
REVIEW Open Access

Rac and Rho GTPases in cancer cell motility
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Abstract

Rho GTPases represent a family of small GTP-binding proteins involved in cell cytoskeleton organization, migration,

transcription, and proliferation. A common theme of these processes is a dynamic reorganization of actin cytoske-

leton which has now emerged as a major switch control mainly carried out by Rho and Rac GTPase subfamilies,

playing an acknowledged role in adaptation of cell motility to the microenvironment. Cells exhibit three distinct

modes of migration when invading the 3 D environment. Collective motility leads to movement of cohorts of cells

which maintain the adherens junctions and move by photolytic degradation of matrix barriers. Single cell

mesenchymal-type movement is characterized by an elongated cellular shape and again requires extracellular pro-

teolysis and integrin engagement. In addition it depends on Rac1-mediated cell polarization and lamellipodia for-

mation. Conversely, in amoeboid movement cells have a rounded morphology, the movement is independent

from proteases but requires high Rho GTPase to drive elevated levels of actomyosin contractility. These two modes

of cell movement are interconvertible and several moving cells, including tumor cells, show an high degree of

plasticity in motility styles shifting ad hoc between mesenchymal or amoeboid movements. This review will focus

on the role of Rac and Rho small GTPases in cell motility and in the complex relationship driving the reciprocal

control between Rac and Rho granting for the opportunistic motile behaviour of aggressive cancer cells. In addi-

tion we analyse the role of these GTPases in cancer progression and metastatic dissemination.

Review
Rho and Rac GTPases

Rho proteins belong to the Ras superfamily. They are

small (21-25 kDa) molecules that share structural homo-

logy and become activated only when bound to GTP.

The best-characterized molecules are Rho, which con-

trols the stress fibers and focal adhesion formation, and

Rac and Cdc42, which regulate membrane ruffling, and

filopodium formation, respectively. A structural feature

that distinguishes the Rho proteins from other small

GTPases is the so-called Rho insert domain located

between a b strand and an a helix within the small

GTPase domain [1-3]. Typically Rho proteins are 190-

250 residues long and consist only of the GTPase domain

and short terminal C-terminal extensions. Within their

GTPase domains, they share approximately 30% amino

acid identity with the Ras proteins and 40-95% identity

within the family. All members contain the sequence

motifs characteristic of all GTP-binding proteins, bind to

GDP and GTP with high affinity. In addition, the major-

ity of members undergo C-terminal post-translational

modification by isoprenoid lipids. Together with other

C-terminal modifications or sequences, isoprenoid addi-

tion facilitates their subcellular location and association

with specific membranes or organelles. These lipid modi-

fications are mainly palmitoylation or prenylations, being

farnesylation and geranyl-geranylation the most frequent

post-translation modifications [4].

Rho GTPases work as sensitive molecular switches

existing either in an inactive, GDP-bound form or an

active GTP-bound form. They are endowed with GTP

hydrolytic activity, mainly involved in cytoskeleton rear-

rangements and cell motility, but also involved in cell

proliferation, transformation and differentiation [2].

Among other members, we will focus our attention on

the Rac and Rho subfamilies, as they are the main effec-

tors of cell motility.

The exchange of GDP to GTP and thus the activation

of Rho GTPases is catalyzed by guanine nucleotide
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exchange factors (GEFs), which act downstream of

numerous growth factor receptors, integrins, cytokine

receptors, and cadherins. Rho GTPases are key integrat-

ing molecules from different extracellular signals, as

they can be activated by different GEFs. In turn, GTP-

bound active GTPases can interact with a plethora of

different effectors which mediate the different cellular

functions of this family of proteins. Rho GTPase effec-

tors are a large group of proteins and include actin

nucleation promoting molecules, adaptors, as well as

kinases. Two factors concur to determine specific Rho

GTPase function: tissue specificity of GTPase effectors

and distinct intracellular localizations of closely related

Rho GTPases, due to different lipid modifications [1].

The GEF family is really large, consisting of over 70 pro-

teins mainly belonging to the Dbl or the Dock families

[5,6]. Lipid modification of Rho and Rac GTPases are

also strategic for subcellular compartmentalization,

allowing interaction with membrane-localised GEFs

upon masking of isoprenoids by GDI. The hydrolysis of

GTP and contact with GAPs allows a new association of

the GTPases with GDI and return to the cytosol [7]. In

addition, Rho GTPases can also be regulated by phos-

phorylation. RhoA has been reported to be phosphory-

lated by protein kinase A and G (PKA and PKG) at

serine at position 188, without any modification of its

interaction with GEFs, but increasing its interaction

with GDI and leading to extraction of RhoA from plas-

mamembrane [8].

Inactivation of Rho GTPases is due to an intrinsic

GTPase activity, which hydrolyses GTP to GDP. How-

ever, this activity is very weak and needs to be up-regu-

lated by GTPase activating enzymes (GAPs). Of note,

Rnd1-3 [9] and RhoH [10,11] are not regulated via

GAPs, due to their inability to hydrolyse GTP, and are

therefore regulated through gene expression and protein

degradation. An additional negative control is achieved

through Rho guanine nucleotide dissociation inhibitors

(GDIs). They bind Rho GTPases and prevent their acti-

vation by means of blocking interaction of the GTP-

bound form with effectors, sequestering GDP-bound

Rho proteins in the cytoplasm away from the GDP-GTP

cycle, as well as by changing membrane compartment to

GTPases [12]. Beside the GF family, the GAP group is

also huge: more or less 100 members have been found

in the human genome, but their regulation are even less

clear than those of the GEFs. Indeed, external to their

GEF or GAP domains, these proteins strongly diverge in

structure and secondary functions [6,13].

The Rac-related subfamily includes Rac1 (and its

splice variant Rac1b), Rac2 and Rac3 [4]. Seevaral Rac-

related proteins, sharing more than 80% identity, they

stimulate the formation of lamellipodia and membrane

ruffles, presumably through interaction with the WAVE

complex [14]. The splice variant Rac1b contains an

additional C-terminal 19-residue insert and is constitu-

tively active due to an increased intrinsic guanine

nucleotide exchange rate, decreased intrinsic GTPase

activity, its inability to interact with RhoGDI and

enhanced association with the plasma membrane

[15,16]. In addition, Rac1 can also be regulated by phos-

phorylation by Akt on Ser71, thereby leading to inhibit

the binding of GTP but not Rac1 GTPase activity [17].

Rac1 is ubiquitously expressed, whereas Rac2 is

expressed only in hematopoietic cells, where it seems to

have specialized functions [18]. Rac2 inactivation has

been correlated with several neutrophilic, phagocytic

and lymphocytic defects [19]. Indeed, Rac2 is mainly

responsible for activation of NADPH oxidase and conse-

quent generation of reactive oxygen species (ROS) in

hematopoietic cells [20]. Finally Rac3, highly expressed

in brain and upregulated upon serum stimulation of

fibroblasts [21], is strongly localized to the membranes

where it appears to be hyperactive [22].

