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Abstract

Rho and Rac are small GTP binding proteins which, as
molecular switches, are involved in the co-ordinated
regulation of the actin cytoskeleton and gene
transcription. Rho controls the formation of actin
stress fibres and focal adhesion assembly, while Rac
regulates formation of lamellipodia and focal
complexes. Both Rho and Rac have also been implicated
in regulation of gene transcription through the Serum
Response Factor, NFxB, and JNK MAP Kinase pathways.
It is thought that Rho and Rac mediate these effects by
interacting with a variety of cellular targets, but the
molecular details of the signalling pathways involved
are still unclear. In this thesis I describe the cloning
and characterisation of ROKP and POSH, two targets of
Rho and Rac GTPases. ROKP is a candidate target for
Rho and Rac in controlling the actin cytoskeleton. POSH
is a candidate target for Rac in controlling gene
transcription through the NFxB and JNK pathways.
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CHAPTER 1

INTRODUCTION

1.1 THE RAS SUPERFAMILY OF SMALL GTP-BINDING
PROTEINS

The Ras genes were first identified as the transforming
principle of two related murine retroviruses, Harvey Sarcoma
Virus and Kirsten Sarcoma Virus (Barbacid, 1987). Human
cellular homologs of these genes were subsequently isolated
(Ha- and Ki-Ras), along with a third member of the family, N-
Ras (Bos, 1989). Ras proteins are expressed in all eukaryotic
cells. They function as monomeric regulatory GTP (guanosine
triphosphate)-binding proteins, cycling between an active GTP-
bound and an inactive GDP (guanosine diphosphate)-bound form
to control cell growth and differentiation (Hall, 1990). This
GTPase cycle is controlled by GTPase Activating Proteins (GAPs),
which accelerate the slow intrinsic rate of GTP hydrolysis, and
Guanine nucleotide Exchange Factors (GEFs), which catalyse
exchange of GDP for GTP (see figure.1.1). Thus, the activation
state of these switches is tightly controlled.

Once activated, Ras proteins exert their cellular effects by
interacting with effector or target molecules. The crystal
structure of Ha-Ras has revealed that the region between amino
acids 30-40, which had been shown by mutational analysis to be
important for biological activity, undergoes a significant
conformational change upon exchange of GDP to GTP
(Wittinghofer and Pai, 1991). This confirmed the importance of
this region of Ras for biological function. A major cellular role of
Ras is to regulate the ERK1/2 (Extracellular Regulated Kinase)
MAP (Mitogen Activated Protein) Kinase pathway by directly
interacting with an upstream kinase, c-raf (Marshall, 1996).
Other known mammalian Ras effectors include
phosphatidylinositol-3-OH kinase (Rodriguezviciana et al., 1994,
Kodaki et al., 1994), ralGDS (ral GDP Dissociation Stimulator)
(Hofer et al., 1994, Spaargaren et al., 1994), Rinl (ras
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interaction/interference) (Han and Colicelli, 1995) and PKC(
(Diaz-Meco et al., 1994).

GTP GDP

INACTIVE
Pi

Figure 1.1 The GTPase cycle
GEF: Guanine nucleotide exchange factor. GAP: GTPase activating
protein.

ACTIVE | Target

"Downstream"
Effects

Since the discovery of Ras, a large number of Ras-related
GTP-binding proteins have been discovered. These proteins
share around 50% amino acid homology with Ras and regulate a
variety of cellular functions (see figure 1.2). Ras-related
proteins have been grouped into seven subfamilies according to
sequence homology. The Ras family controls cell growth and

11



differentiation, while the Rab, Sar and ARF families are
implicated in vesicle transport and Ran is involved in nuclear
transport (Hall, 1990, Balch, 1990). Members of the Rho family
control the actin cytoskeleton and gene transcription (Van Aelst
and D'Souza-Schorey, 1997)

subfamil members biol.function
subtamily members piol.tunction
L N\
H',Kl',N'RaS, growth’
Ras R-Ras, Rap 1,2, I differentiation

