important for
organizing cells into tissues and for guiding migrating cells during development as well
as for many more specialized functions. Laminin is a cross-shaped, large multi-adhesive
matrix protein, predominantly found in the basal lamina. (Lodish ef al. 1999).

Fibronectins are soluble multi-adhesive matrix proteins, whose primary role is
to attach cells to matrices containing fibrous collagen. They facilitate migration and
cellular differentiation of many cell types during development. In the adult organism
they are important for wound healing because they facilitate migration of macrophages
and other immune cells into the affected area. To conclude, there is the proteoglycan
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family of extracellular matrix proteins. They are large highly hydrated molecules found
in the ECM and on the surface of many cells. The most common type of proteoglycan
on the cell surface is the syndecan family. Syndecans can bind both collagen and
fibronectin and also interact with the actin cytoskeleton; thus, they can facilitate cell-
matrix interactions. (Lodish et al. 1999).

1.5 Cell polarization

Cell polarity is a process in which a cell organizes its components asymmetrically
into functionally specialized domains. It all starts with an external cue leading to the
recruitment of certain components to a marked place on the cell surface. This place
then recruits further signaling components and also reorganizes the cytoskeleton. At this
point membrane traffic is redirected in such a way that the molecular structure now
in place is maintained and reinforced. The best-studied polar cell types are budding
yeast, epithelial cells, and neurons, but polarity is something that is needed for most
cells at some point. Polarity is for example essential for cell division, differentiation and
migration. (Nabi 1999).

1.5.1 Polarization of budding yeast

Yeast is a useful model organism to study asymmetry and polarization since many of
the components and processes important for polarized growth in yeast have been found
to be conserved in other eukaryotes (Horton and Ehlers 2003). During both budding and
mating the yeast S. cerevisiae goes through polarized growth (for reviews see Madden
and Snyder 1998, Chant 1999). The first event in this process is establishment of a site
for growth on the cell surface. Next the cytoskeleton is reorganized towards this site and
finally membrane transport is redirected towards the growth site. The actin cytoskeleton
is central to this process, it is redistributed very early, directing secretion to the bud and
making up a docking site to help establish the asymmetry and then maintain it. Cdc42
is an important component always found at the tip of the protruding membrane. Cdc42
localizes in an actin-independent manner (Ayscough ef al. 1997) and has been suggested
to define the alignment of cytoskeletal polarization. Cdc42 was in fact one of the first
genes discovered as critical for polarity establishment, as Cdc42 mutant yeast fail to
develop a bud site, and instead become large, spherical and multinucleate (Adams et al.
1990).

Together with the Rab protein, Sec4p, a complex of proteins, the exocyst, is
responsible for the docking of secretory vesicles at the bud site (Terbush et al. 1996,
Guo et al. 1999). A component of the exocyst, Sec3p, is tightly localized to sites of
the plasma membrane where the vesicles fuse (Finger et al. 1998). Sec3 is potentially
the membrane-docking factor for vesicles. The microtubule cytoskeleton is also an
important component in polarized growth. It is known that microtubules are stabilized
at the mother-bud contact site or at the tip of the mating protrusion. Myosin motors,
moving along actin filaments, direct at least some types of secretory vesicles to the
budding or mating site (Govindan et al. 1995, Finger and Novick 1998, Pruyne et al.
1998).
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1.5.2 Polarization of mammalian cells

One of the most extensively studied polarized mammalian cell types is the epithelial
cell. Polarized epithelial cells are joined together side to side to form multi-cellular
sheets. These sheets cover the entire external surface of the body as well as lining the
internal cavities and perform many important functions for the organism, including
forming a protective barrier against invading pathogens, secreting specialized protein
products like hormones and milk, and absorbing nutrients from the gut. Essential for
the function of the epithelial sheet, is the fact that it has two faces, apical and basal,
which are chemically different due to a polarized internal organization of the individual
epithelial cells. (Miyoshi and Takai 2005).

Four types of junctions can be identified in electron micrographs in epithelial cells:
tight junctions (TJs), adherence junctions (AJs), desmosomes, and gap junctions. TJs
provide barriers preventing leakage of molecules across the epithelium as well as a
barrier between the apical and basolateral domains of the plasma membrane. AJs form
continuous adhesion belts just below the TJs, they have a role in stabilizing TJs and
additionally serve as a regulation centers since they are associated with many proteins
involved in actin organization and signal transduction (Miyoshi and Takai 2005).
Desmosomes provide extra strength and rigidity needed to survive high levels of stress
for example in epithelium whereas gap junctions allow direct communication between
cells in tissues (Lodish et al. 1999).

Polarization of an epithelial cell is started by spatial cues induced by cell-cell or
cell-matrix contacts. These cues stimulate localized assembly of the cytoskeleton as well
as a targeting patch for transport vesicles. The microtubules and secretory apparatus
reorganize in the cytoplasm relative to the cues, and the accurate sorting and delivery of
protein to their correct compartments reinforce and stabilize the asymmetry of the cell
surface (Yeaman et al. 1999). The actin cytoskeleton serves several important functions
in the establishment of epithelial cell polarity. It strengthens the adhesive contacts, acts
as a scaffold or targeting patch for the recruitment and binding of signaling proteins that
further define the different membrane domains, and promotes the assembly of structures
that physically restricts intermixing of newly synthesized apical and basolateral
membrane proteins (Yeaman et al. 1999). Rho proteins are key regulators of the actin
cytoskeleton and are also important for establishing and maintaining cell polarity
(Etienne-Manneville and Hall 2002, Nobes and Hall 1999, Jou and Nelson 1998).

A protein complex (Par3/Par6/aPKC) implicated in cytoskeleton regulation (Qiu
et al. 2000), has been proposed as an evolutionary conserved polarization signal
(Wodarz 2002). The Par3/Par6/aPKC-complex is present in the cytosol of epithelial
cells and recruited to cell-cell contacts during the formation of epithelial tight junctions
(Yamanaka et al. 2001). In C. elegans Par regulation of microtubule organization is
crucial for polarized cell division (O’Connell et a/. 2000), and in migrating astrocytes
the proper orientation of microtubules by the Par complex may direct membrane
addition to the leading edge of the cell (Schmoranzer and Simon 2003, Horton and
Ehlers 2003). Furthermore Cdc42 may, in addition to its role in actin rearrangements,
also act through the Par complex to regulate microtubule organization (Etienne-
Manneville and Hall 2003).

28



Introduction

Besides the Par complex, two additional multiprotein-complexes have been
identified as important for establishment of polarity in Drosophila: the Crumbs
complex (Knust et al. 1993) and the Scribble complex (Bilder et al. 2000, Bilder and
Perrimon 2000). Mammalian homologues of these complexes have also been found.
Crumbs and Scrib have furthermore been shown to play opposing and balancing roles
in the establishment of apical and lateral membrane identity, respectively (Bilder ef al.
2000). In epithelial cells these protein complexes are located in close apposition but on
opposite sides of the tight junction (Lee et al. 2002, Medina et al. 2002).

During cell polarization, microtubules reorganize (Bacallalo et al. 1989)
simultaneous with reorganization of the secretory apparatus. Components of the
secretory apparatus, like the Golgi apparatus and endosomes, become restricted to
different regions in the cytoplasm (Davies and Garrod 1997). In fact the microtubule
cytoskeleton is important for determining Golgi distribution (Shorter and Warren
2002) and vesicles from the TGN traffic along microtubules to the plasma membrane
(Schmoranzer and Simon 2003), indicating that microtubules are very important in
creating a polarized secretory pathway oriented to facilitate directional membrane
traffic. Rab family GTPases are also likely to play a key role in controlling membrane
traffic, which is set up to stabilize and maintain the asymmetry of the plasma membrane.
The exocyst proteins, that in yeast define a site for docking of secretory vesicles on
the cell surface, are highly conserved from yeast to mammals, and are likely to define
membrane fusion sites at the plasma membrane also in mammalian cells (Terbush ez al.
1996, Hsu et al. 1996).

In general, protein sorting occurs along the secretory pathway, the endocytic
pathway or a combination of both. Newly synthesized proteins are sorted in the Golgi
complex and at the TGN. It is at the TGN that segregation of apical and basolateral
proteins occur in most epithelial cells (Keller et al. 2001). However in a number of
cell types trafficking along the endocytic pathway is critical for proper localization of
membrane proteins. In these cases membrane proteins are inserted randomly in the
plasma membrane, rapidly internalized in a clathrin-dependent manner and trafficked
via transcytosis to the proper membrane domain (Tuma and Hubbard 2003). Extensive
sorting can take place along the endosomal system, as not all endosomes are created
equal (Rojas and Apodaca 2002, Horton and Ehlers 2003).

Targeted delivery involves protein sorting, targeting of the vesicle to the correct
domain and docking/fusion with the correct membrane domain. Very little is known
about the molecular mechanism of polarized vesicle transport in epithelial cells. V-and
t-SNARESs define a set of membranes that have the potential to fuse, but other proteins
are required to define the site at which fusion occurs. Munc-18 proteins could regulate
vesicle fusion by controlling the ability of syntaxins to interact with other components
of the SNARE complex and Rab proteins are likely regulators of the timing and or
localization of vesicle fusion. (Yeaman et al. 1999, Horton and Ehlers 2003).

Different sorting signals for apical and basolateral membrane proteins have
been identified, but they are only partially known and the mechanisms for sorting are
still unclear. Apical trafficking has been suggested to be taken care of by lipid rafts,
glycolipid and cholesterol rich membrane domains involving cavelolin, whereas
basolateral protein traffic is supposedly handled by classical vesicle budding from the
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ER going through the Golgi complex and onto the plasma membrane (Yeaman et al.
1999, Horton and Ehlers 2003). A form of membrane transport only taking place in
polarized epithelial cells is transcytosis (Mostov 1995), a process of transport between
the apical and basolateral membranes.