Animals have 3 Rho isoforms, RhoA, RhoB, and RhoC,

sharing 85% amino acid sequence identity [1,6]. Despite

their similarity, both modulators (GEFs and GAPs) and

downstream effectors show favoured interaction with

single Rho isoforms, and the three proteins play differ-

ential roles in cells. RhoA and RhoC play key roles in

the regulation of actomyosin contractility and in cell

locomotion, while RhoB, primarily located in endo-

somes, has been shown to regulate intracellular traffick-

ing and cell survival [23]. Mostly, the functional

differences are a consequence of divergence in their

C-terminal 15 amino acids, where the highest level of

difference is found.

Molecular mechanism of cell migration

Cell migration in tridimensional extracellular matrix

(ECM) is a multistep process involving changes in the

cytoskeleton, cell-substrate adhesions and the extracellu-

lar matrix components. Cell migration is generally

initiated in response to extracellular stimuli, which can

be diffusible factors, signals on neighboring cells, and/or

signals from the extracellular matrix. The idea that Rho

family GTPases could regulate cell migration derives

from observations that they mediate the formation of

specific actin containing structures [24,25]. Furthermore,

Rho proteins regulate several other processes relevant to

cell migration, including cell-substrate adhesion, cell-cell

adhesion, protein secretion, vesicle trafficking and

transcription.

Cell migration in three-dimensional ECM can be sche-

matized into five separate steps [26] (figure 1):

1. lamellipodium extension at the leading edge

2. formation of new focal adhesions complexes
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3. secretion of surface protease to ECM contacts and

focalized proteolysis

4. cell body contraction by actomyosin complexes

5. tail detachment

Lamellipodium extension at the leading edge involves

actin polymerization, and it is known that lamellipodia

consist of branched or unbranced filament networks

formed through the actin-nucleating activity of the

actin-related proteins 2/3 (Arp2/3) protein complex

[27,28]. Rac stimulates new actin polymerization, acting

on Arp2/3 complex, which binds to a family of proteins

called nucleating promoting factors (for detailed descrip-

tion of actin nucleation factors refer to [29,30]) and

initiates the formation of new actin filaments on the

sides of existing filaments to form a branching actin net-

work [27]. The Arp2/3 complex is activated by Rac

through its target insulin receptor tyrosine kinase sub-

strate p53 (IRSp53) [31]. Rac interacts with IRSp53,

which in turn interacts through an Src-homologous

domain 3 (SH3) domain with a member of the WASP

family, which then binds to and activates the Arp2/3

complex. Rac is required for lamellipodium extension

induced by growth factors, cytokines and extracellular

matrix components [32]. Rac activation by both tyrosine

kinases and G-protein-coupled receptors is dependent

on phosphoinositol3-kinase (PI3K) activity, and inhibi-

tors of PI3K block Rac activation [33]. During

lamellipodia extension phosphoinositol phosphates

(PIPs) also bind and activate GEFs that regulate the

activity of Rac that bind the Arp2/3 complex[34].

A number of myosins, the main motor protein in eukar-

yotic non-muscle cells, have been implicated in cell migra-

tion [35]. Myosin light chain (MLC) phosphorylation is

enhanced in the lamellipodial region of cells [36], which

suggests a role for myosins in lamellipodium extension.

Rac can affect the phosphorylation of both myosin heavy

chain (MHC) [37] and MLC via activation of its down-

stream kinase p21 activated-kinase (PAK) [38].

Formation of new focal adhesions complexes is loca-

lized in the lamellipodia of most migrating cells. Upon

the attachment of the extending lamellipodium to the

extracellular matrix, integrins come into contact with

ECM ligands and cluster in the cell membrane interact-

ing with the focal adhesion kinase (FAK), a-actinin and

talin. All these proteins can bind adaptor proteins

through SH2, SH3 or proline rich domains to recruit

actin binding proteins (vinculin, paxillin and a-actinin)

as well as regulatory molecules PI3K to focal complexes

[39,40]. Rac is required for focal complex assembly [41]

and cell adhesion to the extracellular matrix itself acti-

vates Rac [42].

Secretion of surface protease to ECM contacts and

focalized proteolysis is crucial for cells to migrate in a

three-dimensional matrix and, even on a two-dimen-

sional matrix, protease production can be important for

Figure 1 Cell migration in 3 D matrix. See text for detailed explanation of motility steps.
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migration [43]. There are some indications that Rho

GTPases could play a role in regulating the secretion

and/or activation of secreted proteases. For example,

Rac is required for shear stress-induced matrix metallo-

proteinase 9 (MMP9) expression in chondrocytes [44],

and activated Rac can induce expression of the MMP1

in fibroblasts [45]. Constitutive expression of activated

Rac induces activation of Jun N-terminal kinase (JNK),

which phosphorylates and activates the transcription

factor Jun. Jun is a component of the activator protein 1

(AP-1) transcription factor complex and regulates tran-

scription of many genes, including MMP genes [46].

Furthermore, in HT1080 cells, Rac1 mediates MMP2

activation and membrane type matrix metalloproteinase

(MT1-MMP) expression/processing during the encoun-

ter between invading tumor cells and type I collagen-

rich stroma, thereby facilitating collagenolysis and cell

invasion [47].

Cell body contraction is dependent on actomyosin

contractility. The contraction of actin filaments is pro-

vided by myosin II. Stress-fiber assembly and contrac-

tion, which are controlled by myosin II, are

predominantly induced by the small G-protein Rho and

its important downstream effector, the Rho-associated

serine/threonine kinase (ROCK). Rho acts via ROCKs to

affect MLC phosphorylation, both by inhibiting MLC

phosphatase and by phosphorylating MLC [48]. It is

likely that ROCKs and MLCK act in concert to regulate

different aspects of cell contractility, because ROCK

appears to be required for MLC phosphorylation asso-

ciated with actin filaments in the cell body, whereas

MLCK is required at the cell periphery [49]. This allows

the cell to separately control cortical actin dynamics

from contractions in inner regions.

Tail detachment occurs when cell-substrate linkages is

preferentially disrupt in the back of the cell, whereas the

leading edge remains attached to the ECM and further

elongates [50]. At the trailing edge, focal complex dis-

sassembly occurs through several mechanisms depen-

dent on the type of cell and strength of adhesion to the

extracellular matrix [51]. In slowly moving cells tail

detachment appears to depend on the action of the pro-

tease calpain, which cleaves focal complex components

like talin and cytoplasmic tail of b1 and b3 integrins at

the rear of cells [52]. A reduction in Rho activity could

inhibit tail detachment, through decreased actomyosin

contractility [53].