\Ral, TC21

(Rho AB,C, )
Rac1,2, Cdc42
Rho Rho E, RhoG,
\_RhoH, TC10  /

actin cytoskeleton,
—p» gene Transcription,
NADPH oxidase

4 ) ,
Rab Rab1-X — vesicle transport

N J
ARF ( ARF1-6 ) —p Vesicle transport
Sari ( Sar1 ) — vesicle transport
Ran ( Rani ) —» nuclear protein import

Figure 1.2 The Ras-superfamily
The more distantly related Rad/Gem/Kir family is not included.
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1.2 THE RHO SUBFAMILY
1.2.1 Introduction

1.2.1.1 Cloning, sequence and structure

The Rho gene was originally cloned in the marine mollusc
Aplysia californica, where it was fortuitously isolated in a low
stringency cDNA screen. The Aplysia sequence was used to clone
the first human Rho family members: RhoA, B and C (Madaule
and Axel, 1985, Yeramian et al., 1987). There are currently eight
mammalian Rho subfamily members: Rho (A, B and C isoforms),
Rac (isoforms 1 and 2), Cdc42 (Cdc42Hs and G25K isoforms),
RhoE, RhoG, TC10 and RhoH/TTF (Van Aelst and D'Souza-
Schorey, 1997). Most of these genes are ubiquitously expressed,
with the exception of RhoB and G which are serum-inducible
and Rac2 and RhoG/TTF, which are mostly present in myeloid
cells (Didsbury et al., 1989, Moll et al., 1991, Shirsat et al., 1990,
Vincent et al., 1992). Homologs of some of these proteins have
now been identified in many other organisms including yeast
(Van Aelst and D'Souza-Schorey, 1997).

Proteins of the Rho family each share around 30% overall
homology with other Ras superfamily members and at least 55%
homology with each other (see figure 1.3). Amino acids 140-153
of Rho GTPases correspond to a 14 amino acid insert region
which is not found in Ras. Apart from this, the three
dimensional structure of Ras and Rho proteins seems largely
similar (Hirshberg et al., 1997, Rittinger et al., 1997).

13
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.H. .KT.FL. TQI...D.PS.IEK...N..K.I
EYA....FL.I.TQI...D.PK.LAR.ND..EK.I

I. .I.T....RQ..EDA.YTL
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TYPQ.LA. .KE...VK.L....L.QR.LKT. .DE.
T..TAEKL.RDLK.VK.V....L.QR.LKN. .DE.
CV.Q.QOKL.KE...CC.V....L.QK.LKT. .DE.

V.EIR.HKLR.LNPPDESGPGCMSCK.VLS

TRAALQARRGKKKSG CLVL
I..V.CPPPV..RKRK .. L.
.EPPETQP.RK .CIF

IT.I.TPKKHTV.KRIGSRCIN C..IT

Sequence comparison of Ha-ras

of the rho-subfamily
Cdc42: G25K isoform shown.
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1.2.1.2 Post-translational modifications and localisation of Rho
proteins

Like Ras, Rho proteins are post-translationally modified by
addition of a lipid moeity to a cysteine residue four amino acids
from the carboxy terminus, the so-called "CAAX box". For Rho
(A, B, C) and Rac (1 and 2), "X" is a leucine, for Cdc42 (Cdc42Hs
and G25K) and RhoH/TTF, X is a phenylalanine, and for TC10, X
is a threonine. These proteins are therefore expected to be
modified by addition of a C20 geranyl-geranyl moeity, although
RhoB has been shown to be present in both geranyl-geranyl
(C20) and farnesyl (C15)-modified forms. It is likely, therefore,
that other signals besides the CAAX box are important for lipid
modification (Adamson et al., 1992a, Katayama et al., 1991,
Kinsella et al., 1991, Yamane et al., 1991). The lipids are thought
to act as plasma membrane anchors.