Microtubules have been shown to be involved in basolateral to apical transcytosis
and apical recycling, but their role in TGN to plasma membrane delivery is controversial
(Breitfeld et al. 1990, Matter et al. 1990). Microtubules seem to facilitate, but not
specify the delivery of vesicles to either the apical or basolateral membrane. Finally
there has to be a system in place restricting diffusion of lipids and membrane proteins
within the plasma membrane, once the proper organization of the polarized cell is in
place. In polarized epithelial cells the tight junction (TJ) is such a barrier.

Neurons are another example of a polarized mammalian cell type, where the
axon and the dendrites make up the apical and basolateral surfaces of epithelial cells
respectively. Axon specification, or the establishment of a single axon, is the first step
toward a polarized neuronal cell (Fukata et al. 2002). In the axon, microtubules are
oriented with the plus end always facing the tip, whereas microtubule orientation is
less ordered in the dendrites (Baas et al. 1989). The stabilization of microtubules in the
growth cone facilitated by the actin cytoskeleton has been suggested to be a possible
mechanism of axon specification (Bradke and Dotti 1999).

Polarized vesicular transport is believed to be responsible for maintaining the
polarization for the lifetime of the neuron. A mechanism to achieve this polarized traffic
has been suggested (Horton and Ehlers 2003); that specific SNARE proteins be either
differentially distributed, or functionally different in axon and dendritic domains. No
specific fusion barrier such as the tight junction in epithelial cells has yet been observed
in neurons. However, a barrier restricting diffusion of lipids has been seen in mature
neurons (Nakada et al. 2003). Another example of a polarized mammalian cell is the
motile cell, where membrane surfaces have to be remodeled continuously to facilitate
the migration of the cell.

1.5.3 The motile cell

Cell migration is a multistep process that is essential during embryonic development
as well as for important processes such as skin renewal, tissue repair and the immune
response in the adult organism. It is also an important contributing component in several
pathological processes, the most obvious example being cancer. In animal cells cell
migration is directed by extracellular cues functioning either as attractants or repellants.
These can be soluble factors working at a distance or local signals from neighboring
cells or the ECM. The two major chemoattractants for eukaryotic cells are chemokines,
acting through seven-membrane G protein receptors (Ward and Westwick 1998), and
peptide growth-factors and cytokines acting through tyrosine-kinase receptors (Rosen
and Goldberg 1989). Migration of a cell toward a source of chemoattractant is also
called chemotaxis.

Cell migration can be regarded as a cyclical process (Lauffenburger and Horowitz
1996). To be able to move, the cell first has to polarize; to form a leading edge and a
trailing tail (see Nabi 1999, Ridley ef al. 2003 for reviews). At the front, a region called

30



Introduction

leading edge or pseudopod is formed by the reorganization of the actin cytoskeleton into
filopodia and lamellipodia. Next, the membrane makes new contacts to the underlying
matrix. Signaling and adhesion receptors are reorganized to the front of the cell. At
the rear of the cell, adhesions, in contrast, have to be broken for the cell to be able to
move on. Tractional force is accomplished by myosins interacting with actin filaments
attached to sites of adhesion on the substratum (Lauffenburger and Horowitz 1996,
Ridley et al. 2003). There has to be a constant turnover of focal adhesions and stress
fibers or these structures will be inhibitory to cell migration. This activity is promoted
by the Ras small GTPase (Nobes and Hall 1999).

Rho GTPases have emerged as central regulators of many aspects of cell migration.
The best characterized function is their regulation of actin dynamics. RhoA regulates
the assembly of contractile actin-myosin filaments, whereas Racl and Cdc42 regulate
the polymerization of actin to form peripheral protrusions, lamellipodia and filopodia
respectively. All three promote the assembly of integrin-based adhesion complexes.
(Nobes and Hall 1995). Cdc42 activity is furthermore required for the establishment
of cell polarity and all three affect the microtubule cytoskeleton and gene transcription
(Etienne-Manneville and Hall 2002). In microtubule cytoskeleton reorganization RhoA
and Racl promote microtubule stabilization and elongation whereas Cdc42 regulates
microtubule and centrosome polarity (see review by Raftopoulou and Hall 2004).

Actin binding proteins have a very important role in the control of actin-
polymerization at the leading edge, making sure that the correct structures are made
and disassembled respectively at the correct time and place in the cell to facilitate the
formation of the motile structures, filopodia, lamellipodia and membrane ruffles. Actin
filaments have to be polymerized at the leading edge in a regulated fashion, oriented so
that the fast-growing end is pointed towards the protruding front (Small et al. 1978).
The actin network changes during its retrograde flow and develops stronger adhesion
sites to the underlying matrix (focal adhesions) (Symons and Mitchinson 1991, Chan et
al. 2000). Cellular motility is thus believed to be driven by assembly and disassembly of
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Fig. 4. A motile cell. The Rho-family of small GTPases controls the formation of distinct
but interdependent actin-containing structures crucial for the motile cell. Cdc42 controls the
formation of filopodia, rapidly followed by the formation of lamellipodia, controlled by Rac.
Finally RhoA controls the formation of focal adhesions and stress fibers. These activities have
to be strictly controlled and coordinated to lead to the motile cell phenotype and the forward
translocation of the cell.
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actin filaments (Pollard and Borisy 2003). Rapid growth of actin has furthermore been
suggested to be the force responsible for pushing the membrane forward (Cunningham
etal. 1992).

Recently it has also been shown that polarization of cholesterol-enriched domains
has an important role at the leading edge to provide a suitable viscoelasticity of the
plasma membrane for deformation by actin (Vasanji et al. 2004). Such cholesterol-
enriched domains could thus perform dual functions as signaling platforms as well as
microdomains providing the optimal physiological properties at the site for protrusion.
Douglass and Vale (2005) have followed GFP-tagged signaling proteins in Jurkat
T cells by single-molecule and scanning confocal imaging. They found evidence of
microdomains that are created by protein-protein interactions. F-actin seems to be
needed for the formation of these microdomains, but their maintenance is not dependent
on either actin or lipid rafts. They could see that the microdomains had the capacity
to limit free diffusion of molecules in the membrane by trapping or excluding certain
proteins, thereby facilitating T-cell signaling.

The role of microtubules in cell migration is far from clear. It is known that the
microtubule cytoskeleton is polarized in a migrating cell. The centrosome is oriented
in the direction of movement in some though not all cell types (Euteneuer and
Schliwa 1992), and the microtubules themselves are preferentially organized so that
their stabilized plus ends are facing the leading edge (Gundersen and Bulinski 1988).
Three hypotheses have been put forward for the function of polarized microtubules
in migrating cells. One suggestion is that the microtubules provide tracks for directed
transport of membranes and organelles to the leading edge (Nabi 1999). This though, is
unlikely to be the sole function of polarized microtubules (Liao ef al. 1995). A second
hypothesis is that the polarized microtubules directly promote lamellipodial protrusion,
which is required for both stabilization of the leading edge and maintaining polarized
movement of the cell (Rinnerthaler ez al. 1988). A further possibility is that microtubules
are responsible for the local regulation of retraction and adhesion (Bershadsky et al.
1996).

1.6 Cell migration and membrane traffic

The role of membrane traffic in cell migration has yet to be thoroughly investigated. It is
known, however, that newly synthesized vesicular stomatitis virus G (VSVG) proteins
are delivered to the leading lamella of migrating cells, whereas influenza membrane
proteins are delivered to the trailing edge (Bergman ez al. 1983, Millan et al. 2001). The
positioning of Golgi towards the leading lamella has also been considered an indication
of directional membrane transport during cell motility. There is evidence that some
endocytosed plasma membrane receptors are recycled to the leading lamella (Hopkins
et al. 1994) and it has also been shown that at least some integrins are recycled from the
trailing edge towards the leading edge via a specific recycling compartment (Bretscher
et al. 1998, Pierini et al. 2000). This kind of integrin recycling could be important both
for cell detachment and the creation of new attachment sites at specific places of the
plasma membrane. Finally, a rapid flow of bulk membranes through a recycling system
could be important for the creation of new cell surface domains, like cell protrusions and
extensions during polarized cell migration (Thompson and Bretscher 2002). Brefeldin A
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(BFA), a drug which inhibits both exocytosis and some forms of recycling also inhibits
cell polarity and migration. A temperature sensitive mutant of NEM-sensitive factor
(NSF) has been shown to inhibit the formation of polarity and decrease cell locomotion
in Dictyostelium discoideum, demonstrating that membrane recycling plays at least
some role in the generation of cell migration (Thompson and Bretscher 2002).

Although the original hypothesis that membrane flow would be the only driving
force of cell migration has been rejected, results are emerging that connect actin and
microtubular dynamics to membrane traffic in the control of cell shape changes (Nabi
1999). Firstly, Rho family proteins have been demonstrated not only to regulate the
cytoskeleton but also different membrane transport routes in epithelial cells (Kamei et
al. 1999, Kroschewski ef al. 1999). Secondly, the Rab GTPase Rab8 promotes polarized
transport of membrane proteins through reorganization of actin and microtubules
(Perénen et al. 1996). Finally, Arf6 controls a novel membrane-recycling pathway
mediating actin dynamics (Radhakrishna et al. 1999).

Best studied so far has been the Arf6-pathway. Expression of certain activated
Arf6 mutants leads to actin reorganization and enhanced cell motility (Santy and
Casanova, 2001). This is dependent on the activity of Rho proteins, especially Racl
and RhoA (Boshans et al. 2000). Arf6 has also been shown to cross-talk with the small
GTPases H-Ras and RalA in the control of phospholipase D activity (Xu et al. 2003).
In addition, cancer cell invasion has been shown to be dependent on Arf6 (Tague et
al. 2004). Arf6 regulates a novel recycling pathway that is independent of clathrin-
mediated endocytosis (Radhakrishna and Donaldson 1997). At least B1 integrin and
MHCI in HeLa cells have been shown to use this recycling pathway (Brown et al.
2001). Expression of the activated Arf6 mutant (Q67L) promotes the accumulation of
B1 integrin and MHCI in large vacuoles. Coincident with this event the cell rounds up
and become symmetric, lacking polarity (Santy 2002), suggesting that the formation of
cell polarity is coupled to recycling of membranes. Disruption of the actin cytoskeleton
by cytochalasin D promotes the formation of large tubular structures containing actin,
Arf6, B1 integrin, MHCI, and PIP5K (Brown et al. 2001). These tubular structures
are believed to represent recycling membranes that are incompetent to fuse with the
plasma membrane after they leave the recycling compartment (Brown et al. 2001).
Because cytochalasin D interferes with the polymerization of actin it is clear that the
Arf6 membrane pathway is closely associated with an actin-mediated process. Arf6 has
also been shown to regulate adherens junction disassembly in epithelial cells (Palacios
et al. 2001, Palacios et al. 2002). Hepatocyte growth factor (HGF) induces activation
of Arf6 leading to redistribution of E-cadherin from cell junctions to early endosomes
in MDCK epithelial cells. In this system, expression of a dominant-negative mutant
of Arf6 (T27N) inhibits internalization of E-cadherin, thereby stabilizing the epithelial
phenotype and blocking cell motility (Palacios et al. 2001, Palacios et al. 2002).