Diversity of tumor invasion mechanisms

A combination of in vivo imaging and 3 D in vitro mod-

els have shown that cells could move using different

motility styles. Indeed cells can move as individual cells

or in solid multicellular component. Single-cell migra-

tion includes mesenchymal and amoeboid migration

strategies, whereas collective migration is referred to

multicellular strands, sheets, cluster and cohorts. Differ-

ences in extracellular protease activities, integrin-

mediated cell-matrix adhesion, cadherin-mediated cell-

cell adhesion, cell polarity and cytoskeletal arrangement

define the type of cell migration and invasion.

Mesenchymal motility

Mesenchymal motility is characterised by an elongated,

fibroblast-like, cell morphology with established cell-

polarity and is dependent, upon proteolysis, to the

degradation of the ECM [54,55]. In this kind of motility,

cell speed is relatively slow (0.1-1 μm/min). Upon sev-

eral stimuli, phosphatidylinositol (3,4,5)-triphosphate

(PtdIns(3,4,5) P3) is generated at the leading edge of the

cell and leads to cell polarization through activation of

the small GTPase Rac1, which in turn organizes actin

polymerization and lamellipodium formation [56,57].

Activation of cell division control protein 42 homolog

(Cdc42) and the recruitment of adaptor proteins can

also promote actin polymerisation. The directionality of

cell movement is maintained by Cdc42, which coordi-

nates actin polymerisation at the front of the cell with

microtubule attachment and alignment [57,58].

Together, these events lead to the formation of an

actin-rich protrusion. After the extension of the protru-

sion, small integrin-dependent focal complexes are

formed that attach the new protrusion to the ECM.

Some focal complexes then develop into large focal

adhesions that enable actomyosin contractile force to be

transmitted to the ECM [57]. The role of RhoA and its

effectors ROCK in mesenchymal motility is complex;

their activity needs to be reduced to extend protrusions

at the front of the cell [59], but they promote the retrac-

tion of the lagging tail [57]. As a result, the overall effect

of inhibiting these proteins in mesenchymal cells is

often minimal [60]. Mesenchymal cells are able to move

through a matrix-filled space by using proteases, such as

MMPs and urokinase-type plasminogen activator (uPA),

that degrade ECM proteins and creates the path [61,62].

Amoeboid motility

Amoeboid movement of cells is likely to use similar

mechanisms of the migration of leukocytes and Dictyoste-

lium discoideum [63]. This movement is very similar to

the rounded Rho- and ROCK-dependent form of motility

that has been described in A375m2 melanoma and

LS174T colon carcinoma [60]; With the advent of multi-

photon microscopy, intravital imaging of mammalian sys-

tems has greatly improved and has opened up new ways

to explore chemotaxis, cell-cell interactions and the

metastatic cascade within the in vivo microenvironment.

High resolution intravital imaging have demonstrated

that some carcinoma cells move at very high speed with
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an amoeboid morphology (up to 4 μm/min) in vivo

[54,64]. This motility style is largely independent from

cell-ECM contact and from proteolytic degradation of

ECM from MT or soluble MMPs. Amoeboid moving

cells show rounded morphology and greatly exploit as a

propulsory force the acto-myosin cytoskeleton contracti-

lity, without Rac-driven cell polarization, but requiring

Rho activation. Cortical actin contraction driven by

Rho-ROCK signalling through myosin activation might

promote the rapid remodelling of the cell cortex charac-

teristic of amoeboid movement [54,60,65].

Furthermore, cell-ECM attachments of amoeboid

moving cells are not organized in large focal adhesions

but are very diffuse and much weaker cell-ECM attach-

ments are required, because amoeboid movement can-

not be blocked by inhibition of integrin function

[55,66]. Notably, proteases are not required for this

style, because cells are able to squeeze through gaps in

the ECM instead of degrading it [66]. These differences

in “path generating” by proteolysis for mesenchymal

moving cells or in “path finding” by squeezing for

amoeboid cells could explain the different speeds of the

two styles.

Collective motility

A third form of motility is collective cell motility. Col-

lectively migrating cells maintain their cell-cell junctions

and migrate in sheets, strands, tubes and cluster, either

still in connection with their originating tissue or as

separated, independently migrating cluster. In cancer,

collective cell migration and invasion is found in distinct

cancer types, including high and intermediate differen-

tiated types of lobular breast cancer, epithelial prostate

cancer, large cell lung cancer, melanoma, rhabdomyosar-

coma, and most prominently in squamous cell carci-

noma. High-resolution multimodal microscopy has

shown that the guiding cells use b1-integrin-mediated

focal adhesions and local expression of MT1-MMP at

their leading edges to cleave collagen fibers and orient

them in a way that generates tube-like microtracks into

which the collective mass migration of follower cells can

occur [67,68]. Mechanistically, this is similar to a collec-

tive form of mesenchymal motility, with the cells at the

front producing MMPs and generating a ‘path’ for the

following cells [68]. In contrast to single cell movement,

which requires the loss of adherens junctions, the main-

tenance of adherens junctions is important for this form

of movement [67]. The mechanics of this form of moti-

lity are poorly understood because of the difficulties of

modelling it in vitro. However, the regulatory pathways

underlying collective cell migration have just begun to

be elucidated and its clinical manifestations, prognostic

value, and actual contribution to metastasis remain to

be assessed

Plasticity of tumor-cell migration

Cells from several origins, and among them cancer cells

are particularly talented, are able to engage ad hoc epi-

genetic/ontogenetic programmes enabling them to adapt

to environmental changes. This ability of cells, com-

monly referred as cell plasticity, is often related to dif-

ferent strategies to move in 3 D tissues [65,69].

Loss of epithelial-like cell morphology to adopt a

motile phenotype has been termed epithelial-mesenchy-

mal transition (EMT). This is a profound change in cell

phenotype that causes immotile epithelial cells to

acquire traits such as motility, invasiveness, and resis-

tance to apoptosis or the ability to adapt to environmen-

tal changes and continue to invade successfully. These

features are driven by extracellular signals, most of

which are still unknown, which in turn induce expres-

sion of a series of transcription factors guiding the

achievement of the new plastic, adjustable phenotype.

In the EMT process, the cells lose their epithelial

characteristics, including their polarity and specialized

cell-cell contacts, and acquire a mesenchymal migratory

behaviour, allowing them to move away from their origi-

nal site towards remote locations [70,71]. EMT illus-

trates the differentiation plasticity during development,

but is commonly exploited by cancer cells to invade and

metastatize [69,71,72]. Mesenchymal motility is charac-

terised by elongated and polarized cell morphology; it

depends upon ECM proteolysis of the moving cells

which, through production of MMPs, generates a ‘path’.

