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AbSTRACT

Rho GTPases are small proteins that act as binary molecular switches in a wide range 
of signaling pathways upon stimulation of cell surface receptors. Three different classes 
of regulatory proteins control their activity. In the activated state small GTPases are able 
to bind a variety of effector proteins and initiate downstream signalling. Rho GTPases 
regulate important cellular processes ranging from cytoskeletal remodelling and gene 
expression to cell proliferation and membrane trafficking. Therefore it is not surprising 
that deregulated Rho signalling can contribute to disturbed cellular phenotypes in a wide 
range of diseases. The main focus of this review will be the diversity of functions of Rho 
GTPases and the effects of aberrant Rho GTPase signalling in various aspects of cancer.

Small GTPases of the Ras superfamily 
are small (~21 kDa) proteins that function 
as binary switches in a wide variety 
of signalling pathways (reviewed in 
[1, 2]). These signaling cascades are 
initiated by the stimulation of cell surface 
receptors and particularly regulate gene 
transcription, vesicle trafficking and 
cytoskeleton reorganisation, processes 
which affect growth, differentiation, 
adhesion, and migration of cells. Small 
GTPases can be either in an active 
conformation (bound to GTP) or in an 
inactive conformation (bound to GDP) 
[3]. Only in the GTP-bound state these 
proteins are able to bind effector proteins 
and transduce signals from a large 
variety of membrane receptors including 
cytokine and growth factor receptors, 
adhesion receptors (such as integrins) 
and G-protein coupled receptors [4, 5]. 
 The Rho (Ras homologous) 
proteins represent a subfamily of the Ras 
superfamily of small GTPases, which also 
includes the Ras family, the Arf family, the 
Rab family and the Ran family [6]. Rho 
proteins differ from other small GTPases 
because their sequences contain a Rho 
insert domain in the GTPase domain [7]. 
This insert domain has been suggested 

to be involved in the activation of 
downstream effector proteins. As depictd 
in Fig. 1, at the moment over twenty Rho 
GTPases have been identified which 
can be divided into six groups: the Rho 
proteins (RhoA, RhoB, RhoC), the Rac 
proteins (Rac1, Rac2, Rac3, RhoG), the 
Cdc42-like proteins (Cdc42, TC10, TCL, 
Wrch1, Chp), the Rnd proteins (Rnd1, 
Rnd2, Rnd3/RhoE), the RhoBTB proteins 
(RhoBTB1, RhoBTB2, RhoBTB3) and the 
Miro proteins (Miro1, Miro2). Some Rho 
proteins do not belong to any of these 
subgroups, including RhoD, Rif and RhoH/
TTF (see Fig. 1). Some Rho proteins are 
classified as atypical GTPases because 
they are not regulated as the other, 
classical GTPases. The atypical Rho 
GTPases include the Rnd, Miro and 
RhoBTB subfamilies, RhoH, Wrch1 and 
Chp [8, 9]. Interestingly, the RhoBTB and 
Miro proteins are larger than 21 kDa, the 
average size of the classical GTPases. 
Miro1 and Miro2 (for mitochondrial Rho) 
are expressed in the mitochondria and 
lack the insert domain. They contain an 
additional C-terminal GTPase domain 
that is unrelated to the Rho GTPases [9].  
 Most of the information available 
on the function of Rho proteins comes 

The small GTPases
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Figure 1: The family of small Rho GTPases. Dendrogram of the family of Rho GTPases representing 
the relationship between the 23members. Coloured shapes indicate the six different subfamilies: RhoA-
related, Rac-related, Cdc42-related, Rnd proteins, RhoBTB proteins and Miro proteins. Alternative 
names are indicated between brackets. Phylogenetic analysis was performed using ClustalW with protein 
sequences obtained from the NCBI database and illustrated by TreeView.

from studies on the best-characterised 
members Cdc42, Rac1 and RhoA. These 
GTPases have been shown to control 
a broad range of cellular processes 
ranging from the regulation of the actin 
and the microtubule cytoskeleton to gene 
transcription (reviewed in [3, 10–12]). 

In this review we will focus on the 
functions of specific Rho GTPases and the 
regulation of their activity. Moreover, we 
will discuss recent findings on deregulated 
signalling by Rho proteins and how this 
may contribute to various aspects of 
cancer. 
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The activity of Rho-like GTPases in 
response to receptor stimulation is   
strictly controlled in order to stimulate, 
locally and temporally, specific 
downstream signaling pathways in cells. 
The regulators of the activity of Rho 
GTPases consist of three classes of 
proteins:   guanine nucleotide exchange 
factors (GEFs), GTPase-activating 
proteins (GAPs) and guanine  nucleotide 
dissociation inhibitors (GDIs) (see Fig. 2).  
 To date, over 70 Rho GEFs 
have been identified (reviewed in [13]). 
GEFs catalyze the release of GDP and 

subsequent GTP binding, which alters 
the  conformation of the switch regions 
of GTPases, thereby increasing the 
binding affinity of effector proteins leading 
to downstream signalling. GEFs that 
catalyze the exchange of GDP for GTP 
of Rho GTPases can be classified in two 
distinct groups. One group is defined 
by the presence of two characteristic 
domains, which account for the catalytic 
activity. These GEFs contain a catalytic 
Dbl homology (DH) domain, which is 
almost invariantly followed by a pleckstrin-
homology (PH) domain (see Fig. 3). The 