Arf GAPs, a set of multidomain proteins with Arf-GAP activity, have been shown
to interact with actin-regulating proteins as well as with integrin-binding proteins (de
Curtis et al. 2001). In addition, they affect Rac-mediated protrusive activity and cell
migration. Multidomain Arf GAPs, possibly recruited by Rac, thus provide a possible
link of Arf6-membrane endocytosis to sites of actin polymerization and may serve to
coordinate membrane traffic and cytoskeletal reorganization during cell migration.
Finally, Arf6-specific GEFs, like ARNO and EFA6, have been demonstrated to mediate
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changes both in actin dynamics and membrane recycling (Santy and Casanova 2001,
Franco et al. 1999).

1.7 Rab8

There are two Rab8 molecules in mammals; Rab8A and Rab8b. Very little is known
about Rab8 function and its interacting proteins. The two Rab8 proteins are highly
homologous and differ only in the hyper-variable C-terminus. Rab8A is expressed rather
ubiquitously with the highest level of expression in muscle, lung and kidney whereas
Rab8b is most abundant in brain, spleen and testis (Armstrong et al. 1996). Rab8A as
well as Rab8b, on the single cell level have been found mainly on the plasma membrane
and on vesicles in the cytoplasm when the expression level has been higher (Armstrong
et al. 1996). Rab8 shows high sequence homology with Sec4 from S.cerevisiae (Huber
et al. 1993a) and Ypt2p of S.pombe (Craighead et al. 1993).

The lipid modification essential for interaction with membranes and for biological
function is in the case of Rab proteins a geranylgeranylation of one or two cystein
residues at the C-terminus. Most Rab proteins have a -XXCC, -XCXC, or -CCXX lipid
modification-motif at their C-terminus. Rab8 is one of a few Rabs that instead have a
-CAAL motif. Rab8 is therefore geranylgeranylated only once, instead of the double
prenylation of most other Rabs (Casey and Seabra 1996, Wilson et al. 1998). Although
Rabs8 is a substrate for GGTasel (geranylgeranyltransferase type I) in cell-free assays,
the majority of Rab8 is prenylated by the REP/GGTasell system in vivo, like other Rabs
(Wilson et al. 1998).

Only a few molecules have so far been shown to interact specifically with Rab8,
two of these are Rab8ip and Trip8b. Rab8ip is a kinase, having sequence homology
with GCK, which interacts with the GTP-bound form of Rab8 and is implicated in
stress responses (Katz et al. 1994, Ren et al. 1996). Trip8b is a membrane receptor
protein, interacting with Rab8b independently of which nucleotide bound and
prenylation state (Chen ef al. 2001). Another Rab8 interacting protein is Mss4, a small
zinc binding protein that binds several Rabs, and can facilitate dissociation of GDP on
them (Horiuchi et al. 1997). Mss4 is however not a true GEF for Rabs since it does not
stimulate binding of GTP (Nuoffer et al. 1997). Recently, the first protein with GAP
activity on Rab8 was found. This protein, the Akt substrate of 160 kDa (AS160) has
been shown to have GAP activity for several Rabs including Rab8A (Miinea et al.
2005).

No difference in function between Rab8A and Rab8b has yet been detected. Co-
expressed Rab8A and Rab8b have been shown to co-localize on vesicles in HelLa
cells (Perdnen and Furuhjelm 2001), indicating that they control the same membrane
transport pathway. Furthermore, both proteins have a profound effect on cell shape and
actin cytoskeleton organization (Perénen and Furuhjelm 2001). Rab8 was first shown to
regulate the transport of vesicles from the trans-Golgi network to the basolateral surface
of polarized epithelial cells (Huber et al. 1993a) and to dendrites in nerve cells (Huber
et al. 1993b). It has, however, only a minor effect on transport kinetics of membrane
transport from the Golgi-compartment to the plasma membrane, casting doubt to
whether Rab8 in fact directly controls this pathway.
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Activation of Rab8 induces polarized membrane transport of newly synthesized
proteins to cell extensions (Perdnen et al. 1996), and activation of Rab8 has also been
found to miss-sort VSV-G to the apical surface domain in MDCK cells while the
dominant negative mutant of Rab8 had no effect on sorting (Ang et al. 2003). Also
in photoreceptor cells Rab8 has been shown a role in delivery of membrane from the
TGN to specific sites at the plasma membrane (Deretic et al. 1995, Moritz et al. 2001).
Furthermore Rab8 has recently been shown to regulate the transport of rhodopsin
transport carriers (RTP) to the rod outer segment in photoreceptor cells (Deretic et al.
2004). These findings strongly indicate a key role for Rab8 in controlling membrane
transport from the TGN to specific sites at the plasma membrane.

Interestingly, expression of Rab8 has a great impact on cell shape, which it achieves
by reorganizing both actin and microtubules. In fact, Rab8 A and Rab8b expression has
been shown to contribute in the formation of membrane protrusions by reorganizing
both the actin and the microtubule cytoskeleton in different cells (Armstrong et al. 1996,
Perdnen et al. 1996, Chen et al. 2001). These findings indicate an important role for
Rab8 in the control of cell morphogenesis and polarity. In line with this, a role for Rab8
is emerging in neurite outgrowth and development of photoreceptors. A mutant Rab8
has been shown to cause cell death of transgenic Xenopus rods (Moritz et al. 2001)
and depletion of Rab8 inhibits neurite outgrowth (Huber et al. 1995). Furthermore,
mutations in optineurin, a Rab8 interacting protein, cause primary open-angle glaucoma
(Rezaie et al. 2002) and in ADPKD (autosomal dominant polycystic kidney disease)
cell loss of polarity is associated with redistribution of Rab8 (Charron et al. 2000).
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2. AIMS OF THE PRESENT STUDY

Although there is a lot of information published about cell polarization, cell migration,
and the molecular processes important for these functions, there is still very little known
about the exact signals and mechanisms leading to cell polarization. Specifically, the role
of membrane transport has been neglected to a large extent. The small GTPase, Rab8, is
involved in polarized membrane transport and regulation of cell morphogenesis through
reorganization of both actin and microtubules (Perénen et al. 1996). We decided to ex-
amine more closely the role of Rabs§, its interacting proteins and its potential cross-talk
with other small GTPases. In this way we hoped not only to learn more about the func-
tion of Rabg, but also about processes like cell polarization and cell migration.

Specific aims of this study were to:

1)

2)

3)

4)

36

Find Rab8-activators i.e. GEFs, by searching for polypeptides interacting
specifically with GDP-Rab8.

I cloned the full-length sequence of one of the polypeptides found by two-hybrid
screening: a novel protein with Rab8-GEF activity, that [ have named Rabin8, and
studied its interaction pattern and function in more detail.

Find effector or linker proteins, by searching for polypeptides interacting
specifically with GTP-Rab8.

Out of the several interacting proteins found by two-hybrid screening, I first
chose FIP-2 for cloning and further study. FIP-2 is a protein that links Rab8 to the
Huntingtin protein. In addition, the interaction pattern of a further protein found
in the same screen, JFC1, is investigated in publication III.

Study the localization pattern of Rab8 in the cell.

Compartmentalization of Rab8 has not been convincingly demonstrated to date.
We therefore wanted to study the localization of Rab§ in the cell in relation to a
number of indicator proteins and in this way learn more about its function.

Investigate cross-talk between Rab8 and other small GTPases.
By co-expression studies we have attempted to elucidate cross-talk between Rab8
and other small GTPases.



Materials and Methods

3. MATERIALS AND METHODS

The experimental methods used in this Ph.D.-thesis are listed in Table 2. Detailed
descriptions of the methods can be found in the original publications.

Table 2. Experimental methods used in this study

METHOD PUBLICATION
General DNA methods I, 11, and II1
Plasmid construction I, II, and IIT
Western blotting I, 11, and 111
Northern blotting 11

The yeast two-hybrid system I, 11, and 111
Lambda triplex 11
Expression/purification of recombinant proteins I, IT and IIT
The NusA-protein expression system I

In vitro and in vivo binding assays I, IT and 111
GDP/GTP-exchange assays 11

Cell culture and transient transfections I, II, and 111
Stable cell lines 111
Antibodies, production of antisera and affinity purification I, I1, and 11
Immunocytochemistry I, 11, and 111
Cholera toxin and transferrin uptake 111

siRNA transfection 1T
Time-lapse video microscopy I
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4. RESULTS AND DISCUSSION

4.1 Yeast two-hybrid screens

In the first screen Rab8b was used as bait, lacking the lipid modification sequence and
locked in the GDP-conformation. The library chosen was a human brain cDNA ready-
cloned in the appropriate plasmid. The reason for this choice of library was that brain
is one of the tissues where Rab8b has been found in highest abundance. The yeast was
transformed with the bait and prey and 10 million clones were collected. These were
tested for the reporter genes and about 40 colonies were isolated. The plasmid DNA
was then isolated from these clones and the cDNA inserts tested by restriction digest
to find groups of clones with a similar pattern meaning the inserts contained the same
DNA sequence. Representatives of the groups of clones were then re-tested in the
two-hybrid system to check that the correct plasmid was isolated and then if positive
sequenced. Three groups of clones were found that fitted these criteria. They interacted
specifically with the GDP-form of Rab8A as well as Rab8b, but not their GTP-form. The
largest group consisted of Mss4, a protein previously described as a GDP-dissociation
stimulator for various Rab proteins (Burton et al. 1994), indicating that we had found
true interactors of Rab8. The other two groups consisted of closely related protein
sequences, homologous to a previously described protein from rat by the name of Rabin3
(Brondyk et al. 1995). Rat Rabin3 interacts specifically with Rab3A and is a protein of
unknown function. I isolated the full-length cDNA of one of our Rabin-homologues and
named it Rabin8. This protein was found to interact with Rab8A and Rab8b in the two-
hybrid system specifically in the GDP-bound conformation, and with Rab3 Awt as well
as GDP-bound Rab3A. As expected it did not interact with Rab8A, Rab8b, or Rab3A in
their GTP-bound conformations.