The three Ras proteins have been shown to contain an
additional plasma membrane targeting signal (Hancock et al.,
1990). Most Rho subfamily members possess a polybasic region
immediately amino terminal of the CAAX box similarly to Ki-ras,
while RhoB and TC10 have two cysteine residues forming a
potential palmitoylation signal, similarly to Ha- and N-Ras.
Despite these signals and unlike Ras proteins, Rho subfamily
members are not exclusively localised to the plasma membrane.
RhoA and C are predominantly cytosolic, with only a small
proportion at the plasma membrane, while most of RhoB
localises to early endosomes and pre-lysosomal compartments
(Adamson et al., 1992b). Rac is mainly cytosolic, while Cdc42
appears to be mostly present on the endoplasmic reticulum and
the Golgi apparatus (Abo et al., 1991, Quinn et al., 1993, Erickson
et al., 1997). RhoE was found both in the cytoplasm and in
unidentified "worm-like" structures at the plasma membrane
(Foster et al., 1996).

1.2.2 Regulators of Rho Proteins
1.2.2.1  GTPase Activating Proteins

Ras-related proteins have a relatively slow intrinsic rate
of GTPase activity (Hall, 1990), but this can be stimulated by
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GTPase activating proteins or GAPs. p5SORhoGAP was the first
characterised GAP for Rho proteins. It was originally identified
as an activity present in spleen cytoplasm, then purified from
spleen and platelets and finally cloned (Garrett et al., 1989,
Garrett et al., 1991, Lancaster et al., 1994, Barfod et al., 1993).
The RhoGAP domain consists of three blocks of homology of 30-
40 amino acids each and spread over around 150-200 amino
acids. Around 14 GAPs for Rho GTPases have subsequently been
identified through sequence homology to pSORhoGAP (see figure
1.4). Apart from the GAP domain (usually 20-40% identity at
the amino acid level), the structural characteristics of the rest of
these proteins are very varied (figure 1.4).

Some GAPs have domains that suggest a connection with
cytoskeletal regulation. Both MyosinIXb and Myr5 (fifth
unconventional myosin from rat) possess a GAP domain, though
GAP activity has only been demonstrated for Myr5 (Reinhard et
al., 1995). Since formation of actin-myosin structures is an
important aspect of Rho signalling, these myosins could well
play a part in regulating the cytoskeleton. Graf (GTPase
regulator associated with FAK) binds to Focal Adhesion Kinase
(FAK) and could be involved 1in focal adhesion
assembly/disassembly (Hildebrand et al., 1996). Interestingly,
p85, the regulatory subunit of PI3Kinase, also has a GAP-like
domain but shows no detectable GAP activity Nobes et al., 1995,
Reif et al., 1996, Rodriguez-Viciana et al., 1997).

The substrate specificity of GAPs has been examined in
vitro. Some, like p5S0RhoGAP or pl90RhoGAP can catalyse
GTPase activity on Rho, Rac and Cdc42, while the activity of
chimaerin and BcrGAP appears to be restricted to Rac and Cdc42
(Lamarche and Hall, 1994). The specificity of GAPs in vivo has
also been examined: microinjection of pl190RhoGAP into cells, for
example, inhibits formation of Rho-induced stress fibres, but not
of Rac-induced membrane ruffles (Ridley et al.,, 1993). Both the
regulation and the cellular role of GAPs in Rho signalling
pathways are largely unknown.
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1.2.2.2  Guanine nucleotide exchange factors (GEFs)

The Dbl protein was cloned in a screen for focus-inducing
DNAs in NIH 3T3 fibroblasts (Eva and Aaronson, 1985). It shares
29% sequence identity with Cdc24, a budding yeast protein lying
genetically upstream of the small GTPase Cdc42p. This homology
provided the first clue to Dbl's function as a Rho family GTPase
regulator (Ron et al., 1991). It was subsequently demonstrated
that Dbl is able to catalyse exchange of GDP to GTP on human
Cdc42 in vitro. Deletion analysis showed that exchange activity
is due to a 200-250 a.a. domain termed Dbl Homology (DH)
domain, which is also required for oncogenicity (Hart et al.,
1991, Ron et al., 1991, Hart et al., 1994). Both Dbl and Cdc24
bear a Pleckstrin Homology (PH) domain. PH domains are
approximately 100 a.a.-long motifs thought to mediate plasma
membrane localisation, possibly by interacting with lipids such
as PIP2 (Pawson, 1995).