Regulators of Rho GTPases

Figure 2: Regulation of GTPase cycle. GDP-bound inactive GTPases are mainly cytoplasmic, 
maintained there by GDIs masking the C-terminal tail required for plasma membrane localisation. Upon 
dissociation of the GDI, posttranslational modification can take place and GTPases translocate to the 
plasma membrane, where they can be activated by GEFs upon external stimuli from surface ligand-
receptor systems such as adhesion receptors, G-protein coupled receptors (GPCRs) and receptor 
tyrosine kinases. Upon activation by GEFs, Rho GTPases can bind different effector proteins, selection of 
which can be mediated by GEFs and induce downstream signalling pathways. GAPs inactivate the Rho 
GTPases and switch off the downstream signalling.
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PH domain interacts with phospholipids, 
which may activate the catalytic DH 
domain of GEFs and localise them to the 
plasma membrane [14, 15]. The second 
group of GEFs for Rho GTPases consists 
of proteins related to Dock180 (dedicator of 
cytokinesis 180). These proteins contain a 
Dock-homology region-2 (DHR2 or CZH2) 
domain, which renders these proteins 
catalytically active [16–18]. Besides 
promoting the exchange of nucleotides, 
GEFs contain various additional domains 
and are able to influence and determine 
the signalling route downstream of Rho 
GTPases by direct binding to different 
effector molecules or to serve as scaffold 
proteins that associate with components 
of downstream effector signalling 
pathways [14, 15]. In Fig. 3, examples 
of DH domain containing GEFs are 
shown, some displaying specificity for 
a single RhoGTPase, others are able to 
activate multiple Rho GTPases. GEFs 
specific for single Rho GTPases include 
p190RhoGEF which acts on RhoA [19], 
Tiam1 which activates Rac [14] and Tuba, 
which activates Cdc42 [20]. Trio contains 
two DH-PH domain units of which each 
functions as a catalytic unit: one specific 
for Rac and RhoG and one specific for 
RhoA (see Fig. 3) [21]. Vav proteins 
(Vav1-3) may activate Rac1, RhoA 
and Cdc42, although they are mostly 
considered to activate Rac in vivo [22, 23]. 
 Over 60 Rho GAP proteins have 
been identified [24, 25]. These regulatory 
proteins enhance the intrinsic ability of 
small GTPases to hydrolyze bound GTP 
to GDP, which is intrinsically very low. 
Thus, GAPs promote inactivation and 
reverse effector binding, thereby shutting 
down the signalling pathway (see Fig. 2). 
Like GEFs, GAPs are usually multidomain 
proteins and able to associate with many 
other proteins [26]. It has been shown for 
example that p190RhoGAP can associate 

with p120-catenin at specific sites in cells 
(adherens junctions) to locally inhibit 
Rho activity to allow proper formation of 
adherens junctions [27]. Downregulation of 
RhoA activity by activation of p190RhoGAP 
can be regulated by Rac-mediated 
phosphorylation of p190RhoGAP [28]. 
 With a few exceptions, Rho family 
members have a C-terminal sequence 
that ends with a CAAX motif [9, 29]. Post-
translational modifications of Rho GTPases 
at the Cterminus, such as prenylation 
(farnesylation or geranylgeranylation) or 
palmitoylation, determine their intracellular 
localisation. They act as a lipid anchor and 
allow GTPases to localise (and attach) to 
the plasma membrane where they can 
be activated by GEFs. The regulatory 
GDI proteins, of which three mammalian 
members have been identified [30], are 
cytosolic proteins that form complexes 
with inactive, GDP-bound Rho GTPases. 
Herewith they prevent cycling of the 
GTPases between cytosol and the plasma 
membrane and therefore also activation 
of Rho GTPases by GEFs. Furthermore, 
GDIs are able to interact with active, GTP-
bound GTPases, preventing hydrolysis 
and interaction with downstream 
effectors. Association with GDIs thus 
keeps Rho GTPases in the cytoplasm, 
inactive or unable to signal towards 
downstream effectors (see Fig. 2) [30–
32]. Phosphorylation of Rho GDIs may 
lead to dissociation of the complex and 
allow Rho GTPases to translocate from 
the cytoplasm to the plasma membrane, 
where they can be activated by GEFs 
and bind effectors. P21-activated kinase1 
(PAK1) for example has been shown 
to phosphorylate RhoGDI and cause 
dissociation of Rac1 from a complex with 
RhoGDI. Furthermore, phosphorylation of 
RhoGDIs by protein kinase C can occur 
in response to elevated intracellular 
calcium levels, as a result of receptor 
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activation, leading to translocation of 
Rac1 to the plasma membrane [33]. 
 In normal conditions the activity 
of small GTPases is tightly regulated by 
a large number of GEFs and GAPs. The 
activation levels of these regulators are 
also strictly controlled. The activation of 
GTPases occurs in a cell type-dependent 
manner and in specific receptor signalling 
pathways only, as is underlined by the 
observation that there are many more 
GEFs, GAPs and effector proteins than 
there are Rho GTPase family members. 
The activation state of all Rho   GTPases 

is dependent on the balance of the 
activities of their regulators (GEFs, GAPs 
and GDIs). Thus, the local amount of 
GTP-bound protein and the time during 
which the protein is active determines 
the downstream signalling at specific 
sites in cells. Because of the wide array 
of processes that are regulated by small 
Rho GTPases, disturbing the regulation of 
the activity of these proteins is expected 
to have severe consequences for a wide 
variety of cellular events. 