In the second screen Rab8Awt was used as bait, lacking the C-terminal sequence
for lipid modification. The library chosen was a human kidney cDNA cloned in
the appropriate plasmid. The reason for the change of library was that Rab8A has a
higher expression in kidney than brain. Out of the 1.2 million clones screened, a few
hundred colonies were found expressing the reporter genes. These were grouped using
hybridization and the cDNA inserts were simultaneously isolated and checked for the
restriction-digest pattern. Several groups of clones were found. Representative clones
were tested back in the two-hybrid system and clones interacting specifically with the
GTP-form of Rab8, but not the GDP-form, were sequenced. Among the polypeptides
found were sequences identical to proteins found in the gene bank, two of these FIP-2
and JFC1.

4.2 FIP-2 (Publication I)

4.2.1 A coiled-coil protein interacting with Rab8-GTP

Some polypeptides discovered in the two-hybrid screen, interacting with Rab8
specifically in the GTP-bound form, were found identical in nucleotide sequence with
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a protein in genebank called FIP-2 (Li et al. 1998). FIP-2 is a coiled-coil protein that
is related to the NEMO protein, therefore also termed NRP (NEMO Related Protein).
Further adding to the terminology confusion, a protein with identical sequence has also
been named optineurin (Rezaie ez al. 2002). Although not an apoptosis-inducing protein
itself, FIP-2 interacts with the adenoviral E4-13.7 protein and prevents this adenoviral
protein from inhibiting apoptosis due to NF-KB activation (Li ef al. 1998). Mutations
in the optineurin gene were identified as the cause for adult-onset primary open-angle
glaucoma and the authors speculate that optineurin could have a neuroprotective function
(Rezaie et al. 2002).

The full length cDNA of FIP-2 was cloned by PCR from human kidney cDNA and
further tested in the two-hybrid system against a panel of different proteins. Full length
FIP-2 interacted with Rab8A and Rab8b in the GTP-bound form and with wild type
Rab8A and Rab8b but not with the GDP-bound form of either Rab8A or Rab8b. FIP-2
did not interact with either Rab2 or Rab3A, or with the negative control laminin provided
with the system. These results show that the interaction of Rab8 with FIP-2 is highly
specific and is likely to be relevant in vivo. I produced FIP-2 as a GST-fusion protein in
order to test the binding of Rab8 and FIP-2 by GST-pulldown assay, but unfortunately
both Rab8 and FIP-2 were insoluble when expressed in E.coli. However, a deletion
mutant of FIP-2 was soluble as GST-fusion. Beads coupled to GST-FIP-2D were able
to pull down in vitro translated GTP-Rab8 but not GDP-Rab8, whereas beads with GST
alone did not pull down in vitro translated Rab8 in either form. These results reinforce
the two-hybrid results showing a specific interaction between activated Rab8 and FIP-
2. We also showed that the GTP-bound form of Rab8 is the preferred in vivo binding
partner for FIP-2. This was tested by co-transfection of FIP-2 with his-tagged Rab§
mutants locked in either the GTP bound form (His-Rab8-Q67L) or the GDP-bound form
(His-Rab8-T22N). Post-nuclear fractions of these cells were chemically cross-linked and
then bound to Talon resin, which binds the His-tagged Rab protein. Substantially more
FIP-2 bound to His-Rab8-Q67L beads than to the His-Rab8-T22N beads.

4.2.2 FIP-2 links RabS8 to the Huntingtin protein

A polypeptide found in the gene bank, shown to interact with the N-terminal region of
the Huntingtin protein (Faber et al. 1998), has sequence identity with a part of the FIP-
2 sequence. | was unable to clone full length huntingtin but instead managed to clone
a polypeptide containing the first 555 amino acids of Huntingtin. This construct was
tested in the two-hybrid system against full length FIP-2. I found that FIP-2 interacts
with Huntingtin (1-555), but that Rab8 does not. In order to map the regions of FIP-2
important for binding to Rab8 and Huntingtin, I constructed deletion mutants and tested
these in the two-hybrid system for interaction. Huntingtin (1-555) and Rab8 seemed to
interact with separate regions of FIP-2. Whereas Rab8 interacts with a region in the N-
terminus of FIP-2, Huntingtin interacts with a region in the C-terminus. A triple staining
of transformed cells show partial co-localization of Rab8, FIP-2, and Huntingtin and
although I have not been able to show a simultaneous interaction of the three proteins it
is still an intriguing possibility.

39



Results and Discussion

In most cell types examined, FIP-2 has been shown to localize to the Golgi apparatus
(Schwamborn et al. 2000, Stroissnigg et al. 2002). We also saw a partial co-localization
of endogenous FIP-2 with the Golgi marker p115 in HT1080 cells (Fig 5, unpublished).
In mature chicken erythrocytes FIP-2 was instead found in the marginal band (Stroissnigg
et al. 2002). The marginal band is a thick ring-shaped microtubule bundle believed
to perform a structural role in erythrocytes. We did not test the possibility of a direct
interaction between FIP-2 and microtubules. However, Hoffner ef al. (2002) have shown
that Huntingtin, which binds FIP-2, specifically interacts with -tubulin and binds to
microtubules. The perinuclear localization of Huntingtin was shown to be a consequence
of this interaction (Hoftner ef al. 2002). Recently, FIP-2/optineurin has been shown to
be essential for the structure of the Golgi complex (Sahlender et al. 2005). When FIP-2
was depleted from cells by RNAI, the Golgi complex was fragmented into vesicular and
short tubular structures, dispersed throughout the cytoplasm. The overall structure of the
fragments was preserved, but the ribbon structure of Golgi was lost. The morphological
changes observed were similar to those seen when microtubules are disrupted by drugs
such as nocodazole, suggesting that FIP-2 may link Golgi membranes, directly or
indirectly, to microtubules around the MTOC (Sahlender et al. 2005).

4.2.3 FIP-2 and vesicle transport

The intracellular localization of Huntingtin has implicated it in vesicle transport
(DiFiglia et al. 1995, Velier et al. 1998). Our finding that Huntingtin is indirectly linked
to Rab8 strongly supports this. In addition, Huntingtin has also been directly implicated
in vesicle transport of neurotrophic factors along microtubules (Gauthiere et al. 2004).

A similar intracellular distribution of Huntingtin (Velier ef al. 1998) and Rab8
(Perdnen et al. 1996, Huber et al. 1993a) (to the plasma membrane, the trans-Golgi
network and to vesicles in the cytoplasm), indicates that these proteins may interact
directly or indirectly. We wanted to determine how FIP-2, Huntingtin and Rab8 affect the
localization of each other in cells. We found that FIP-2 was able to redistribute Huntingtin
from the cytoplasm onto vesicular structures and that Rab8-Q67L also co-localizes with
FIP-2. We believe that Rab8 can recruit Huntingtin to these vesicular structures with
the help of endogenous FIP-2. Recently Sahlender et al. (2005) has suggested a similar
complex, linking Rab8 to myosinVI via FIP-2/optineurin. The authors show that the tail
of myosin VI binds directly to optineurin and suggest that this interaction links the small
GTPase Rab8 to the actin based motor protein myosinVI.

Fig 5. Co-localization of endogenous FIP-2 with the Golgi marker p115. (Peridnen,
unpublished)
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4.2.4 FIP-2 and Rab8 both affect cell morphogenesis

Expression of Huntingtin (1-555) did not markedly change cell shape whereas moderate
expression of FIP-2 led to formation of extended lamellar and tail structures. This
phenomenon was inhibited by expression of Rab8-22N suggesting that FIP-2 may act
upstream of Rab8. Interestingly, another Huntingtin binding protein, HAP-1, has been
shown to promote neurite extension in PC12 cells (Li et al. 2000). This together with
the fact that FIP-2 also affects cell shape implicates Huntingtin in processes controlling
cell morphogenesis. HAP-1 links Huntingtin to dynactin, suggesting that Huntingtin
could be part of a protein complex needed for the motility of membrane vesicles along
microtubules (Engelender er al. 1997). In addition, HAP-1 binds a Trio-like polypeptide
with a Racl GEF-domain that is involved in actin dynamics (Colomer et al. 1997).
Huntingtin also interacts with HIP1, a protein that links membrane vesicles to the
actin cytoskeleton (Wanker et al. 1997). These facts along with the findings that FIP-2
associates with the myosinVI motor protein (Sahlender et al. 2005) implicate Rab8 in
rearrangements of both actin and microtubules.

The fact that FIP-2 expression can be induced by TNF-a (Li ez al. 1998) is interesting
because Rab§ also binds another protein Rab8ip/germinal center kinase (GCK), which
is activated by TNF-a (Ren et al. 1996). One role for Rab8 could thus be in mediating
responses to stress. Some evidence implicates an important role for Huntingtin in
apoptosis (Zeitlin et al. 1995, Rigamonti et al. 2000). FIP-2 interacts with the adenoviral
protein E3-14.7K protein, which protects cells from apoptosis induced by TNF-a.. E3-
14.7K and Huntingtin bind to a C-terminal region of FIP-2 raising the possibility that
binding of Huntingtin to FIP-2 could mediate apoptotic signals. Interestingly, recently it
was shown that optineurin/FIP-2 increases cell survival and that this is associated with
translocation of optineurin into the cell nucleus in a Rab8-dependent manner upon an
apoptotic stimulus (De Marco et al. 2006). The fact that expression of mutant Huntingtin
increases the expression of several inflammatory-related mRNAs (Luthi-Carter et al.
2000) also supports this hypothesis.