Although several soluble factors that promote this pro-

cess have been identified, the pathophysiologic context

in which they act remain unclear. Inflammation is a key

conspirator in the emergence of EMT in adults,

although it is absent during embryonic development,

suggesting the existence of multiple stimuli eliciting

EMT and possible multiple different subtypes of EMT.

Recently Kalluri and Weinberg proposed a classification

of EMT: type 1 EMT serves for embryonic development,

type 2 for tissue repair and type 3 for metastatic spread-

ing of cancer [71]. While type 1 EMT is independent

from inflammation and injuries, both type 2 and 3 share

their dependence from inflammation and are character-

ized from their endurance until the provoking spur is

removed. Of note, exogenous addition of MMP-3,

MMP-2 or MMP-9 facilitate EMT likely through clea-

vage of E-cadherin [73,74]. Finally, type 3 EMT is facili-

tated by genomic and epigenetic alterations acquired by

cancer cells, and some of these alterations have been

reported also in tumor-associated stroma.

The EMT transcriptional programme has been

associated with activation of several key transcriptions

factors, including Snail-1 and Snail-2 (Slug), Twist, ZEB-

1-2, etc. The large number of transcription factors

which can be engaged to elicit the same phenotype, i. e.
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the transition from an epithelial-like to a mesenchymal-

like cell behaviour, is not necessary indicative of redun-

dancy. Indeed, different stimuli able to elicit EMT

appear to act on different transcription factors. Tumor

microenvironmental cues as inflammation [75] or stro-

mal fibroblasts (Chiarugi, P., unpublished data) drive a

Snail-1-dependent EMT, while intratumoral hypoxia eli-

cits a Twist-mediated EMT [76-78]. In addition, miR-

NAs are able to regulate EMT acting mainly on ZEB-1

and ZEB-2 [79,80]. The transcriptional programme leads

to regulation of a series of proteins: decrease of E-cad-

herin for disruption of adherens junctions, increase in

N-cadherin and Met proto-oncogene to drive motility,

as well as increase in MMPs and uPA/uPAR proteolytic

systems to degrade 3 D barriers [71,72].

In response to particular environmental cues, cancer

cells can de novo acquire an amoeboid-like motility,

thus undergoing to what has been termed mesenchymal

to amoeboid transition (MAT). The latter is a primitive

form of cell migration that allows cells to glide through,

rather than degrade, ECM barriers through weakened

cell-ECM attachments. Conversely to mesenchymal

motility, cells moving through an amoeboid mode show

independence from proteolytic systems to degrade 3 D

barrier and the movement of cells depends on their abil-

ity to squeeze between gaps of ECM instead from the

ability to degrade it [55,65].

MAT can be induced in cells by both environmental

or epigenetic cues. In fibrosarcoma and melanoma cells

the inhibition of integrin or MMP function, leads to

switch from mesenchymal to an amoeboid-like migra-

tion program, thereby rescuing motility by alternative

mechanisms and sustaining the dissemination of single

cancer cells [55,66,81]. Indeed fibrosarcoma and mela-

noma cells, in the presence of a cocktail of a broad

spectrum protease inhibitors, convert their motility style

from proteolytic to amoeboid, thus undergoing MAT. In

keeping with the different dependence of mesenchymal

or amoeboid motilities from integrin engagement, treat-

ment of sarcoma cells with integrin antagonists elicits a

clear MAT [55,66,81,82].

Beside environmental regulation, MAT can also be

induced by epigenetic expression of regulating factors.

First, prostate carcinoma cells move through and

EphA2-mediated amoeboid motility [83,84]. Second,

aggressive melanoma cells are able to shift ad hoc

between mesenchymal and amoeboid motility: in

response to pro-inflammatory cytokines they undergo

EMT, while after re-expression of embryonic EphA2

receptor, experience a new kind of motility program

undergoing MAT [81]. In addition, fibrosarcoma cells

have been reported to undergo MAT during forced acti-

vation of stathmin, a known microtubule cytoskeleton

regulator, or during inhibition of the E3-ubiquitin ligase

for RhoA Smurf1 [85,86]. Finally, loss of p53 or p27

tumor suppressors promotes RhoA/ROCK-dependent

cell migration and invasion in 3 D matrices for human

melanoma cells, suggesting that MAT is associated with

worse prognosis cancers [87-89].

Nevertheless several interesting data indicate that

MAT is an efficient plasticity programme for cell moti-

lity, the identification of the molecular players regulating

MAT is still at its infancy. In any case, as the different

reported examples of MAT share some key features, as

cell body constriction and independence from proteases,

we speculate that MAT, as well as EMT, should be dri-

ven by a transcriptional response. One the first event

could be the repression of EMT, i.e. an “inverse” tran-

scriptional programme”, and of its transcriptional execu-

tors Snail and Twist, but it is likely that MAT switches

on its own transcription factors.

Similarly with respect to EMT, the transition from

collective invasion to amoeboid movement relies in

weakening cell-cell and cell-ECM interactions, i. e. dis-

ruption of E-cadherin mediated adherens junction and

integrin-linked focal complexes [68,90]. Melanoma cells

have been indicated to move in cohorts of multicellular

clusters but the contextual inhibition of b1 integrins

abolished these collective movement, thereby inducing

detachment of individual single moving cells using

amoeboid style to invade, i.e a collective to amoeboid

transition (CAT) [91]. To date it is unknown that CAT

converts collective migration to the amoeboid one

directly or via an intermediate mesenchymal migration

step [55].

Reciprocal control of Rac and Rho small GTPases

A mutual antagonism between the Rac and Rho

GTPases has been observed in several cellular settings,

raising the significant question of its integrated in cell

behaviour. In A375M2 melanoma cells, displaying a pre-

dominantly amoeboid phenotype with a minority of cells

migrating in a mesenchymal fashion, Sanz-Moreno iden-

tified DOCK3 as a GEF specific for Rac1, NEDD9 as an

adaptor protein of the p130Cas family binding DOCK3,

and WAVE2 as a protein that promotes actin nucleation

downstream of Rac [92]. In this cell model there is a

reciprocal inhibitory relationship between Rac and Rho

signaling cascades establishing a regulatory switch

between the mesenchymal and amoeboid phenotypes.