Effector proteins of Rho GTPases

Over 70 effector proteins have been 
described binding to the family of Rho 
GTPases [34, 35]. Each Rho GTPase 
has binding affinity for multiple effector 
proteins and some effector proteins are 
recognised by multiple Rho GTPases, 
a selection of which is shown in Fig. 3. 
Many effector proteins of Rho GTPases 
are serine/threonine kinases and by 
phosphorylating downstream target 
proteins they are able to initiate various 
signalling cascades, regulating different 
cellular processes. Best-characterised 
effector proteins for Rac1 and Cdc42 are 
p21-activated kinases (PAKs). PAKs are 
a highly conserved family of proteins with 
six human members, PAK1-6, all serine/
threonine kinases, some of which are 
able to bind active Rac1(PAK1-3), and all 
of which can bind active Cdc42 (PAK1-6) 
[36]. PAKs are important mediators of the 
organization of the cytoskeleton of cells 
(see below). Rho-associated coiled-coil-
containing protein kinases (ROCK-I and 
ROCK-II), also serine/threonine kinases, 
represent the best-characterised effector 
proteins that bind active RhoA. The 
activation of ROCK may lead to different 

cellular events that regulate particularly 
cytoskeletal changes affecting cell–cell 
or cell–substrate adhesions and cell 
migration. These effects are mediated 
via actomyosinmediated cell contraction 
[37]. Furthermore, RhoA, through the 
activation of ROCK, is able to stimulate 
cell cycle progression by affecting the 
transcription levels of several cell cycle 
regulating genes (see below) [38].  
 Other non-kinase effector 
proteins promote downstream signalling 
by functioning as scaffold proteins, 
transferring signals from Rho GTPases 
via interactions with other proteins. For 
example, N-WASP is a Cdc42-specific 
effector protein that upon activation by 
Cdc42 subsequently binds other proteins, 
such as the Arp2/3 complex to regulate 
actin polymerisation [39].
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Cross-talk by small GTPases

Understanding the regulatory possibilities 
of Rho GTPase signalling becomes more 
complicated with evidence that small 
GTPases can regulate each other’s activity 
via crosstalk, providing an extra tool for fine 
tuning of signalling events. This regulation 
can occur between different small GTPase 
subfamilies as well as within subfamilies. 
Crosstalk between Ras and Rho 
proteins is observed in several biological 
processes, including cell transformation, 
cell migration and epithelial-mesenchymal 
transition (EMT) (reviewed in [1]). 
Oncogenic Ras signals towards Raf 
and Rac1 and the activation of both is 
required for oncogenic transformation of 
cells [40]. It has been shown that Tiam1, 
a Rac-specific GEF, can link Ras and Rac 
signalling by binding to activated Ras 
and subsequent activation of Rac [41]. 

The balance between Rac1 and RhoA 
activity, so between two small GTPases 
of one family, is crucial for several cellular 
processes such as cell–cell and cell–
matrix adhesion, cell migration and EMT 
[42, 43]. A mechanism by which Rac1 
can control RhoA activity is through Rac-
mediated production of reactive oxygen 
species (ROS). Increased ROS levels 
inhibit the low-molecular-weight protein 
tyrosine phosphatase (LMW-PTP) leading 
to increased tyrosine phosphorylation 
and activation of its target, p190RhoGAP. 
Rac-mediated activation of p190RhoGAP 
may thus lead to decreased Rho activity 
at specific intracellular sites in cells [28].

Figure 3: Rho GTPases and interacting proteins. Selected overview of GEFs that can activate RhoA, 
Rac1 and/or Cdc42 and allow interaction with various downstream effector proteins, resulting in diverse 
cellular responses. Domain structures of GEFs are schematically represented; adjacent DH-PH domains 
are a common feature of Rho GEFs, except for Tuba, a Cdc42-GEF, which contains a BAR  domain 
instead of a PH domain. In general, GEFs contain different additional domains, which allow them to 
associate with other proteins such as adapter and effector proteins. BAR, Bin1/amphiphysin/ Rvs167; CC, 
coiled-coil region; CR, cysteine-rich zink-butterfly motif; DH, Dbl-homology; Ex, extended structure; Ig, 
immunoglobulin-like domain; KIN, serine/threonine protein kinase domain; L-rich, leucine-rich region; P, 
PEST-sequence; PDZ, PSD-95/DlgA/ZO-1 domain; PH, pleckstrin homology; RBD, Ras-binding domain; 
s, spectrin repeats; SH3, Src-homology; Zn, zinc finger motif.
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Regulation of the actin 
cytoskeleton

The Rho family of GTPases have been best 
characterized for their particular function 
in the regulation of the actin cytoskeleton 
in response to receptor signalling. All 
Rho proteins play an important role in 
organizing the actin filament system, 
except for the RhoBTB and Miro proteins. 
The activation of Miro proteins influences 
the mitochondrial network, but not the actin 
filament system [44, 45]. RhoA regulates 
the formation of contractile actomyosin 
bundles (stress fibres) and focal 
adhesions, Rac1 regulates the formation 
of actin-rich protrusions (lamellipodia) 
as well as membrane ruffling and Cdc42 
regulates the formation of filopodia [46]. 
These actin dynamics are regulated 
by coordinated activation of different 
signalling pathways downstream of the 
small GTPases. RhoA can interact with 
its effector protein ROCK (as described 
above), which can subsequently activate 
myosin lightchain kinase, leading to 
activation of myosin (by phosphorylation), 
increased contractility and formation of 
stress fibres. Furthermore, RhoA can 
stimulate actin polymerisation via its 
effector proteins mDia1 and mDia2, which 
catalyze F-actin assembly in filopodia and 
lamellae [47, 48]. Cdc42 can signal to the 
Arp2/3 complex via its effector N-WASP, 
which results in actin polymerisation and 
the formation of filopodia [39, 49]. Rac1 
regulates actin organisation by activating 
WAVE (for example via IRSp53) or PAK, 
resulting in altered actin nucleation 
activity of the Arp2/3 complex [50, 51]. 
Furthermore, the Rac-activator Tiam1 can 
bind IRSp53 [52] and p21Arc [51], one of 
the components of the Arp2/3 complex, 

providing a mechanism to directly regulate 
Tiam1/Rac-mediated actin polymerisation  
processes by the Arp2/3 complex. 