Since then, over 20 proteins containing a DH/PH module
have been identified, many in screens for novel oncogenes (see
Cerione and Zheng, 1996 for a review). Although most of these
proteins have been assumed to be Rho family protein
exchangers, in vitro activity has not been demonstrated for all
of them. In vivo specificity has been examined for some of these
GEFs, such as Lbc (Rho but not Rac or Cdc42) or FGD1 (Cdc42 but
not Rho or Rac) (Olson et al., 1996). Like GAP-domain-containing
proteins, DH/PH-containing proteins have varied stuctures
outside their DH/PH modules (see fig 1.5). Bcr even has a GAP
domain and DH/PH domains. The Trio protein has two DH/PH
modules, the N-terminal one being active on Rac and the C-
terminal one on Rho. The signalling events that link plasma
membrane receptors to Rho GTPases via GEFs are not well
understood (Cerione and Zheng, 1996).

SmgGDS is not a DH domain-containing protein, but it has
been shown to catalyse nucleotide exchange on Rho as well as
Ras proteins (Kikuchi et al., 1992). The physiological function of
SmgGDS is unclear.
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1.2.2.3 RhoGDI (Rho GDP Dissociation Inhibitor)

RhoGDI was purified from bovine brain cytosol and found
to inhibit the dissociation of GDP from and the subsequent
binding of GTP to Rho proteins (Ueda et al., 1990, Fukumoto et
al., 1990). It interacts only with post-translationally modified
Rho, Rac and Cdc42 (Ueda et al., 1990, Knaus et al., 1992,
Leonard et al., 1992). Furthermore, RhoGDI interacts with GTP-
bound Rho, Rac and Cdc42 and blocks intrinsic and GAP-
stimulated GTPase activity in vitro (Hart et al., 1992, Chuang et
al., 1993, Hancock and Hall, 1993). Confusingly, therefore,
RhoGDI appears to lock GTPases in both their active and inactive
conformation.

Two novel GDIs have recently been cloned. LY-GDI (also
known as D4-GDI) is expressed only in hemopoietic cells and
binds Rho, Rac and Cdc42 (Lelias et al., 1993, Scherle et al.,
1993). RhoGDIy (and its mouse homolog RhoGDI3) binds RhoB,
RhoG, Cdc42 and possibly RhoA (Zalcman et al., 1996, Adra et al.,
1993). D4-GDI can be cleaved by apoptotic proteases, though the
significance of this finding is unknown (Na et al., 1996).

The most attractive model for GDI function is as a
regulator of GTPase plasma membrane translocation. In
unstimulated cells, RhoA is cytoplasmic and complexed with
RhoGDI which, it is thought, masks the GTPase's C-terminal
membrane anchor. Upon agonist stimulation, a fraction of the
GTPase is released from GDI and tranlocates to the plasma
membrane (Takai et al., 1995). Recently Takahashi et al showed
that GDI interacts directly with ERM (Ezrin Moesin Radixin)
proteins in vitro and that this interaction resulted in release of
Rho from GDI (Takahashi et al., 1997). It is not yet known
whether the ERM protein mediate GTPase release from GDI in
vivo which would then allow guanine nucleotide exchange to
occur.
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1.3 FUNCTION OF MAMMALIAN RHO, RAC AND CDC42
1.3.1 Biological Functions of Rho