Mesenchymal melanoma morphology and invasiveness

style is controlled by a Rac1 activation pathway,

mediated by adaptor protein NEDD9 and DOCK3,

acting as a Rac1-GEF. Cell elongation and actin poly-

merization downstream to Rac1 is mediated by the

actin-nucleation protein WAVE2. WAVE2 is also

responsible for downregulation of actomyosin contracti-

lity, cytoplasm blebbing and amoeboid motility. On the
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contrary in amoeboid moving cells, Rho activation sti-

mulates a ROCK-mediated actomyosin and cell body

contractility. In parallel, amoeboid signalling leads to

downregulation of mesenchymal movement, mainly

through inhibition of Rac1 by activating the Rac-GAP

ARHGAP22, thereby completing the circuitry of Rac1-

RhoA antagonism.

Beside ARHGAP22 and DOCK3/NEDD9 signaling,

other pathways leading to shift of Rac/Rho balance in

favor of the last induce MAT as well. These include the

interference with Rab5-mediated endocytosis and recy-

cling of Rac to cell protrusions [93] and the inhibition

of E3 ubiquitin ligase Smurf1, which leads to Rho degra-

dation directly at the leading edge and thereby grants

for dominance of Rac at the front of polarized cells [86].

Studies on specific extracellular signals acting in

favour of mesenchymal or amoeboid movements are

still at their infancy. Clearly, extracellular factors act on

different invasive styles through Rac and Rho modula-

tion and the role of their GEFs and GAPs is mandatory.

Presumably both Rac1 and Rho activation are ultimately

controlled by GFs and integrin activity, thereby suggest-

ing the existence of additional mechanisms by which

Rac can inhibit the Rho-mediated amoeboid phenotype.

Activated Rac in response to integrin engagement has

been shown to stimulate the activity of p190RhoGAP

(which down-regulates the activity of Rho isoforms) by

promoting its phosphorylation. Indeed, the oxidative

cascade involving Rac1, reactive oxygen species (ROS)

and a p190RhoGAP phosphatase has been correlated

with the antagonistic crosstalk between Rac1 and the

RhoA [94]. Extracellular activation of Rac1 leads to

enhancement of ROS production and this leads in turn

to redox inhibition of Low-Mw protein tyrosine phos-

phatase (LMW-PTP), finally enhancing the phosphoryla-

tion of its substrate p190RhoGAP [94,95]. The redox

circuitry engaged by mesenchymal stimuli is closed

because phosphorylated p190RhoGAP downregulates

RhoA and suppresses amoeboid activity. In a specular

fashion, activation of the repulsive EphA2 receptor in

prostate carcinoma cells is accompanied by reduced

Rac1 activity and attenuated generation of ROS, which

leads to LMW-PTP activation, p190RhoGAP depho-

sphorylation and to an increase of Rho signaling [83,96].

EphA2 receptor activation by its cognate ligand

ephrinA1 is a powerful signal to activate RhoA and its

overexpression and activation causes achievement of

amoeboid invasive styles from both prostate carcinoma

and melanoma cells [81,83,84,96]. In addition, p120-

catenin supports Rac-Rho crosstalk by controlling the

cortical localization of p190RhoGAP and thereby allow-

ing Rho inhibition through activation of Rac [97,98].

Indeed, in p120-deficient cells, p190RhoGAP was acti-

vated via its redox pathways by a constitutively active

Rac mutant but was unable to inhibit Rho [97]. This

coordinated and opposed activity of Rac1 and RhoA is

crucial to cellular dynamics, the former promoting

membrane protrusion, cell polarity and spreading, the

second cytoskeleton contractility and tail retraction Col-

lectively, the above evidence indicate that the intricate

cross-talk between Rho family GTPase that underlies

dynamic cell responses is in large part redox regulated

(figure 2).

Moreover, Radisky et al. reported that activation of

EMT in breast carcinoma cells is associated with expres-

sion of the alternatively spliced Rac1 isoform, the consti-

tutively active Rac1b, and thereby to ROS generation.

Although the identification of the direct redox protein

sensors driving EMT is still lacking, these oxidant have

been proved to be genotoxic, thereby contributing to

both carcinogenesis and tumor invasiveness [74]. Our

preliminary observations in this context indicate that in

cancer cells the ROS generated upon EMT commitment

also retain signalling roles, enhancing expression of

transcription factors correlated with mesenchymal or

inflammatory programs as Snail-1, Twist, hypoxia indu-

cible factor-1 or nuclear factor �-B (Chiarugi, P., unpub-

lished results). In the context of EMT the

downregulation of Rho proteins, although highly feasi-

ble, remains to be described in its molecular details.

Aberrant regulation of Rac and Rho proteins in cancer

As a consequence of the large number of key functions

assigned to Rho proteins, like proliferation, apoptosis/

survival, cell polarity, cell adhesion and plasticity of cell

migration [99,100], it is not surprising that they play

important roles in tumor biology [101]. A clear connec-

tion can be established between Rho proteins overex-

pression and a large variety of human tumors [102,103].

Rho GTPases have been reported to contribute to most

steps of cancer initiation and progression including the

acquisition of unlimited proliferation potential, survival

and evasion from apoptosis, angiogenesis, tissue invasion

and the establishment of metastases (figure 3). Some

Rho GTPases stimulate cell cycle progression and regu-

late gene transcription, and this could in part explain

their pro-oncogenic properties, for example in promot-

ing Ras-induced transformation [104]. Some Rho

GTPases are thought to be able to regulate the release

of pro-angiogenic factors to promote neovascularisation

[105]. The ability of Rho GTPase family members to

regulate loosening of epithelial cell-cell contacts, MMPs

expression and the plasticity of cell migration (EMT,

MAT) [103] points to a central role in cancer cell inva-

sion and metastasis (figure 3).

Primary tumors generally arise as a consequence of

multiple mutations and epigenetic changes affecting key

genes that ultimately affect proliferation and survival.
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Unexpectedly, to date, no mutations have been found

in Rho proteins. Only one member of the Rho family

of small GTPases (RhoH) has been reported to be

genetically altered in non-Hodgkin’s lymphomas and

multiple myeloma. Since mutations in Rho proteins

have not been found, deregulation of Rho GTPase sig-

nalling could occur at the level of expression or activa-

tion of Rho GTPases, accomplished by the level of

expression or activation of their regulators or down-

stream effectors. RhoA and RhoC expression and/or

activity is frequently increased in human tumors,

whereas RhoB is often downregulated [106]. Increased

RhoA expression was described in various human

tumors including liver [107], skin [108]and colon can-

cer [109]. In liver, increased RhoA expression corre-

lated with increased RhoA activity, poor prognosis and

recurrence [107]. Elevated RhoA levels also corre-

sponded to progression of ovarian [110], bladder [111],

gastric [112] esophageal squamous cell [113], and testi-

cular cancer [114] (table 1). RhoA has been implicated

in virtually all stages of cancer progression: for exam-

ple, in vitro, constitutively active RhoA can stimulate

transformation [115]. In normal epithelia, RhoA contri-

butes to the generation of epithelial polarity and junc-

tion assembly and function [116] but also affects

epithelial disruption during tumor progression. RhoA

activity can be inhibited downstream of cadherins lead-

ing to a more motile phenotype [97]. Different GEFs

and GAPs influence how Rho proteins can act in dif-

ferent contexts either promoting epithelial organization

and polarity or epithelial EMT, as seen in studies of

RhoA GEFs/GAPs in Drosophila models [117].