Regulation of the microtubule 
cytoskeleton 

Besides regulating the actin cytoskeleton, 
small Rho GTPases are also important 
regulators of the microtubule cytoskeleton, 
via regulation of activity of several 
downstream effector proteins. Interestingly, 
mDia is a downstream effector protein 
of RhoA, which is involved in both the 
regulation of the actin cytoskeleton as 
well as the microtubule cytoskeleton. 
RhoA can promote the formation of stable 
and aligned microtubules via signalling 
through mDia [53, 54]. Both Rac1 and 
Cdc42 can influence microtubule stability 
by mediating PAK signalling to stathmin, 
an important microtubule destabilizing 
protein [55]. Furthermore, Rac1 and 
Cdc42 are able to promote microtubule 
capture at the cell cortex (leading edge of 
migrating cells) by stimulating binding of 
their effector protein IQGAP to the capture 
protein CLIP-170 [56]. Microtubule 
capture is necessary for the stabilisation 
of microtubules, which is essential for 
polarisation of cells. Cdc42 plays another 
crucial role concerning microtubule 
organisation, during polarisation and 
directional cell migration. It binds to one 
of its effector proteins, Par6, which forms 
a polarity complex with atypical PKC and 
together transduce signals to downstream 
targets resulting for example in the 
reorientation of the Golgi apparatus and 
microtubule organizing centre (MTOC) 
[57]. The Rac-GEF Tiam1 also associates 
with proteins of the Par polarity complex 
(Par3, Par6 and atypical PKC) and 

FUNCTIONS OF RHO GTPASES
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promotes microtubule stability, thereby 
allowing cells to stably polarise and to 
migrate in a persistent fashion [58].

Rho GTPases and cytoskeleton-
dependent processes

Because of their function in cytoskeletal 
organisation, small Rho GTPases 
regulate various cytoskeleton-  dependent 
processes such as changes in cell shape, 
cell adhesion, cell spreading, cell migration 
and cell polarity. Adhesive structures 
such as tight junctions (TJs), adherens 
junctions (AJs) and desmosomes are 
linked to the cytoskeleton and determine 
epithelial morphology and functionality 
and therefore play an essential role in 
the maintenance of tissue architecture 
[59]. Rho GTPases have been shown to 
regulate the formation and  maintenance 
of these adhesive structures (AJs and 
TJs) [60–62]. Interestingly, Rho GTPase 
signalling can contribute not only to 
stabilisation but also to disassembly 
of AJs leading to EMT [63, 64]. The 
reciprocal balance between Rac and 
Rho activity determines the epithelial or 
mesenchymal phenotype of epithelial 
cells [42]. Downstream effector proteins 
regulate the effect of activation of RhoA on 
cell adhesion. RhoA signalling via mDia 
and subsequent actin polymerisation is 
required for formation and maintenance 
of AJs, whereas RhoA signalling through 
ROCK results in disruption of AJs caused 
by increased contractility [65]. In vitro 
studies have shown that Tiam1-mediated 
Rac activity in conjunction with the Par 
polarity complex is essential for the 
establishment of apical-basal polarity of 
epithelial cells and interference with either 
Tiam1 or the Par complex facilitates EMT 
and migration of cells [66]. Interestingly, 
the same Par-Tiam1 complex also 
regulates front-rear polarity and directional 

migration in dissociated migratory 
epithelial cells [58]. This underscores a 
remarkable flexibility of the Par complex 
and the Rac GTPase that depending on the 
biological context, controls distinct forms 
of cellular polarity in the same cell type.  
 Rho GTPases also function in 
polarisation processes in other cell types. 
A Par/Tiam1/Rac complex in conjunction 
with Cdc42 plays an essential role in 
chemokine-induced cell polarisation and 
chemotactic migration of T cells [67]. 
Rac is also required for the polarisation 
and chemotactic migration of neutrophils 
[68, 69]. In neuronal cells, signalling 
pathways involving Cdc42 and the Par/
Tiam1/Rac complex are essential for 
axon specification. Localised polarity 
signalling determines which neurite 
grows out to be a future axon [70]. The 
outcome of signalling of the Par complex 
in conjunction with Rho GTPases is 
clearly context and cell type dependent. 
 Rho GTPase signalling is required 
for the regulation of vesicular trafficking, 
including exocytosis, endocytosis and 
phagocytosis, processes which are 
dependent on actin and microtubule 
dynamics and essential for establishment 
of asymmetrical distribution of proteins in 
polarised cells [31, 71, 72].

Rho GTPases and regulation of 
transcription

Besides these well-described functions 
related to cytoskeletal regulation, Rho 
proteins have also been implicated in 
the control of gene transcription. RhoA 
controls the activation of the nuclear 
transcription factor serum response 
factor (SRF), by which it can regulate 
the transcription of many genes [11, 73]. 
Furthermore, RhoA, Rac1 and Cdc42 
regulate cell cycle progression and 
growth as well as apoptosis, by regulating 
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transcription of specific genes, including 
cyclin D1 [74, 75]. Cyclin D1 belongs to a 
family of proteins that regulate cell cycle 
progression by stimulating G1 to S phase 
transition. The transcription of cyclin D1 
is controlled by transcription factors like 
ETS, AP-1 and NFƙB of which activity 
is regulated by Rho GTPases including 
RhoA, Rac1 and Cdc42 [76]. These 
transcription factors may also control anti-
apoptotic survival signalling. Rac promotes 
cell survival by activating the NFƙB 
pathway [77, 78] or by the production of 
ROS that promotes ROS-dependent Erk-
mediated survival signalling (Rygiel et al., 
unpublished results). Rac1 also stimulates 
survival signalling through activation 
of the phosphatidylinositol 3-kinase 
(PI3K)-Akt signalling pathway [79]. 
 Currently very little is known about 
the function of the RhoBTB proteins. As 
mentioned above, these proteins do not 
seem to function as cytoskeletal organisers 
and they are expressed in vesicular 
structures [44]. The presence of BTB 
(Broad complex/Tramtrack/Bric a brac) 
domains hints for a role in transcriptional 