1.3.1.1 Rho, the actin cytoskeleton and adhesion

The bacterium Clostridium  botulinum produces an
exoenzyme, C3 transferase, which ADP-ribosylates Rho on
asparagine 41, causing loss of function (Aktories, 1997). It is
believed that modification of this residue interferes with the
interaction between Rho and its cellular targets. C3 transferase
has proved to be an invaluable tool in the study of Rho function.
Its delivery to a variety of cell types induces dissolution of actin
filaments and cell rounding within 15-30 min (Aktories et al.,
1989, Chardin et al., 1989, Sekine et al., 1989, Paterson et al.,
1990). Complementary experiments using a constitutively active
form of Rho (G12V) revealed that when introduced into
fibroblasts by microinjection, it triggered an increase in
organised actin filaments (Paterson et al., 1990). It was clear
from these early studies that Rho had a critical function in the
regulation of the actin cytoskeleton.

The actin cytoskeleton is found in all eukaryotic cells and
is highly dynamic. It consists of rapidly polymerising and
depolymerising filaments composed of actin monomers. Actin
filament assembly and disassembly are key features of many
cell processes including motili&, chemotaxis, cell division, muscle
contraction, axonal outgrowth and phagocytosis. The most
thermodynamically favourable state for actin in the cell is the
filamentous form, but in a typical cell, only 50% of the total actin
is filamentous (F-actin), while 50% is monomeric (G-actin). The
length and number of actin filaments is therefore tightly
regulated. This 1is achieved by actin monomer sequestering
proteins such as thymosin and filament capping proteins such as
capZ or gelsolin which bind to the fast-growing (barbed) end of
actin filaments to prevent addition of monomers. Both types of
protein can be regulated by signal transduction events when an
increase in polymerised actin is required, as will be discussed
below. It is also known that nucleation of new actin filaments
can occur but this is not yet well understood (Stossel, 1993).
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The actin cytoskeleton is also intimately associated with
cellular adhesion. Actin filaments make contact with
extracellular matrix components such as fibronectin and
vitronectin through focal complexes. These multi-molecular
stuctures contain integrin receptors for the extracellular matrix
which, through their cytoplasmic tail, interact with actin-binding
proteins such as talin and a-actinin. Focal complexes contain
many other actin-binding proteins, like tensin, as well as
signalling molecules such as ILK (Integrin-Linked Kinase) and
Focal Adhesion Kinase (FAK). They are thought to be important
signalling centres (Clark and Brugge, 1995, Hannigan et al.,
1996).

Actin filaments also interact with cadherin-containing cell-
cell contact sites at adherens junctions. Like focal adhesions,
these structures are based around transmembrane proteins
called cadherins, which can interact homotypically with other
cadherin molecules on neighbouring cells. Cadherins are linked
to the cytoskeleton via o-catenin, which is also thought to be
involved in intracellular signalling (Geiger and Ayalon, 1992,
Grunwald, 1993).

The function of Rho GTPases in cytoskeletal regulation has
been studied extensively in fibroblasts where at least four well
defined types of filamentous actin strucures can readily be seen:
(a) Cortical actin: a thin band of filaments distributed at the cell
cortex. (b) Lamellipodia: flat protrusions of the plasma
membrane at the edge of the cell, containing arrays of short
filaments tightly packed behind the membrane. Lamellipodia
often detach and fold back into the cell in a process called
membrane ruffling. (c) Filopodia or microspikes: thin, finger like
stuctures that extend from the cell body and contain long actin
bundles. These structures are very dynamic and constantly
extend and retract. (d) Stress fibres: thick, well organised
bundles of actin which traverse the cytoplasm. These structures
attach the cell firmly to the substratum, as they terminate in
large, arrowhead-shaped focal complexes.

Swiss 3T3 fibroblasts have provided a powerful model cell
system to elucidate the role of Rho GTPases in cytoskeletal
regulation. When these cells are grown to a confluent quiescent
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state and subsequently starved of serum, they lose most of their
polymerised actin structures (apart from a thin band of cortical
actin). Microinjection of an activated form of Rho (G14V or
Q63L) protein into these cells induces the rapid reassembly of
thick parallel stress fibres, associated with large focal complexes
(Ridley and Hall, 1992). Serum (whose active component is
Lysophosphatidic acid (LPA)) also triggers stress fibre formation
but its effect can be blocked by prior inactivation of endogenous
Rho with C3 transferase. It has been concluded that Rho
regulates a signal transduction pathway linking the LPA
receptor to stress fibre and focal complex assembly. Since then,
a similar function for Rho has been described in other cell types
such as MDCK cells (Ridley et al., 1995a), macrophages (Allen et
al., 1997) and neurons (Jalink et al., 1994).