4.3 Rabin8 (publication II)

I have identified a GEF, specific for Rab8 that is recruited onto vesicles and is translocated
possibly along actin filaments to dynamic actin-containing protrusions at the cell
periphery. This process can be induced by phorbol esters and leads to cell polarization
by modulating actin organization.

4.3.1 A coiled-coil protein interacting with Rab8-GDP

Several polypeptides with high sequence homology to a known protein from rat called
Rabin3 were found in the two-hybrid screen for proteins interacting with the GDP-
mutant of Rab8b (T22N). Rat Rabin3 is a protein of unknown function that interacts
specifically with Rab3 A in its GDP-bound or nucleotide-free state (Brondyk ef al. 1995).
None of the clones contained the full-length cDNA of the human gene, so a commercial
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human-brain lambda-triplex cDNA library was screened for the full-length sequence. A
PCR-based method was used to isolate candidate phages and finally hybridization was
performed to identify the positive phages. Two independent phages were picked and the
cDNAs were isolated and then sequenced. Both clones contained the full-length cDNA
of the protein we have named Rabin8, the same CDS has since been entered into the gene
bank by others (NCBI; accession # BC002556). Rabin8 was tested in the two-hybrid
system against a panel of different proteins and was found to interact specifically with
Rab8A and Rab8b in the GDP-bound form and with Rab3 A more strongly in the GDP-
bound form than with wild-type. It does not interact with the more distantly related Rab2
protein, indicating that the interaction of Rabin8 with Rab8 is highly specific. These
results were confirmed by other in vitro binding studies. /n vitro binding experiments
also showed that Rabin8 has the potential to form homodimers or multimers.

I constructed a number of deletion mutants of Rabin8 to find the region(s) needed
for binding of Rab8. I found that neither the N-terminal half (aal-221) nor the C-terminal
half (aa222-460) was able to bind Rab8-T22N in the two-hybrid system. However, the 1-
316aa and 101-316aa constructs were able to bind the GDP-bound forms of Rab8A and
Rab8b. The Rabin8 (101-316)-construct, able to bind Rab8-T22N, contains the entire
coiled-coil domain (aal49-244) as well as a potential RhoA-binding HR1 motif. We
were not able, however, to show any interaction between Rabin8 and RhoA either in
two-hybrid or in vitro-binding assays (Hattula and Perénen, unpublished).

4.3.2 Rabin8 is a Rab8-specific GEF

The expression of Rabin8 was examined by Northern blot analysis of several adult
human tissues. It was found to have a similar expression pattern as in rat for Rabin3.
The mRNA was detected in all tissues tested with the highest level of expression in
brain, heart, and kidney. The signal was very weak possibly suggesting that the message
was low in abundance. To obtain Rabin8-specific antibodies we produced recombinant
Rabin8 as a his-GST fusion protein from the pGAT2 vector, and antibodies to this fusion
protein were raised in rabbits. Affinity purified anti-Rabin8 antibodies were used to
detect Rabin8 from the lysates of several cell lines (HeLa, Jurkat, A431, and endothelial
cells). A band of the appropriate size, 50kDa, was detected in all four cell-lines with the
highest abundance in Jurkat and A431 cells and the lowest in endothelial cells.

When expressed in cells Rabin8 was found localizing to the plasma membrane
and in some cells it induced the formation of processes resembling those seen in cells
expressing activated Rab8, indicating that Rabin8 expression activates Rab§ in vivo.
In GDP/GTP-exchange assays recombinant NusA-Rabin8 was then shown to increase
the rates of GDP release as well as GTP binding on recombinant Rab8, but not on
Rab3A or Rab5, showing that Rabin8 is an exchange factor specific for Rab8. When rat
Rabin3 was cloned and expressed as recombinant NusA-Rabin3 we, like the original
authors (Brondyk ef al. 1998), could not show an exchange activity towards Rab3A. We
did, however, show a clear GDP/GTP-exchange activity with Rab8 as substrate. Our
conclusion therefore is that also the rat Rabin3 is a GEF specific for Rab8.

Only a few Rab GEFs have so far been identified. Two of these, Rabex-5 (Horiuchi
et al. 1997) and RIN (Tall et al. 2001), are both exchange factors for Rab5. Rab3-GEP,
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shows GEF activity towards Rab3A, Rab3C, and Rab3D but not Rab3B (Wada et al.
1997) and a Rab3-GEP homologue, AEX-3 has been found in Caenorhabditis elegans
(Iwasaki and Toyonaga 1997). None of these GEFs show sequence identity with Rabin§.
In yeast, however, Sec2, the exchange factor for the Rab8 homologue Sec4, does show
some identity with Rabin8 (Walch-Solimena et al. 1997), as does the Rab3-specific GEF,
GRAB (Luo et al. 2001). Rabin8 and GRAB show an overall sequence homology of
60%, and their coiled-coil domains, which in both cases are used for Rab-binding, are
almost identical. It has also been shown that GRAB binds inositol hexaphosphate kinase
(InsP6K1) through the same coiled-coil region (Luo et al. 2001), suggesting that this
may also be the case for Rabin8. However, we have not tested this.

4.3.3 Rabins is closely associated with actin structures

HeLa cells transfected with Rabin8 had less stress fibers than the untransfected cells
and showed an increase in ruffles and protrusions at the cell surface. Rabin8 was shown
to co-localize with actin in these structures. Disruption of microtubules by treatment
with nocodazole led to the formation of strong stress fibers. In such cells Rabin8 was
detected uniformly along the cell membrane rather than being found co-localizing with
actin. The RhoG-specific GEF, TrioD1, has shown a similar sensitivity to microtubule
depolymerization (Blangy et al. 2000). Treatment of Rabin8 transfected cells with
cytochalasin D, disrupting the cortical actin, led to Rabin8 being found in patches
together with actin. In yeast, the Sec4 GEF, Sec2, has been shown to be dependent
on actin for its localization (Elkind et al. 2000). Although we could not detect a direct
interaction between Rabin8 and purified actin in vitro, our results still indicate that Rabin8
is dependent on microtubules for proper function and is closely associated with the actin
cytoskeleton. The association with actin is likely to be indirect, possibly mediated by
myosins. Interestingly, Rab8 has been shown to co-localize with the tail of myosin-Vc
when expressed in HeLa cells (Rodriguez and Cheney 2002) and FIP-2, another Rab8
interacting protein, has been found to bind to the tail of myosin VI (Sahlender et al.
2005). Alternatively, Rabin8 could bind a lipid or a lipid-binding protein at the plasma
membrane that participates in actin dynamics (Lanier and Gertler 2000).

Phorbol esters activate PKC and modulate actin assembly. Treatment of HeLa
cells with phorbol esters, thereby activating PKC, leads to loss of stress fibers and the
appearance of actin-containing protrusions, resembling lamellipodia (Frank et al. 1998).
In addition, phorbol esters regulate the expression of the Rab8-interacting protein, FIP-2
(publication I, Schwamborn ef al. 2000). In view of all this along with our observation
that Rabin8 seems to be closely associated with the actin cytoskeleton, we wanted to
examine the effect of phorbol ester on cells expressing Rabin8. Treatment of Rabin8-
transfected cells with PMA (phorbol ester) lead to a dramatic redistribution of both
actin and Rabin8 to the periphery of lamellipodial structures. ARNO, a GEF for Arfo6,
has also been shown to re-localize in a similar way in cells treated with phorbol ester
(Frank et al. 1998). Rab8 specific vesicles in cells treated with PMA also redistributed
from the perinuclear region to a location close to the Rabin8 positive area. These results
show that activation of PKC promotes a polarized distribution of Rab8 and Rabin8 to
actin-containing structures at the cell surface, and indicates that the polarization of Rab8
vesicles to the cell periphery is linked to Rabin8’s translocation.
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4.3.4 Rabin8 mediates polarized membrane transport of Rab8-specific vesicles

In cells co-transfected with dominant negative Rab8-T22N and Rabin8 we could see
re-localization of both Rab8-T22N and Rabin8 to intracellular vesicles. These vesicles
could sometimes be seen in rows along actin fibers, possibly traveling along these
filaments to the cell surface where the vesicles accumulate at the tips of actin containing
protrusions. Rabin8 seems to neutralize the negative effect of dominant negative Rab8-
T22N and promoted the formation of cell protrusions, perhaps by activating endogenous
Rab8. Since co-transfection of Rabin8 with dominant active Rab8-Q67L did not result
in redistribution of Rabin8 from the plasma membrane onto vesicles, the recruitment of
Rabin8 must be dependent on GDP-Rabs8.

A mutant Rabin8, lacking the C-terminal end, that is still able to bind Rab8, was co-
transfected with dominant negative Rab8-T22N. The result was that the cells no longer
became polarized. Vesicles positive only for Rab8 were seen in the perinuclear region
and not at the cell periphery where the mutant Rabin8 was found. The co-localization
on intracellular vesicles observed with Rab-T22N and full length Rabin8 was abolished
in these cells. This implies that Rabin8’s C-terminal end is essential for the recruitment
of Rabin8 onto Rab§ vesicles and is also necessary for the Rab§8 vesicles to be targeted
to the plasma membrane. The targeting could possibly be achieved by way of Rabin§
binding to a membrane bound receptor, as has been suggested for Sec2 (Elkind et al.
2000). Interestingly, a protein called Elp1 was recently shown to bind to the C-terminus
of Sec2p, the yeast homolog of Rabin8 (Rahl ef al. 2005). Furthermore, the Sec2p
interaction domain of Elp1 is necessary for the function and localization of Sec2p.
Whether the human homolog of Elpl, IKAP, is necessary for Rabin8 function is not
known.