regulation, since these domains are found 
in proteins that function in this process 
[80]. RhoBTB2 has been suggested to 
be involved in protein degradation by 
binding of its BTB domain to a ubiquitin 
ligase scaffold protein [81]. However, 
the localisation of RhoBTB proteins in 
cytoskeletal vesicular structures suggests 
a role in endocytosis or related processes. 
The atypical GTPases Miro1 and Miro2 
function in mitochondrial trafficking and 
via the interaction with kinesin-binding 
proteins might serve as a link between 
mitochondria and microtubule trafficking [9]. 
 The necessity of tightly regulated 
Rho GTPase signalling is illustrated 
by the embryonic lethality of mice after 
knockout of for example Rac1 or Cdc42 
[82, 83]. Because of their regulatory 
function in various signalling cascades, 
it is not surprising that aberrant signalling 
by Rho GTPases has been found to be 
involved in disturbed cellular phenotypes 
in a wide range of diseases, including 
neurodegenerative disorders and cancer 
[84, 85].

RHO GTPASES AND CANCER

The knowledge that Ras proteins are 
mutated in 30% of human cancers of 
different origins [86, 87], suggested that 
the same might hold true for the Rho 
family of small GTPases. Unexpectedly, 
to date, no mutations have been found in 
Rho proteins. Only one member of the Rho 
family of small GTPases has been reported 
to be genetically altered in human cancer 
(see below). Considering the cellular 
functions of Rho proteins in the regulation 
of polarisation, migration, proliferation 
and survival of cells, processes required 
for tumour formation and progression, it 
was expected that mutational activation 

of Rho proteins could deregulate these 
processes. Apparently, mutational 
activation or inactivation of Rho proteins 
is not favourable for the initiation or 
progression of tumours. Since mutations 
in Rho proteins have not been found, 
deregulation of Rho GTPase signalling 
could occur at the level of expression or 
activation of Rho GTPases, accomplished 
by the level of expression or activation of 
their regulators or downstream effectors.  
 Indeed, numerous in vitro and 
in vivo studies using tumour-derived 
cell lines, primary tumours and mouse 
models in which cancer development 
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and progression has been studied clearly 
indicate that deregulated signalling of small 
Rho GTPases plays an important role in 
the initiation as well as the progression of 
(human) cancer. The results from these 
studies and the lack of mutations in Rho 
proteins strongly suggest that disturbance 
of Rho GTPase signalling in diseases, 
including cancer, are caused by alterations 
at the level of their regulators, rather than 
by mutations at the level of the small Rho 
GTPases.

Alteration of Rho proteins in 
cancer

As mentioned above, only one human 
Rho GTPase has been found to be 
genetically altered in human cancers. 
Rearrangement of the gene RhoH 
(also known as TTF) was found in non-
Hodgkin’s lymphomas and multiple 
myeloma [88], as well as mutations in the 
50 UTR in diffuse large-cell lymphomas 
[89]. The exact contribution of these 
alterations in the RhoH gene to pathology 
has not been elucidated yet. In contrast 
to the low incidence of genetic alterations 
of Rho GTPases, several Rho GTPases 
have been reported to be aberrantly 
expressed or activated in human cancers 
or cancer-derived cell lines. An overview 
of a selection of observed aberrations in 
small Rho GTPase activity or expression 
levels in human cancers is given in Table 
1, of which a few examples are highlighted 
below in more detail. Rho GTPases 
found to be aberrantly expressed in 
human cancers include RhoA, RhoB, 
RhoC, Rac1 Rac2, Rac3, RhoG, Cdc42 
and Rnd3/RhoE. Altered expression 
can take place at the mRNA level or at 
the protein level and for some of these 
GTPases expression levels have been 
linked to prognosis and development of 
diseases (for references see Table 1). 

 Overexpression of RhoA for 
example, has been observed in breast, 
colon, lung [90, 91] and gastric cancer [92], 
as well as in head and neck squamous cell 
carcinoma (HNSCC) [93], bladder [94] and 
testicular cancer [95]. In vitro studies have 
shown that as a consequence of elevated 
expression, RhoA is localised to the plasma 
membrane where it can be activated 
and promote invasion by signalling 
towards ROCK and actomyosin [96]. 
 Studies in which malignant breast 
tissue was compared to benign tissue 
revealed that the Rac1 protein levels 
were increased in malignant breast tissue, 
suggesting that increased Rac activity 
promotes breast cancer development 
in vivo [90, 91]. Interestingly, a Rac1 
splice variant, designated Rac1b, which 
is highly active through accelerated 
GDP/GTP exchange [97] and is unable 
to interact with RhoGDI [98] was found 
overexpressed in breast and colon 
cancer [97, 99]. Rac1b is able to promote 
cellular transformation in human breast 
and colon carcinoma cells [100]. In vitro 
studies using mouse fibroblasts indicate 
that the effect of Rac1b signalling might 
involve increased stimulation of survival 
signalling via NFƙB [101]. Interestingly, a 
study using mouse mammary epithelial 
cells revealed that expression levels of 
Rac1b can be altered by stromelysin-1/ 
matrix metalloproteinase-3 (MMP-3), 
an enzyme that is upregulated in many 
breast tumours. This stromal enzyme 
induces EMT as well as the expression 
of Rac1b and therewith stimulates an 
increase in ROS, causing DNA damage 
[102]. In contrast to Rac1 deficiency which 
leads to embryonic lethality [82], Rac3 
deficiency does not impair embryonic 
development [103]. An important function 
of Rac3 in cancer progression was shown 
in a mouse leukaemia model. Mice lacking 
Rac3 were found to be protected against 
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lymphoblastic leukaemia induced by 
crossing with mice expressing the BCR-
ABL fusion oncogene [104]. This suggests 
that interference with Rac3 function 
may provide a strategy for therapeutic 
intervention of B-cell lymphomas. 
Elevated levels of hyperactive Rac3 were 
found in highly proliferative human breast 
cancer-derived cell-lines and tumour 
tissue. Although these data have been 
questioned, Rac3 may cause persistent 
activity of its effector, PAK, which 
contributes to DNA synthesis of highly 
proliferative cells [105].