There is some evidence that the assembly of stress fibres
and focal adhesions might be a consequence of two separate
activities of Rho. Pretreament of Swiss 3T3 cells with
cytochalasin D, for example, blocks Rho-induced stress fibre
formation, but not focal complex assembly, while the
serine/threonine kinase inhibitor staurosporine inhibits Rho-
induced focal complex formation, but not some actin changes
(Nobes et al., 1995). In any event, it has been observed that
fibroblasts plated on poly-L-lysine reorganise their actin
cytoskeleton in response to Rho or Rac in the absence of integrin
clustering (Hotchin and Hall, 1995, Machesky and Hall, 1997).

A role for the Rho GTPase in the assembly of cell-cell
contacts has been reported. Rho inactivation in the polarised
intestinal epithelium cell line T84 resulted in increase in tight
junction permeability, disruption of actin localisation and
displacement of the tight junction component ZO-1 to the
cytoplasm (Nusrat et al., 1995). More recently, Braga et al
showed that both Rho and Rac are required for assembly of
cadherin-containing cell-cell contacts in human keratinocytes
(Braga et al., 1997). Since cell-cell contacts are associated with
the actin cytoskeleton, the Rho-dependent pathways controlling
their establishment are likely to have elements in common with
the stress fibre/focal adhesion pathway. However, the precise
molecular mechanisms have not yet been elucidated.
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Other specialised functions for Rho include control of
osteoclast cytoskeletal stuctures implicated in bone resorbtion
and regulation of the assembly of an actin cable during
embryonic wound repair (Zhang et al., 1995, Brock et al., 1996).

1.3.1.2 Rho and cell cycle progression

Several lines of evidence suggest that Rho is involved in
G1 cell cycle progression. Microinjection of activated Rho has
been reported to induce DNA synthesis in Swiss 3T3 cells, while
microinjection of C3 transferase inhibits serum-induced DNA
synthesis (Olson et al., 1995). This suggests that Rho plays a
critical role in cell cycle progression through Gl.

There have been conflicting reports as to whether Rho can
act as an oncogene. The Rho gene from the marine snail Aplysia
was reported to be tumorigenic when transfected into NIH3T3
cells (Perona et al., 1993). Self et al, on the other hand, detected
rare foci when mammalian V14Rho c¢cDNA was transfected into
NIH3T3 cells, but these clones were not transformed (Self et al.,
1993). This is surprising since Rho exchange factors such as Lbc
were identified because of their oncogenic potential (Toksoz and
Williams, 1994). It is possible that Lbc activates other Rho-
independent pathways that contribute to transformation.

More recently, it has been reported that Rho plays a
critical role in Ras-induced transformation (Qiu et al., 1995,
Prendergast et al., 1995). Dominant negative Rho inhibited Ratl
cell transformation induced by Ras but not by v-Raf (Qiu et al.,
1995, Prendergast et al., 1995, Khosravi-Far, 1995).
Furthermore, even though Rho did not induce focus formation in
these experiments, it collaborated with Raf-CAAX (a Raf
construct activated by fusion to the Ki-Ras membrane
localisation signal) for focus formation. (Qiu et al., 1995,
Khosravi-Far, 1995). These results indicate that Rho plays a
critical role in Ras-induced transformation. Rac and Cdc42 have
also been shown to be required for Ras transformation (see
below), leading to the suggestion that Ras transforms cells via a
combination of the Rho GTPases and the ERK MAPK pathway
(Khosravi-Far, 1995).
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1.3.1.3 Rho in cytokinesis