Could Rab GEFs have roles other than to simply activate their Rab proteins? Rabin8
is a coiled-coil protein that has the potential to self-associate. It does not appear to bind
actin directly but it is nonetheless closely associated with cortical actin. Rabin8 could
achieve this by binding an actin-binding protein like myosin or perhaps a lipid or lipid-
binding protein at the membrane participating in actin dynamics. Vesicular Rabin8 could
bind an actin associated Rabin8 at the plasma membrane, and Rabin8 self-association
could promote vesicle movement along actin filaments to an appropriate site for fusion.
It is not known whether Rabin8 is needed for the initial transport of Rab8 vesicles along
microtubules to actin filaments. Rabin8 might activate Rab8 at several points during
transport to the cell surface, and could allow for the recruitment of different Rab§8
effectors during vesicle generation, movement and fusion or alternatively other Rab§-
specific GEFs may be involved in these processes.

4.4 Characterization of the Rab8-specific membrane traffic route linked to
protrusion formation (Publication I1I)

4.4.1 Rab8 affects cell polarity.
The membrane traffic route regulated by Rabs is still somewhat unclear. Several reports
though, indicate an important role for Rab8 in the regulation of cell morphogenesis and

cell fate. Expression of Rab8 has a big impact on cell shape due to reorganization of the
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actin and microtubule cytoskeleton (Armstrong et al. 1996, Perdnen et al. 1996, Chen
et al. 2001). Also the Rab8-interacting proteins Rabin8 and FIP-2/optineurin modulate
cell morphogenesis (publication II, publication I, Li et al. 1998). Mutant Rab8 has been
shown to cause cell death of transgenic Xenopus rods (Moritz et al. 2001), and depletion
of Rab8 has been shown to inhibit neurite outgrowth (Huber et al. 1995). Furthermore,
mutations in optineurin/FIP-2 cause primary open-angle glaucoma (Rezaie et al. 2002)
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Fig. 6. Rab8 depletion promotes cell-cell adhesion and leads to loss of cell polarity. (This
figure is a composite of Fig.1 and Suppl. Fig.1, publication III). The cells were either transfected
with a control RNAi (A, C, E) or with a Rab8-specific RNAi (B, D, F). Shown in A-D are
HT1080 fibrosarcoma cells where a marked difference in cell shape and cell-cell contact can be
noted. The cells in E and F illustrate the same phenomenon at a higher magnification, only they
are HeLa cells stained with anti-transferrin receptor. Cells transfected with the control RNAi are
elongated with protrusions, while cells depleted of Rab8 are more symmetric and form close
cell-cell contacts.
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and in ADPKD (autosomal dominant polycystic kidney disease) cell loss of polarity is
associated with redistribution of Rab8 (Charron et al. 2000).

In order to discover more about Rab8 function in cells, we created stable cell
lines (HT1080 fibrosarcoma cells) expressing Rab8 constitutively active (Q67L) and
dominant negative (T22N), fused to the C-terminus of enhanced green fluorescent
protein (EGFP). These cell lines were compared by microscopy to control cells stably
transfected with the expression vector (pEGFP-C1). The cells expressing Rab8-T22N
lost their polarity, acquired a cubical organized structure, and grew closely together, in a
way resembling epithelial cells. Importantly, depletion of Rab8 by siRNA also promoted
cell-cell adhesion and led to inhibition of cell protrusions (Fig. 6). In contrast, the cells
expressing Rab8-Q67L were very spiked in appearance with long protrusions and
seemed to have lost contact inhibition; at times it looked like they could crawl on top
of each other. Together, this suggests that Rab8 is essential in regulating cell protrusion,
cell-cell adhesion and polarity.

In publication 11, we showed that endogenous Rab8 exhibited a polarized localization
to the tips of protrusions in HeLa cells and was often found in filopodia. We discovered
that some cells lacked a polarized distribution of Rab8 and decided to test whether this
was due to cell density. We found that cells plated in low density had a very high ratio of
polarized Rab8 whereas cells plated confluent had very little polarized Rab8. Dominant
negative Rab8-T22N localizes to the perinuclear region, similarly to endogenous Rab8
in non-polar cells (cells plated at high density). In contrast, the constitutively active
Rab8-Q67L localizes to the cell periphery, the plasma membrane and tips of protrusions
as does the endogenous Rab8 in polarized cells (cells plated at low density). Polarized
distribution of endogenous Rab8 is indeed linked to cell density.

4.4.2 Rab8 compartmentalization

No clear evidence has been presented on the compartmentalization of Rab8. In
publication III, we show the distribution of Rab8 compared to several marker proteins.
Constitutively active Rab8-Q67L (GFP- or myc-tagged) co-localizes with B1 integrin on
intracellular vesicles and on large tubular structures. These tubules, about 10-20um long,
were often seen in cell protrusions. Dominant negative (GFP- or myc-tagged) Rab8-
T22N, however, showed reduced co-localization with 1 integrin. Instead, it was found
in a reticular region surrounding large vacuoles containing accumulated 1 integrin.
This accumulation of integrin into vacuoles was associated with loss of cell protrusions
and an increase in cell symmetry. Co-expression studies show that Rab8-T22N inhibits
the tubular structures and cell surface extensions induced by Rab8-Q67L, indicating
that the activity of the Rab8/B1 integrin-positive tubular membrane compartment is
associated with formation of cell surface extensions. Often studying the localization of
endogenous protein in cells is hampered by bad antibodies and low levels of targets. We
have, however, raised an antibody that after affinity purification worked very well in
paraformaldehyde fixed cells. Using this antibody we were able to show that endogenous
Rab8 was found on the same vesicular and tubular structures as seen for expressed
tagged versions of Rab8. Moreover, endogenous Rab8 was seen co-localizing with 1
integrin on tubular structures in several human cell lines eg. HeLa, Paju, and HT1080.
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To test if Rab8 is linked to receptor-mediated endocytosis and/or recycling we
looked at co-localization of endogenous Rab8 with GFP-tagged Rab4, Rab5 and Rab11
in HT1080 cells. Very little co-localization of endogenous Rab8 was seen with Rab4 and
Rab5, while some co-localization was observed with Rab11. This co-localization was
observed in a pericentriolar region (possibly corresponding to the endocytic recycling
compartment), on vesicles at the leading edge and sometimes in the tips of protrusions.
The partial co-localization of Rab8 with Rabl11 points to a possible role for Rab8 in
the trafficking of transferrin (Tfn) and the transferrin receptor (Tfn-R). We therefore
proceeded to look at Tfn internalization and recycling in Rab8 depleted cells.

There was no difference in uptake of Ttn in Rab8 depleted cells compared with the
control cells. However, in control cells Ttnh accumulated in the pericentriolar region,
whereas in Rab8-depleted cells Ttn-vesicles were randomly scattered in the cytoplasm.
In both Rab8-depleted and control cells Tfn was then externalized normally. We also
looked at the effect of expressing mutant Rab8-T22N or Rab8-Q67L. Expression of the
dominant negative Rab8-T22N had the same effect as Rab8 depletion, that is, vesicles
with Tfn were found scattered randomly instead of accumulating in the pericentriolar
region as seen with the cells expressing the activated Rab8-Q67L (data not shown).
Rab8 activity thus does not seem to be needed for internalization and recycling of Ttn
but rather its delivery to the pericentriolar region.

Next we looked at the distribution of the Tfn-R in Rab8-depleted cells. In control
HeLa cells Tfn-R was found accumulated in the pericentriolar region in about 60%
of the cells, and in 30% of the cells Tfn-R co-localized with Rab8 in protrusions. In
Rab8-depleted cells, however, Tfn-R was randomly located in vesicles throughout the
cytoplasm. In these cells we hardly saw any accumulation of Tfn-R in protrusions.
We therefore conclude that Rab§8 activity is required for directing the Tfn-R to the
pericentriolar region and to cell surface protrusions. In agreement with this Rab8 has
been shown to be important for the polarized targeting of AMPA receptors to the spine
surface and for AMPA receptor recycling at the post synaptic terminal (Gerges et al.
2004).

Rab8 and Rabl1 thus seem to direct different aspects of Tfn/Tfn-R recycling.
Rabl1 controls the transport of Tfn from the endocytic recycling center (ERC) to the
plasma membrane and Rab8 is instead needed for the delivery of Tfn/Tfn-R to the ERC
(Ullrich et al. 1996, publication III). In Rab8-depleted cells Ttn is seen in small vesicles,
probably representing sorting endosomes. Their recycling was largely unaffected by
Rab8 depletion and is most likely regulated by a Rab4-dependent pathway. The role
of Rab8 may be indirect, perhaps by regulating cytoskeleton-based movement of
vesicles (Chabrillat et al. 2005, publication III). Overexpression of the tail of myosin-
Ve has been shown to lead to colocalization of Tfn-R and Rab8, and to perturb Tfn
trafficking (Rodriguez and Cheney 2002). Rab8 has furthermore been shown to regulate
microtubule dynamics (Perénen et al. 1996). It is therefore feasible that one explanation
for the random localization and transport of Tfn/Tfn-R in Rab8-depleted cells is for
Rab8 to be involved in organization of the ERC and in facilitation of vesicle movement
along microtubules from the ERC to cell surface domains.

We had observed that in stable cell lines expressing dominant negative Rab8-
T22N the cells were symmetric in shape and had close cell-cell contacts, unlike the
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cells expressing wt Rab8 or constitutively active Rab8-Q67L. We wanted to look at
B-catenin in these cell lines to further assess the potential role of Rab§8 in cell-cell
adhesion. In Rab8-T22N transfected cells, B-catenin was found mainly at sites of
cell-cell contacts (data not shown) correlating with the fact that Rab8-T22N seems to
promote the formation of cell-cell contacts (Hattula and Perdnen, unpublished). In Rab8-
QO67L transfected cells though, cell-cell contacts were lost and -catenin was instead
found in a perinuclear region and at the tips of protrusions partially co-localizing with
Rab8-Q67L (data not shown). Interestingly, expression of Rab8-Q67L in polarized
epithelial cells (MDCK) also promoted redistribution of some -catenin to Rab8-specific
vesicles (Hattula and Perdnen, unpublished). Moreover, these MDCK cells showed cell
protrusions or extensions that had grown through the region between adjacent cells (data
not shown). These findings indicate that Rab8 activation is associated with turnover of
components of the adherens junction, and that Rab8 might be important in modulating
cell polarity in situations where a rapid change in the cell shape is needed.