Alteration of regulators of Rho 
GTPases in cancer

GEFs

Mutations in or altered expression of 
regulatory proteins of GTPase activity 
will also result in deregulated signalling 
downstream of Rho proteins (see Table 
1). The Rac-specific GEF Tiam1 controls 
the establishment and maintenance of 
E-cadherin based cell–cell adhesions 
and as a consequence loss of Tiam1 
leads to EMT [66, 106]. Indeed, Tiam1-
deficiency promotes invasiveness of Ras-
induced epithelial skin tumours as well as 
β-catenin/TCF-induced intestinal tumours 
in mouse tumour models [107, 108]. 
Moreover, mutations in the N-terminal PH 
domain of Tiam1, which could affect the 
intracellular localisation of this GEF, have 
been found in 10% of analyzed samples 
from human renal-cell carcinomas [109]. 
Tiam1 protein levels were also found to 
be increased and correlated positively 
with disease prognosis in human prostate 
carcinomas [110]. This positive correlation 
was also found in studies examining 
breast cancer, where Tiam1 expression 
correlated with invasiveness of human 

breast tumour cells and degree of 
progression of breast tumours [111, 112]. 
Intriguingly, the effects of Tiam1-mediated 
Rac signalling on tumour formation and 
progression seem tumour type dependent 
and either positively or negatively correlate 
with tumour progression. As Tiam1 may 
influence tumour initiation, tumour growth 
as well as tumour progression by activating 
different signalling pathways [107], the 
cellular outcome of altered expression 
of Tiam1 may depend on a balance 
between factors that are regulated by 
Tiam1- mediated Rac activation and that 
influence tumourigenicity. For instance, 
the effects of Tiam1 on E-cadherin-
based cell–cell adhesions, apoptosis, cell 
proliferation and polarised directed cell 
migration may affect the formation and 
progression of tumours in multiple ways. 
 Dock180 can activate Rac only 
when it is bound to the ELMO1 protein 
(engulfment and cell motility 1) [16]. In 
human glioma samples it was shown that 
expression of this bipartite Rac GEF was 
upregulated, only in the invasive areas 
of the tumours. Furthermore, in vitro 
overexpression of the Dock180-ELMO1 
complex increased the invasive and 
migratory capacity of cells [113]. A GEF that 
specifically activates RhoA, termed LARG 
(for leukaemia-associated Rho GEF), was 
isolated from a patient with acute myeloid 
leukaemia (AML), as a fusion partner of 
a gene frequently rearranged in both AML 
and acute lymphocytic leukaemia (ALL) 
[114]. This fusion of the mixedlineage 
leukaemia (MLL) gene to LARG causes 
truncation of LARG upon chromosomal 
translocation. Fusion of these genes 
is suggested to contribute to the 
development of leukaemia by activating 
RhoA signalling pathways [115]. A RhoA-
specific GEF, GEF-H1, has been shown to 
accelerate tumour cell proliferation upon 
transcriptional activation by expression 
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of mutant p53 proteins. The expression 
levels of GEF-H1 correlate with the 
mutation status of p53 in several cancer 
cell lines [116]. Increased expression of 
GEF-H1 results in increased activation of 
RhoA and might therefore contribute to 
enhanced invasion and metastasis as well 
as growth of p53 mutant tumours. 

GDIs

Also alterations in expression of 
GDIs have been reported to promote 
developmental stages of cancer. RhoGDI 
(RhoGDI1 or RhoGDIα), which is able 
to bind RhoA, RhoB, Rac1, Rac2 and 
Cdc42 [117], is overexpressed in invasive 
ovarian cancers [118]. RhoGDI may 
also influence breast cancer cell motility 
through enhanced transcription levels 
of estrogen receptors (ER) a and b 
[119]. D4-GDI (RhoGDI2 or RhoGDIβ) is 
expressed in a number of breast cancer 
cell lines and expression levels correlate 
with invasiveness of these cell lines. D4-
GDI is not expressed in benign-derived 
mammary epithelial cells [120]. In contrast, 
downregulated expression of D4-GDI 
was found to stimulate development of 
metastatic bladder cancer [121]. These 
findings suggest that deregulation of 
these Rho signalling pathways may 
promote or inhibit tumour progression in 
multiple ways. The mechanisms by which 
expression levels of GDIs influence Rho 
GTPase signalling pathways and tumour 
progression remain to be elucidated. An 
important aspect of this area of research 
will be the determination of the specificity 
of RhoGDIs for the various Rho GTPases 
in vivo, which has not been demonstrated 
yet.