A 3 D in vitro invasion model using co-cultures of

SSC12 carcinoma cells with stromal fibroblasts, has

shown how this fibroblast generates the traction force

and remodels the matrix through MMPs. Different Rho

GTPases were found to be required in the leading fibro-

blast and the following carcinoma cells with a RhoA

regulation of MLC in the former and mainly Cdc42 and

myotonic dystrophy kinase-related Cdc42-binding kinase

(MRCK) function in the latter [118]. In contrast to

RhoA, RhoC has no apparent transforming activity.

RhoC was identified in a screen for genes upregulated in

melanoma metastases [119], and has subsequently been

proposed as a marker for poor prognosis in cancers of

different origins [120]. RhoC is upregulated in many

cancers including breast cancer [121] and squamous cell

carcinoma (SCC) of skin [122] (table 1). Increased

expression of RhoC correlates with progression and

poor prognosis of ductal adenocarcinoma of pancreas

[123], hepatocellular cancer [124], breast cancer [109],

ovarian cancer [110], bladder cancer [111], gastric

Figure 2 Reciprocal regulation between Rho and Rac during mesenchymal or amoeboid motility styles. ROS act as a balance for Rac-1/

RhoA antagonism. Indeed Rac-1, which drives oriented mesenchymal motility, leading edge protrusion and lamellipodia formation, is a key

molecular player of regulated intracellular ROS sources. Rho activation is responsible for amoeboid motility, a non-oriented movement which

enables the cell to squeeze between gaps of ECM instead of proteolytically degrade it. Hence, upon Rac activation oxidation/inactivation of the

LMW-PTP which normally activate the Rho regulator p190Rho-GTPase, leads to RhoA down-regulation. Conversely, low ROS intracellular content

lead to RhoA activation, through LMWPTP activation and p190RhoGAP dephosphorylation/inactivation. Activated RhoA is able to inhibit Rac-1

through the ARHGAP2 (also named chimerin-2), while Rac1 activates WAVE2 which in turn inhibits RhoA.
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cancer [125], esophageal SCC [113], head and neck SCC

[120], prostate cancer [126], and non-small cell lung

carcinoma (NSCLC) [127]. In contrast to RhoC, expres-

sion of RhoA and RhoB did not correlate with poor

prognosis in pancreatic cancer [123]. Increased RhoC

expression has been claimed as the possible cause for

the induction in invasion and metastasis triggered by

the overexpression of the microRNA-10b in breast can-

cer [128]. RhoC expression is increased during EMT in

a colon cancer model and contributes to EMT-induced

Table 1 Aberrant regulation of Rho proteins in cancer

Rho
proteins

Mechanism of
deregulation

Tumor type

RhoA High protein levels,
high signalling activity

Liver [107], skin [108], colon [109], ovarian [110], bladder [111], gastric [112], esophageal squamous cell (SCC)
[113], testicular [114], breast [109]

RhoB Overexpression or
downregulation

Breast (overexpression) [109], lung (downregulation) [151]

RhoC High protein levels,
high signalling activity

Melanoma metastases [119], breast [121], squamous cell (SCC) [122], pancreas [123], liver [124], ovarian [110],
head and neck [120], prostate [126], non-small cell lung (NSCLC) [127], gastric cancer [125]

RhoH Rearrangement and
mutations
(5’ UTR)

non-Hodgkin’s lymphomas and multiple myeloma [152]

Rac1 High protein levels,
high signalling activity

Testicular, [114]gastric [112], breast [136], squamous cell (SCC) [137]

Rac1B Alternative splicing Colon [148]; Breast [136]

Rac2 High protein levels Head [108] neck squamous-cell carcinoma (SCC) [122]

Rac3 Hyperactive or
overexpression

Breast [22]

Figure 3 Involvement of Rho proteins at different stages of tumor progression. A) Maintenance of normal epithelial cell polarity. B) Benign

tumors: once a tumor is initiated, Rho proteins can contribute to tumor development by stimulating dedifferentiation, growth and loss of cell

polarity. C) Locally invasive tumors: Rho proteins can contribute to tumor development by altering cell-cell and cell-matrix adhesion, Rho

proteins allow tumor cells to become invasive. D) Metastasis to distant site: Rho and ROCK are required for tumor cells to cross endothelial cell

layers. RhoC promotes expression of angiogenic factors, leading to an increase in vascularization of the tumor.
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migration, whereas RhoA levels go down [129]. It is not

yet clear how RhoC increases invasion and metastasis or

why its effects differ from RhoA. Some reports indicate

that RhoA, RhoC and their downstream target ROCK

are needed for cancer cell extravasation [130]. Interest-

ingly, RhoC can induce the production of angiogenic

factors in breast cancer, and this could help promote

entry into blood vessels and thereby metastasis dissemi-

nation [105]. Unlike RhoA and RhoC, RhoB is often

downregulated in human tumors and its expression

inversely correlates with tumor aggressiveness. It has

been proposed that RhoB can work as a tumor suppres-

sor as it is activated in response to several stress stimuli

including DNA damage or hypoxia, and it has been

reported to inhibit tumor growth, cell migration and

invasion and have proapoptotic functions in cells [131].

RhoB knock-out mice develop normally but have

enhanced carcinogen-induced skin tumor formation, in

agreement with a role of RhoB as a tumor suppressor

[132]. RhoB also suppresses invasion: for example it has

been postulated to act downstream of protein kinase C

in the regulation of cancer cell invasion in vitro [133]

and it was also reported to inhibit Ras-induced invasion

and metastasis [134]. The exact mechanism whereby

RhoB suppresses tumor growth and invasion is not

clear, although its role in endosomal trafficking could be

important. RhoB regulates the delivery of signalling pro-

teins, including growth factor receptors and the tyrosine

kinase Src, to specific intracellular compartments [135],

and this could certainly influence proliferation and

invasion.