4.4.3 Cross-talk between Rab8 and RhoA

Rab8 expression is associated with actin reorganization by exchanging actin stress fibers
for actin-containing ruffles, lamellipodia and filopodia (Perénen et al. 1996, Perinen
and Furuhjelm 2001). Since actin polymerization/depolymerization might influence the
dynamics of Rab8-containing vesicles we went on to investigate its role by incubating
cells with cytochalasin D, an actin depolymerizing drug.

Addition of cytochalasin D led to a dramatic increase in the number of cells
containing tubular structures that stained for endogenous Rab8. Similar results were also
seen upon latrunculin B addition and upon expression of EGFP-C3 exotransferase (data
not shown). When cells transfected with RhoA-T19N were treated with cytochalasin
D, there was still the same increase in tubule formation. Expression of RhoA-G14V,
however, clearly inhibited the formation of these tubules. In these cells the tubules
were replaced by vesicular structures that were found mainly in a perinuclear region.
In cells expressing RhoA-T19N, not treated with cytochalasin D, we found that Rab8
was localized normally, accumulating in cell protrusions. In cells not treated with
cytochalasin D instead expressing RhoA-G14V, Rab8 was redistributed to a perinuclear
region. Here we also saw a slight reduction in number of cells containing tubules (not
shown). We also showed that microtubules are essential for the formation of Rab8-
specific tubules as virtually no tubules could be seen if cells were pre-treated with
nocodazole, a microtubule depolymerizing drug, before addition of cytochalasin D.

Rab8 has been shown to promote polarized transport of the G protein of the
vesicular stomatitis virus (VSV G) (Perdnen et al. 1996). When cells expressing a GFP
fusion of VSV G (VSVG3-GFP) were treated with cytochalasin D, Rab8 and VSVG3-
GFP co-localized to patches on the plasma membrane where Rab8 tubules entered (Fig.
7). However, we seldom saw VSVG3-GFP in these tubules. Instead, GFP-vesicles could
be seen following the same pathway as the Rab8-tubules, indicating that Rab8 indirectly
promotes the polarized delivery of VSVG3-GFP vesicles (data not shown). This is
also supported by the fact that Rab8 depletion by siRNA does not inhibit the traffic of
VSVG3-GFP to the plasma membrane (Perdnen, unpublished).
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Altogether, these results demonstrate that actin polymerization and depolymerization,
regulated by RhoA, in addition to microtubules have a critical role in the biogenesis of
Rab8-specific tubular structures.

4.4.4 Clathrin-independent pathways in Rab8 mediated processes

Arf6, Rab22a and dynamin mutants have been shown to inhibit the transport of
CTxB (Kirkham et al. 2005, Mesa et al. 2005). Rab8 colocalizes with Arf6, Rab22b,
and somewhat with Rab22a, indicating that Rab8 together with these proteins could
be involved in regulation of the clathrin-independent pathway through which CTxB
is transported (Rodriguez-Gabin ef al. 2001, publication III, Perdnen unpublished).
Trafficking of CTxB is furthermore actin-dependent as is the Rab8-specific recycling
pathway (Badizadegan et al. 2004, publication III). Cholera toxin B (CTxB) enters the
cell in different ways (Shogomori and Futerman 2001, Massol et al. 2004, Kirkham et
al. 2005). It can for example bind to the glycosphingolipid GM1 through which it is then
endocytosed via the Golgi complex to the ER (Kirkham et al. 2005).

We investigated the possible role for Rab8 in the transport of CTxB to the Golgi
complex by applying Alexa-594 conjugated CTxB to cells depleted of Rab8 by RNAi
and by comparing these to control cells treated in the same way. After a 30 min chase
about 80% of the cells treated with control RNAi showed a Golgi-specific staining
compared with only 15% of the cells treated with Rab8-specific RNAI. In the Rab8
depleted cells the CTxB was found on the plasma membrane and on small peripheral
vesicles. However, a longer chase period increased the Golgi accumulation of CTxB
in Rab8 depleted cells, suggesting that although Rab8 does not block the retrograde
transport of CTxB it clearly slows it down. Consequently Rab8 is likely to function at a
step between the plasma membrane and the Golgi complex.

Arf6 regulates membrane traffic between the plasma membrane (PM) and a non-
clathrin derived endosomal compartment. Arf6-positive tubular structures, similar to
the Rab8-specific tubules we have described here, have previously been shown to form
upon treatment of cells with cytochalasin D (Brown et al. 2001). We saw that in cells
expressing Arf6 wt, treated with cytochalasin D, these tubular structures stained positive

VSVG3-GFP

Fig. 7. Distribution of endogenous Rab8 and VSV-GFP after cytochalasin D treatment. Rab8
is found on tubular structures (arrows) that sometimes are connected to patches at the plasma
membrane containing Rab8 and VSV-GFP (arrow heads). (Hattula and Peranen, unpublished.)
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both for the recombinant Arf6 and endogenous Rab8. The tubules also contained (1-
integrin, plakoglobin and -catenin, as has been previously shown for Arf6-tubules (data
not shown, Brown ef al. 2001). Depletion of Rab8 by RNAI led to a clear decrease in the
number of Arf6 tubules and instead a stronger staining of Arf6 on the plasma membrane
(not shown). Furthermore while expression of dominant negative Arf6-T27N didn’t
affect the formation of Rab§-specific tubules in cells after treatment with cytochalasin
D, expression instead of constitutively active Arf6-Q67L effectively blocked it. In these
cells Rab8 tubules were absent or found fragmented as small vesicles.

Co-transfection of Arf6 wt with Rab8-Q67L led to re-localization of both Arf6
and Rab8 to tubules, seen entering lamellae in prominent cell surface extensions. Co-
transfecting cells with dominant negative Arf6-T27N and Rab8-T22N led to cells lacking
extensions and in these cells Rab8 and Arf6 co-localized on intracellular vesicles (not
shown). Arf6-T27N partially inhibited cell surface extension induced by Rab8-Q67L
and these two recombinant proteins were seen to co-localize on vesicles and tubules in
cells where they were co-transfected. Cells transfected with activated Arf6-Q67L, were
rounded and accumulated large vacuoles, as has been previously shown for other cell
lines (Brown et al. 2001, Santy 2002). Co-transfection of Arf6-Q67L and Rab8-Q67L
inhibited the Rab8 induced cell extension and re-located Rab8-Q67L to a perinuclear
region, where Rab8-T22N is normally seen, indicating that Arf6 works upstream of
Rab8. Taken together, our results clearly suggest that Arf6 and Rab8 are functionally
linked in the control of recycling of membranes that participate in the formation of cell
surface extensions.

4.4.5 JFCI is a RabS§-specific effector

As previously described (publication I), we used Rab8A wt as bait to screen a human
kidney yeast two-hybrid cDNA library to look for novel Rab8 effector proteins. We found
several identical clones that correspond to the open reading frame encoding the human
JFCI protein (McAdara-Berkowitz et al. 2001). JFC1 is a member of the synaptogamin-
like protein (Slp) family, and has been shown to interact with Akt, Rab27a, and the
NADPH oxidase (Johnson et al. 2005a, Johnson et al. 2005b, McAdara-Berkowitz et
al. 2001).

In the yeast two hybrid system we found that JFC1 interacted with both mutants
of Rab27a, GDP-bound T23N and GTP-bound Q78L, but not with negative controls
Rab2-Q65L or laminin. In contrast to the result with Rab27a, JFC1 interacted highly
specifically with Rab§8; binding to Rab8 wt and GTP-bound Rab8-Q67L but not to
GDP-bound Rab8-T22N. These results were followed up by in vitro binding studies,
confirming the interaction of Rab8 and JFC1. In these assays the binding of JFC1 was
both stronger and more specific to Rab8 than to Rab27a. Another set of experiments
where GST-JFC1 was used to pull down Rab8 from cell extracts further strengthened
the case for a highly specific interaction between JFC1 and Rab8. Recombinant GFP-
Rab8-Q67L as well as endogenous Rab8 was efficiently pulled down by GST-JFCI,
whereas recombinant GFP-Rab8-T22N was not. The fact JFC1 interacts with Rab27a as
well as Rab8 suggests that these Rab proteins may functionally overlap. This is further
supported by studies showing co-localization of Rab8 and Rab27a on dense-core vesicles
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and melanosomes, and involvement of both Rabs in actin-dependent movement of the
melanosomes (Chabrillat et al. 2005, Fukuda et al. 2002a). Moreover, Slp4-a, another
member of the Slp family, has also been shown to bind both Rab8 and Rab27a (Fukuda
2003).

A co-transfection approach was used to show in vivo interaction between Rab8 and
JFCI. In the transfected cells JFCI is produced together with GST, GST-Rab8-T22N,
or GST-Rab8-Q67L. Cell lysates from these cells were incubated with glutathione-
Sepharose beads resulting in precipitation of JEC1 only by the GST-Rab8-Q67L protein.
Thus, JECI clearly prefers Rab8-GTP as a binding partner also in vivo. We frequently
saw co-localization of Rab8 with recombinant JFC1 in HeLa cells, an association that
was enhanced by treatment of the cells with cytochalasin D. We also saw that expression
of recombinant JFC1 increased the association of Rab8 with vesicles and tubules.
Coincident with this we observed a decrease in the number of Rab8-specific tubules and
an increase in the number of Rab8-specific vesicles and vacuoles. At the moment we do
not know whether this is due to an inhibition of tubule formation or a promotion of the
disassembly of existing tubules.