GAPs

Expression levels of different Rho 
GAPs have also been linked to 
tumourigenesis, including DLC-1 and 
DLC-2 (deleted in liver cancer 1 and 
2). Genomic deletion of DLC-1, a Rho 
GAP for RhoA and Cdc42, was found in 
primary breast tumours [122], whereas 
DLC-2 expression was downregulated 
in hepatocellular carcinomas [123]. 
Deletion or downregulation of these 
GAPs leads to increased levels of 
GTP-bound RhoA and thus enhanced 
GTPase activity and downstream 
signalling, which could contribute to 
tumourigenesis. ARHGAP8 is a Rho GAP 
which has been found to be upregulated 
in the majority of colon tumours [124]. 
 For most observations on the various 
regulators (GEFs, GAPs and GDIs) of 
Rho GTPases in cancer it is unclear 
what the possible effect is on the activity 
of Rho GTPases in tumours. Moreover, 
the specificity of most of the regulators 
of Rho proteins in vivo is still unknown 
which makes such studies difficult. 
Maybe deregulation of Rho signalling as 
such is sufficient for their contribution to 
tumourigenicity. Nevertheless, collectively 
all data documented so far suggest that 
Rho GTPase family members contribute 
to the various stages of tumourigenesis 
and may act differently during the initiation 
and the progression of tumours. The 
apparent ability of regulators of Rho 
proteins to modulate Rho-mediated 
signalling pathways in tumours may lend 
themselves as targets for small molecule 
therapeutic agents against cancer.
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Alteration of downstream 
effectors of Rho proteins and 
cancer

Besides disturbed signalling at the 
regulator or GTPase level, Rho GTPase 
signalling may also contribute to pathologic 
development via alterations at the level 
of the effector proteins. Expression of 
PAK for example (effector of both Rac1 
and Cdc42) is upregulated in some 
breast cancers [125]. This upregulation 
of PAK induces anchorage-independent 

growth as well as abnormal organisation 
of mitotic spindles in experiments with 
human epithelial breast cancer cells 
(MCF-7) [126]. Furthermore, elevated 
expression levels of ROCK-I and II have 
been associated with higher stages of 
testicular cancer [95]. ROCK expression 
might affect migratory capacities of 
testicular tumour cells by interfering with 
tightly regulated activation of actomyosin 
and therefore may contribute to metastatic 
spread and progression of this particular 
type of cancer.

TUMOUR INITIATION: CONTRIbUTION OF RHO GTPASE 
SIGNALLING TO TUMOUR INITIATION AND GROwTH STUDIED 
IN vIvO

The first evidence that Rho proteins 
could be linked to the initiation of cancer 
came from in vitro studies showing the 
requirement of signalling via Rho GTPases 
for Ras oncoproteins to induce oncogenic 
transformation [127, 128]. Oncogenic 
Ras induces transformation and allows 
fibroblasts to form foci, groups of cells with 
a refractile, spindle shaped morphology 
that exhibit growth factor- and anchorage-
independent growth in vitro. Constitutive 
active mutants of RhoA, Rac1 and Cdc42 
contribute to Ras-induced morphological 
transformation,whereas dominant-
negative mutants of these GTPases 
prevent transformation. Furthermore, 
activated Rac1 has been shown to 
suppress apoptosis induced by oncogenic 
Ras via activation of NFƙB [129], thereby 
moderating the growth advantage for Ras 
transformed cells. These observations 
suggest that oncogenic Ras is able to 
activate or to collaborate with specific Rho 
family proteins, which in turn activate a 
spectrum of functions that contribute to full 
(malignant) Ras transforming activity [130].  
 The in vitro observations that Rho 

proteins can contribute to oncogenic 
transformation have been confirmed by 
in vivo studies. Mice lacking the Rac-
activator Tiam1 are protected from 
initial development of Ras-induced skin 
cancers. In the few skin tumours that did 
develop in Tiam1-deficient mice, growth 
was slow but malignant progression was 
promoted by the absence of Tiam1 [107]. 
These results indicate that Tiam1-Rac 
signalling may contribute to both initiation 
and progression of skin cancer and acts 
synergistically with Ras during tumour 
initiation. The inhibitory effect on tumour 
initiation by a lack of Tiam1-mediated Rac 
activation was caused by an increase in 
apoptosis of the epidermal keratinocytes. 
Apparently, Tiam1-mediated Rac 
activation suppresses Ras-induced 
apoptosis and thereby promotes cell 
survival and subsequent tumour initiation 
and growth. Similar experiments were 
performed using RhoB-knockout mice, 
with opposing results compared to the 
Tiam1-knockout mice. Interestingly, in 
RhoB-deficient mice the number of Ras-
induced tumours increased compared to 
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TUMOUR PROGRESSION: CONTRIbUTION OF RHO GTPASE 
SIGNALLING TO INvASION AND MIGRATION OF TUMOURS

wild-type mice, most likely also by a RhoB-
dependent function in apoptosis [131]. 
This means that in conditions of cellular 
stress RhoB might function to suppress 
tumourigenesis by stimulating apoptosis, 
thereby antagonizing the effects of Rac that 
acts in anti-apoptotic survival signalling.  
 Considering the effects of Rho 
GTPases on cell cycle progression 
through cyclin D1, it is of interest that 
breast cancer mouse models revealed that 
the Neu- and Ras-oncogenic pathways 
are dependent on cyclin D1 whereas 

c-myc and Wnt-1 oncogenic pathways 
are not [132]. Mice lacking cyclin D1 show 
resistance to breast cancer induced by 
the Neu and the Ras oncogenes, while 
remaining sensitive to other oncogenic 
pathways driven by c-myc and Wnt-1. 
Mice lacking Tiam1 also show reduced 
initiation of breast tumours induced by Neu 
(Strumane et al., unpublished results) and 
of intestinal tumours induced by Wnt [108]. 
Apparently, different oncogenic pathways 
require different additional signalling 
pathways for efficient initiation of tumours.