The Rac subfamily of Rho GTPases includes Rac1,

Rac2, Rac3. Rac1 is over-expressed in various tumors

and accumulating evidence indicate that Rac1-depen-

dent cell signalling is important for malignant transfor-

mation [106]. Overexpression of Rac1 correlates with

progression of testicular [114], gastric [112], and breast

cancer [136]. Rac1 is also overexpressed in oral SCC

[137] (table 1). Rac1 knock-out in mice is embryonic

lethal [138] but conditional knock-out mice have been

studied extensively [139]. In a conditional lung cancer

mouse model Rac1 function was required for K-Ras-dri-

ven proliferation and tumorigenicity [140]. Similarly,

mice lacking the Rac-specific GEF Tiam1 are protected

from Ras-induced skin cancer, developing fewer tumors,

although the tumors that do form are more aggressive

[141]. These results suggest that Rac proteins normally

stimulate tumor cell proliferation but inhibit tumor dis-

semination. Rac1 could contribute to cancer cell prolif-

eration via regulation of the cell cycle: for example, it

stimulates expression of cyclin D1, and induces cell

transformation in vitro [104]. Active Rac can mediate

the loss of adherens junction in some situations, pro-

moting a more invasive phenotype [142]. Rac1 can also

contribute to cancer cell invasion by regulating the pro-

duction of MMPs and their natural inhibitors, the tis-

sue-specific inhibitors of MMP (TIMPs) [143]. Like

Rac1, Rac2 and Rac3 are over-expressed in some

tumors. Rac3 is hyperactive and/or deregulated in breast

cancers [22]. The contribution of different Rac isoforms

to migration is likely to depend on the cell type and

their relative expression levels. Rac2 is required for neu-

trophil migration but whether it acts similarly in tumors

is not known [144]. In contrast, Rac1 and Rac2 are dis-

pensable for cell migration in macrophages, although

Rac1 is required for invasion [145]. Studies of Rac3-null

mice indicate that Rac3 but not Rac1 or Rac2 specifi-

cally contributes to the development of Brc/Abl-induced

lymphomas in vivo [146]. However, in fibroblasts, Rac1

but not Rac3 suppression by RNAi affects lamellipodium

formation although cell invasion is reduced in both

cases [147]. It is not yet clear how these results can be

translated to cancer cell invasion in vivo.

The splice variant of Rac1, Rac1b, was initially identi-

fied to be up-regulated in colon cancers [148]. It does

not bind RhoGDI and thus is present predominantly in

the GTP-bound state. Although Rac1b is defective in

activating several Rac1-regulated signaling pathways, in

some cell types it stimulates cell survival and cell cycle

progression through nuclear factor-kappa B, and is less

susceptible to ubiquitination and degradation, which

could explain its increased expression in cancers [149].

Rho GTPases are involved in all stages during cancer

progression (figure 3). Although their initial discovery

as regulators of cytoskeleton dynamics implied that they

are most likely to contribute to cancer cell migration

and invasion, it is now clear that the function of Rho

GTPases is not restricted to these events and that they

can affect tumor cells through modulation of gene tran-

scription, cell division and survival, intracellular trans-

port of signalling molecules or modifying the

interaction of cancer cells with surrounding stromal

cells. This makes the detailed analysis of how Rho

GTPases work in cells and contribute to tumors very

complex but at the same time promising for potential

future therapeutical intervention. The involvement of

specific GEFs or GAPs in defined processes regulated

by Rho GTPases makes them particularly suitable as

therapeutic targets [150].

Conclusions

Metastasis is a multistage process needing a strong

adaptability of cells to the different microenvironments

within primary tumors, in the ECM, in blood or lym-

phatic streams and finally in the metastatic niche. Intra-

vital imaging of GFP-expressing cancer cells in

subcutaneous tumors illustrated this adaptability. In the

core of the tumor neoplastic cells mainly moved using
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mesenchymal and elongated style, while cells at the

tumor edge escape the tumor limit and enter the ECM

using a rounded/amoeboid motility [92]. Genetic or

pharmacological treatment of ARHGAP22 or ROCK

shift one motility style to an other, thereby confirming

the key role of Rac and Rho GTPases in plasticity of cell

motility. More intriguingly, the combined treatments

aimed at blocking simultaneously both modes of migra-

tion strongly inhibit the opportunistic behaviour of can-

cer cells, thereby limiting their invasive potential. These

data indicate that the winning strategy to combat suc-

cessful metastatic diffusion of aggressive cancer cells is

either a combinatory treatment targeting both invasive

styles, or the identification of single molecular targets

driving the ability of cancer cells to adapt to environ-

mental changes, i. e. cell plasticity itself. Unfortunately,

the identification of the molecular mediators of plasticity

in cell motility is still at its infancy, but it will be surely

the next challenge to really target the opportunistic

motility of cancer cells [69].

Acknowledgements

This work was supported by the Associazione Italiana Ricerca sul Cancro

(AIRC), by Istituto Toscano Tumori, and Regione Toscana.

Author details
1Externautics - R&D, via Fiorentina 1, Siena, SI, 53100, Italy. 2Department of

Biochemical Sciences, University of Florence, Tuscany Tumor Institute and

“Center for Research, Transfer and High Education DenoTHE”, 50134

Florence, Italy.

Authors’ contributions

PC and MP organized, wrote and edited the manuscript together. Both

authors red and approved the final manuscript.

Competing interests

The authors declare that they have no competing interests.

Received: 26 May 2010 Accepted: 7 September 2010

Published: 7 September 2010

References

1. Etienne-Manneville S, Hall A: Rho GTPases in cell biology. Nature 2002,

420:629-635.

2. Ridley AJ: Rho GTPases and actin dynamics in membrane protrusions

and vesicle trafficking. Trends Cell Biol 2006, 16:522-529.

3. Valencia A, Chardin P, Wittinghofer A, Sander C: The ras protein family:

evolutionary tree and role of conserved amino acids. Biochemistry 1991,

30:4637-4648.

4. Bosco EE, Mulloy JC, Zheng Y: Rac1 GTPase: a “Rac” of all trades. Cell Mol

Life Sci 2009, 66:370-374.

5. Cote JF, Vuori K: GEF what? Dock180 and related proteins help Rac to

polarize cells in new ways. Trends Cell Biol 2007, 17:383-393.

6. Schmidt A, Hall A: Guanine nucleotide exchange factors for Rho GTPases:

turning on the switch. Genes Dev 2002, 16:1587-1609.

7. Pechlivanis M, Kuhlmann J: Hydrophobic modifications of Ras proteins by

isoprenoid groups and fatty acids–More than just membrane anchoring.

Biochim Biophys Acta 2006, 1764:1914-1931.

8. Ellerbroek SM, Wennerberg K, Burridge K: Serine phosphorylation

negatively regulates RhoA in vivo. J Biol Chem 2003, 278:19023-19031.

9. Chardin P: Function and regulation of Rnd proteins. Nat Rev Mol Cell Biol

2006, 7:54-62.

10. Li X, Bu X, Lu B, Avraham H, Flavell RA, Lim B: The hematopoiesis-specific

GTP-binding protein RhoH is GTPase deficient and modulates activities

of other Rho GTPases by an inhibitory function. Mol Cell Biol 2002,

22:1158-1171.