Rho is also required later in the cell cycle during
cytokinesis. At the end of mitosis, an actin/myosin contractile
ring forms along the cleavage plane. Contraction leads to
ingression of the cleavage furrow and separation of the
daughter cells (Schroeder, 1990). Microinjection of C3
transferase into dividing sand dollar eggs disrupted organistion
of the contractile ring and inhibited cytokinesis (Toksoz and
Williams, 1994). Interestingly, cells transformed with oncogenic
GEFs such as Lbc, Dbl or Vav are often prone to becoming
multinucleate (Katzav et al., 1995; Katzav, 1995 ; Ron et
al., 1991).

Treatment of Xenopus eggs with C3 resulted in disruption
of the cortical actin present at the membrane and prevented
formation of the contractile ring (Drechsel et al., 1997). C3 did
not, however, block specification of the cleavage furrow, or
insertion of new membrane at the cleavage furrow. These
results indicate that Rho regulates actin structures connected to
cytokinesis, but not vesicle trafficking leading to insertion of
new membrane.

1.3.1.4 Rho and the immune system

Cells of the immune system such as macrophages or T-
lymphocytes are highly motile and contain a variety of
specialised actin structures. It is likely, therefore, that Rho plays
a part in immune system function. In agreement with this, C3
induces disorganisation of the actin microfilament network and
inhibits spontaneous and chemoattractant-induced motility in
bovine neutrophils (Stasia et al., 1991). In mast cells, Rho
regulates assembly of actin fibres and is required for regulated
secretion, though it is thought that these might represent two
distinct activities of the GTPase (Norman et al., 1994). C3 blocks
lymphocyte-mediated cytotoxicity when introduced into natural
killer cells (Lang et al., 1992)

Integrin-mediated adhesion is also an important process
in lymphocytes; chemoattractants, for example, induce
recruitment of lymphocytes to sites of infection or injury where
they adhere to the blood vessel surface. This adhesion process is
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mediated by integrins such as LFA-1. fMLP, Interleukin-8 or
PMA-induced leukocyte adhesion via integrins are blocked by
C3 (Laudanna et al., 1996, Tominaga et al., 1993). These findings
suggest a role for Rho in lymphocyte adhesion.

Transgenic mice carrying a C3 transgene targeted to the
thymus had strikingly small thymi (Henning et al., 1997).
Further analysis revealed that this phenotype was due to
decreased proliferation in some cell types and increased cell
death in others, but not to defects in T-cell differentiation
(Henning et al., 1997, Galandrini et al., 1997).

1.3.1.5 Rho and neuronal cells

In PC12 and NIE-115 cells, C3 treatment induces neurite
outgrowth (Nishiki et al., 1990, Takaishi et al., 1993). On the
other hand, activation of Rho through addition of LPA -causes
rapid neurite retraction, an effect which can be blocked by C3
(Jalink, 1994 ). Thus, Rho may regulate contractile
actin/myosin cables that prevent neurite outgrowth.

1.3.1.6 Rho and cell motility

Studies using microinjection of RhoGDI as a means of
inhibiting Rho proteins demonstrated a role for these GTPases in
motility of Swiss 3T3 cells (Takaishi, 1993 ). This study
does not, however, address the contribution of the individual
GTPases in motility. The same group subsequently showed that
C3 treatment, but not dominant negative Rac, blocks Hepatocyte
Growth Factor (HGF)-induced motility in keratinocytes (Takaishi
et al., 1994). This shows that Rho but not Rac is required for
motility in keratinocytes. In contrast, Ridley et al showed that
C3 did not affect MDCK cell scattering induced by HGF, while
overexpression of activated Rho blocked this process (Ridley et
al., 1995b). C3 treatment blocked motility in sperm and
chemotaxis in neutrophils (Hinsch et al., 1993, Stasia et al.,
1991).

1.3.1.7 Rho and gene transcription

Regulation of gene transcription by small GTPases via
multiple pathways has been a topic of intense interest over the
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