Cadherin proteins are major players in the 
establishment and maintenance of AJs 
between epithelial cells (with E-cadherin 
most abundantly expressed). Loss or 
deregulation of E-cadherin mediated cell 
adhesions leads to EMT [133] and is 
correlated with progression of epithelial 
tumours [134]. Rho GTPases regulate 
both disassembly as well as stabilisation 
of E-cadherin based adhesions. It is 
therefore not surprising that Rho proteins 
have been implicated in the alteration 
of cell–cell adhesion status of tumour 
cells [135]. In vitro studies revealed that 
Tiam1-mediated Rac activation is required 
for proper cell junction formation [66]. 
Accordingly, loss of Tiam1 promotes EMT 
in vitro and the progression of mouse 
skin tumours in vivo [64, 107]. Results 
from several in vitro studies also suggest 
that the activation status of Rac or Rho 
can be positively or negatively affected 
downstream of cadherin signalling [136, 
137]. For instance, cadherin-mediated cell 
adhesions inhibit RhoA via p190RhoGAP 
[27, 137], providing a possible 
mechanism through which elevated 
cadherin expression can enhance cell 

migration rather than promote stable 
intercellular adhesion of epithelial 
tumours. Comparable to this, Tiam1 
promotes apical-basal cell polarisation 
in epithelial cells but also promotes 
directional migration in freely migrating 
epithelial cells [58, 66]. Cell substrate 
interactions may determine which of 
these pathways are operational [138].  
 Invasive tumour cells require 
adaptation of cell–matrix adhesions in order 
to be able to cross tissue boundaries and 
spread to distal parts of the body (illustrated 
in Fig. 4). Cross-talk between different 
small Rho GTPases is very important 
for tight regulation of this process. RhoA 
and Rac1 are able to control the levels 
of matrix  metalloproteinases (MMPs), 
which degrade the extracellular matrix 
(ECM) (reviewed in [135]). In addition to 
the regulation of levels of MMPs, Rho 
GTPases can influence the remodelling 
of the ECM by regulating tissue inhibitors 
of metalloproteinases (TIMPs). The Rac-
GEF Tiam1 upregulates the transcriptional 
levels of TIMP-1 and posttranslational 
levels of TIMP-2 in renal-cell carcinomas, 
relating Tiam1 expression to the invasive 
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Figure 4: Contribution of Rho GTPase signalling to different steps of cancer development. (a) 
Deregulated Rho GTPase signalling can contribute to tumour initiation by influencing apoptosis and 
survival. (b) Once a tumour is initiated, Rho proteins can contribute to tumour development by stimulating 
growth and loss of cell polarity. (c) By altering cell-cell and cell-matrix adhesion, Rho proteins allow tumour 
cells to become invasive and (d) migrate to distal parts of the body where metastases are formed and 
angiogenesis is stimulated.
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CONCLUSIONS

capacities of this tumour cell type [139].  
 After EMT and adaptation of cell–
matrix adhesion tumour cells need to 
acquire migratory capacities in order 
to invade and migrate towards distal 
parts of the body, as illustrated in Fig. 4. 
This migration can occur as single cells 
or collectively, when cells move as a 
sheet. Simpson and colleagues showed 
that RhoA and RhoC serve opposing 
functions in invasive breast carcinoma 
[140]. Similar results were obtained in 
studies concerning colon carcinoma, 
which showed that RhoA activation was 
decreased during EMT, whereas RhoC 
activity was induced. Apparently, RhoA 
inhibits post-EMT migration of cells, in 
contrast to RhoC which promotes cellular 
migration after EMT in colon carcinoma 
[141]. Furthermore, RhoC was found to be 
required for metastasis of melanoma cells 
in vivo and in vitro experiments indicate 
that elevated expression levels correlate 
with increased metastatic potential of 
this tumour type [142]. A RhoC-deficient 
mouse model confirmed a role for RhoC in 
tumour cell motility and metastasis. It also 

demonstrated that RhoC is not required 
for the initiation of tumours but rather for 
tumour progression and metastasis [143]. 
An additional mechanism by which RhoC 
might contribute to tumour progression, 
besides influencing cell migration, is 
the induction of angiogenic factors 
which promote tumour vascularisation, 
as has been shown in breast cancer 
[144]. In vivo studies using mice with 
reduced Rac1 activity due to knockout of 
Tiam1 demonstrated the requirement of 
properly regulated Rac1 signalling for re-
epithelialisation of skin wounds, a process 
involving the migration and proliferation of 
keratinocytes [145]. Similar studies using 
transgenic mice expressing a dominant-
negative mutant of Rac1 confirmed 
these data [146], further supporting that 
epidermal wound healing is reduced as 
a result of Rac-dependent proliferation 
and migration of keratinocytes. Together, 
these in vivo examples illustrate the 
importance of tight regulation of Rho 
GTPase signalling and demonstrate that 
aberrant Rho signalling may contribute 
the formation and progression of tumours.

We have discussed here examples of in vivo and in vitro studies illustrating the function 
of small Rho GTPases and their contribution to different stages of cancer development. 
The effect of altered signalling from Rho GTPases is cell type and cellular context 
dependent. An important aspect of initiation of cancer is the coordination of uncontrolled 
proliferation (growth) and the prevention of apoptosis. Since Rho GTPases are involved in 
regulation of both processes, they play a pivotal role in the initiation of tumour formation. 
Rho proteins also function in the formation and disassembly of E-cadherin-mediated 
cell–cell adhesions and can therefore contribute to EMT and metastasis. Moreover, the 
regulatory functions of Rho GTPases on cytoskeleton remodelling allow these proteins 
to influence cancer-related processes such as the invasion, migration and metastasis of 
cells. Elucidation of the mechanisms by which regulators of Rho proteins modulate Rho-
mediated signalling pathways in tumours may provide novel targets for small molecule 
therapeutic agents to treat cancer.
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