4.4.6 Rab8 mediates membrane recycling at the leading edge

To gain a better understanding of the Rab§8 transport route, we looked at GFP-tagged
Rab8 proteins by time-lapse video microscopy in living cells. In HT1080 cells expressing
GFP-Rab8-Q67L, Rab8-positive macropinosomes and vesicles are formed at ruffling
areas at the leading edge and transported toward the cell center. In addition we could
also see traffic of rapidly moving vesicles moving from the cell center toward the leading
edge. The macropinosomes are closely connected with tubular structures and we could
occasionally see smaller vesicles fuse with these tubules. We could furthermore see the
tubules independently attach to and detach from the plasma membrane.

We next looked at recombinant GFP-Rab8b wt in motile live NIH3T3 cells. GFP-
Rab8b was seen mainly at ruffling areas and on tubular structures forming at these areas.
Most of these tubules moved inwards toward the cell center but sometimes tubules
could also be seen traveling in the opposite direction, into protrusions. We also show
one example of a closer look at the leading edge. Membrane can be seen taken in from

Omin 10min

1!’

Fig. 8. Formation of Rab8-specific macropinsomes at the leading edge of HT1080
fibrosarcoma cells.
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a ruffling area, traveling to a large vacuole from where membrane is then directed to the
leading edge, promoting forward movement of lamellipodia. We conclude that the effect
of Rab8 on cell polarity, i.e. formation of protrusions, is linked to membrane recycling
at the leading edge.

We also studied the fate of Rab8 when stationary cells were incubated with the
actin-depolymerizing agent cytochalasin D. Previous results of ours from fixed cells had
shown that actin-depolymerization induces the formation of Rab8-specific tubules. Using
live cell imaging, we could see that the tubules were formed in the cell periphery and
moved towards the cell center where they accumulated as a tubular network. Membrane
recycling in these cells is inhibited, leading to cell retraction. After cytochalasin D was
washed off, new protrusions were formed, and the distribution of Rab8 was restored to
the cell periphery (Perénen, unpublished).

4.4.7 A model for the role of Rab8 in membrane traffic

Our model for the membrane recycling system controlling the formation of polarized
cell surface domains is illustrated in (Fig. 9). Rab8 controls a clathrin-independent
membrane recycling route that operates in association with Arf6, is closely connected
to actin dynamics, and dependent on microtubules. Protrusion formation is promoted by
directing the transport of membrane components to specific cell surface domains. Our
data clearly support the view that cell shape changes are not only controlled by actin and
microtubules, but also by membrane turnover.

We have seen that endogenous Rab8 is associated with cell protrusions in free
moving cells (publication II), but when cells form contacts Rab8 is relocalized to a
diffuse perinuclear region (publication II). The Rab8-specific GEF, Rabin8, associates
with actin-containing lamellipodia and ruffle-like structures at the plasma membrane,
indicating that Rab8 is activated there (publication II).

In publication III we have looked at live cells and seen that macropinosomes and
vesicles taken up at membrane ruffling areas fuse to form tubules and move inwards
toward the center of the cell. Membrane is further transported back to the plasma
membrane to form new cell protrusions. We have also seen that inhibiting this transport
route by depletion of Rab8 or by expression of dominant negative mutants of Rab8,
leads to cell-cell adhesion and abolishes protrusive activity.

Activated Rab8 produces a recycling compartment, consisting of vesicles and
tubules. Arf6 and Rab8 colocalize on the same tubules and both induce the formation
of protrusions (Perdnen et al. 1996, Radhakrishna and Donaldson 1997, publication
). It is also known that Arf6-Q67L overexpression results in inhibition of ruffling,
endocytosis as well as cell polarity (Brown et al. 2001, Santy 2002, Hashimoto et al.
2004b). In publication III we show that Arf6-Q67L inhibits the formation of Rab§-
tubules and decreases the formation of Rab8-induced cell protrusions. An explanation
for this could be that Arf6-GTP acts upstream of Rab8, by inhibiting membrane from
reaching the Rab8-recycling compartment.

The Rab8-pathway is in publication III shown to contain several markers known
to undergo internalization and recycling (1-integrin, transferrin, transferrin receptor,
and MHCI). It is further shown to contain several other markers known to participate in
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membrane recycling or secretion (Arf6, JFCI1, and Rab11). In accordance with several
other reports our results indicate that the membrane of the Rab8-pathway, containing
structural (adhesion receptors) and regulatory components (Arf6, Rho and Ras), is
recycled back to the plasma membrane via a recycling compartment for the formation
of new protrusions (Radhakrishna and Donaldson 1997, Ng et al. 1999, Furuhjelm and
Perdnen 2003, Deretic ef al. 2004, Powelka et al. 2004, Schlunk et al. 2004).

Rab8-T22N

Arf6-Q67L

Arf6-T27N Rab8-GDP

Fig 9. Model of the Rab8/Arf6-recycling compartment. Membrane is taken up by
macropinocytosis at ruffling areas, a process regulated by Arfo-GTP. The membranes are delivered
to the Rab8-recycling compartment after hydrolysis of GTP on Arf6. Activation of Rab8 produces
a recycling compartment, consisting of vesicles and tubules, containing the recycled membrane
components collected by Arf6. These membranes contain both structural (adhesion receptors) and
regulatory (Arf6, Rho and Ras) components that are recycled back to the leading edge where they
are needed to form new protrusions and a motile cell phenotype.
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5. CONCLUSIONS AND FUTURE PERSPECTIVES

Out of the proteins known to date to interact with Rab8A (Fig. 10), three are presented
in this thesis as novel Rab8-interacting proteins. In the two-hybrid screens I found many
more putative Rab8-interacting proteins. I expect some of these to be of great interest
when studied further, providing new insights as to the function of the Rab8 GTPase.
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Figure 10. The current Rab8A protein network.

The results of this work supports a model in which Rab8 and Arf6 together constitute
a recycling compartment for membranes participating in the formation of cell surface
extensions. Furthermore, actin polymerization/depolymerization, controlled by RhoA, is
vital to the function of Rab8 in controlling cell morphogenesis. Essential to unraveling
the whole picture is finding the molecular links of Rab8 to both RhoA and Arf6.
Experiments into how Arf6 and Rab8 cross-talk are currently underway.

Similarly, to unravel how Rab8 vesicles and tubules are transported along
microtubules and actin filaments it is crucial to find molecular links between Rab8 and
the cytoskeleton. Rabin8 could be one good candidate for a link with actin given that it
localizes to actin-containing structures like lamellipodia and ruffle regions of the plasma
membrane. We have not been able to show a direct interaction between Rabin8 and
actin, however, a possible molecular link could be a myosin. Rab8 has been shown to co-
localize with the expressed tail of myosin-Vc (Rodriguez and Cheney 2002). In addition
Sahlender et al. (2005) have shown that optineurin/FIP-2 links myosin VI to the Golgi
and that Rab8 recruits myosin VI onto Rab8-vesicles and tubules. Moreover, myosin VI
has been shown to localize to ruffles and membrane traffic vesicles in a similar way as
we have seen for Rab8 (Buss et al. 2002), making this particular myosin an interesting
subject to study further.
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What could be the molecular link to microtubules? It is known that Huntingtin binds
tubulin (Hoffner et al. 2002), and HAP-1 links Huntingtin to dynactin, suggesting that
Huntingtin could be part of a protein complex needed for the motility of membrane
vesicles along microtubules (Engelender et al. 1997). Huntingtin has also been directly
implicated in vesicular transport of neurotrophic factors along microtubules (Gauthiere
et al. 2004). Could Huntingtin then provide a link to the transport of Rab8 vesicles along
microtubules via the Rab8-interacting protein FIP-2/optineurin?

To further study the biogenesis of the Rab8-specific recycling compartment
JFCI1, the Rab8 interacting protein described in publication III, is interesting since
its overexpression seems to increase association of Rab8 with tubular and vesicular
structures after actin disruption, leading to a decrease in the number of tubules. Further
studies are needed to sort out if this is due to JFC1 inhibiting the transformation of
incoming vesicles into tubules or promoting the disassembly of existing tubules.

To date no difference in function has been detected between the two isoforms of
Rab8 in mammals, Rab8A and Rab8b. They are highly homologous and differ basically
only in the C-terminus. Both are found rather ubiquitously with the highest level of
expression in rat for Rab8A being muscle lung and kidney, and for Rab8b, brain, spleen,
and testis. It would be very interesting to try and find out how they differ and why. One
of the polypeptides picked up in the two-hybrid screen did interact specifically with
GTP-Rab8A but not GTP-Rab8b. Following this protein up might give some important
clues.

We have shown that Rab8 has a clear role in the control of cell shape. How does it
accomplish this? Our model proposes that Rab8-activity is needed to take in membrane
from ruffle regions, no longer supporting adhesion, and recycling this material back to the
plasma membrane for the formation of new protrusions. The membrane recycled in this
way contains both structural (adhesion receptors) and regulatory components (Arf6, Rho
and Ras). As well as being important for cell migration, strict control of cell polarization
and protrusion formation would be especially important during embryogenesis and brain
development. In neurite outgrowth long surface extensions are obviously needed. An
important role for Rab8 in such specialized cell function could easily be envisaged.
Depletion of Rab8 has in fact been shown to inhibit neurite outgrowth (Huber et al.
1995). In epithelial cells Rab8 could be required in the apical-basolateral polarity
modulation as well as for the modulation of cell-cell contacts. In ADPKD (autosomal
dominant kidney disease) cell loss of polarity is associated with redistribution of Rab8
(Charron et al. 2000). Moreover, Rab8b has been connected with adherens junction
dynamics in the testis (Lau and Mruk 2003). Rapid renewal of membranes is needed for
the development and maintenance of photoreceptors where depletion of Rab8 leads to
cell death (Moritz et al. 2001). Rab8 could have a role in cancer cell invasion, bearing in
mind that its expression has been shown to be up-regulated in breast cancer malignancies
and their lymph node metastases (Hao et al. 2004). Finally, Rab8 could also be involved
in processes needed for the completion of cell division, as has been shown for Arf6
(Schweitzer and D’Souza-Schorey 2002). Considering all of these findings, I anticipate
that with further investigation Rab8 will be proven to play a significant role in many
cellular processes where a rapid change in cell shape is needed.
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