11. Schmidt-Mende J, Geering B, Yousefi S, Simon HU: Lysosomal degradation

of RhoH protein upon antigen receptor activation in T but not B cells.

Eur J Immunol 2010, 40:525-529.

12. DerMardirossian C, Bokoch GM: GDIs: central regulatory molecules in Rho

GTPase activation. Trends Cell Biol 2005, 15:356-363.

13. Moon SY, Zheng Y: Rho GTPase-activating proteins in cell regulation.

Trends Cell Biol 2003, 13:13-22.

14. Eden S, Rohatgi R, Podtelejnikov AV, Mann M, Kirschner MW: Mechanism of

regulation of WAVE1-induced actin nucleation by Rac1 and Nck. Nature

2002, 418:790-793.

15. Fiegen D, Haeusler LC, Blumenstein L, Herbrand U, Dvorsky R, Vetter IR,

Ahmadian MR: Alternative splicing of Rac1 generates Rac1b, a self-

activating GTPase. J Biol Chem 2004, 279:4743-4749.

16. Matos P, Collard JG, Jordan P: Tumor-related alternatively spliced Rac1b is

not regulated by Rho-GDP dissociation inhibitors and exhibits selective

downstream signaling. J Biol Chem 2003, 278:50442-50448.

17. Kwon T, Kwon DY, Chun J, Kim JH, Kang SS: Akt protein kinase inhibits

Rac1-GTP binding through phosphorylation at serine 71 of Rac1. J Biol

Chem 2000, 275:423-428.

18. Didsbury J, Weber RF, Bokoch GM, Evans T, Snyderman R: rac, a novel ras-

related family of proteins that are botulinum toxin substrates. J Biol

Chem 1989, 264:16378-16382.

19. Ambruso DR, Knall C, Abell AN, Panepinto J, Kurkchubasche A, Thurman G,

Gonzalez-Aller C, Hiester A, deBoer M, Harbeck RJ, Oyer R, Johnson GL,

Roos D: Human neutrophil immunodeficiency syndrome is associated

with an inhibitory Rac2 mutation. Proc Natl Acad Sci USA 2000,

97:4654-4659.

20. Werner E: GTPases and reactive oxygen species: switches for killing and

signaling. J Cell Sci 2004, 117:143-153.

21. Haataja L, Groffen J, Heisterkamp N: Characterization of RAC3, a novel

member of the Rho family. J Biol Chem 1997, 272:20384-20388.

22. Mira JP, Benard V, Groffen J, Sanders LC, Knaus UG: Endogenous,

hyperactive Rac3 controls proliferation of breast cancer cells by a p21-

activated kinase-dependent pathway. Proc Natl Acad Sci USA 2000,

97:185-189.

23. Wheeler AP, Ridley AJ: Why three Rho proteins? RhoA, RhoB, RhoC, and

cell motility. Exp Cell Res 2004, 301:43-49.

24. Hall A: Rho GTPases and the actin cytoskeleton. Science 1998,

279:509-514.

25. Van AL, D’Souza-Schorey C: Rho GTPases and signaling networks. Genes

Dev 1997, 11:2295-2322.

26. Lauffenburger DA, Horwitz AF: Cell migration: a physically integrated

molecular process. Cell 1996, 84:359-369.

27. Pollard TD, Blanchoin L, Mullins RD: Molecular mechanisms controlling

actin filament dynamics in nonmuscle cells. Annu Rev Biophys Biomol

Struct 2000, 29:545-576.

28. Urban E, Jacob S, Nemethova M, Resch GP, Small JV: Electron tomography

reveals unbranched networks of actin filaments in lamellipodia. Nat Cell

Biol 2010, 12:429-435.

29. Campellone KG, Welch MD: A nucleator arms race: cellular control of

actin assembly. Nat Rev Mol Cell Biol 2010, 11:237-251.

30. Chesarone MA, Goode BL: Actin nucleation and elongation factors:

mechanisms and interplay. Curr Opin Cell Biol 2009, 21:28-37.

31. Miki H, Yamaguchi H, Suetsugu S, Takenawa T: IRSp53 is an essential

intermediate between Rac and WAVE in the regulation of membrane

ruffling. Nature 2000, 408:732-735.

32. Knight B, Laukaitis C, Akhtar N, Hotchin NA, Edlund M, Horwitz AR:

Visualizing muscle cell migration in situ. Curr Biol 2000, 10:576-585.

33. Royal I, Lamarche-Vane N, Lamorte L, Kaibuchi K, Park M: Activation of

cdc42, rac, PAK, and rho-kinase in response to hepatocyte growth factor

differentially regulates epithelial cell colony spreading and dissociation.

Mol Biol Cell 2000, 11:1709-1725.

34. Kaibuchi K, Kuroda S, Amano M: Regulation of the cytoskeleton and cell

adhesion by the Rho family GTPases in mammalian cells. Annu Rev

Biochem 1999, 68:459-486.

Parri and Chiarugi Cell Communication and Signaling 2010, 8:23

http://www.biosignaling.com/content/8/1/23

Page 11 of 14

http://www.ncbi.nlm.nih.gov/pubmed/12478284?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16949823?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16949823?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2029511?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2029511?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19151919?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17765544?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17765544?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12101119?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12101119?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17110180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17110180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12654918?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12654918?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16493413?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11809807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11809807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11809807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19950172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19950172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15921909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15921909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12480336?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12181570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12181570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14625275?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14625275?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14506233?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14506233?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14506233?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10617634?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10617634?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2674130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2674130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10758162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10758162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14676270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14676270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9252344?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9252344?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10618392?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10618392?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10618392?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15501444?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15501444?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9438836?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9308960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8608589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8608589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10940259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10940259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20418872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20418872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20237478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20237478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19168341?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19168341?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11130076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11130076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11130076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10837222?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10793146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10793146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10793146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10872457?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10872457?dopt=Abstract


35. Mermall V, Post PL, Mooseker MS: Unconventional myosins in cell

movement, membrane traffic, and signal transduction. Science 1998,

279:527-533.

36. Matsumura F, Ono S, Yamakita Y, Totsukawa G, Yamashiro S: Specific

localization of serine 19 phosphorylated myosin II during cell

locomotion and mitosis of cultured cells. J Cell Biol 1998, 140:119-129.

37. van Leeuwen FN, van DS, Kain HE, van der Kammen RA, Collard JG: Rac

regulates phosphorylation of the myosin-II heavy chain, actinomyosin

disassembly and cell spreading. Nat Cell Biol 1999, 1:242-248.

38. Kiosses WB, Shattil SJ, Pampori N, Schwartz MA: Rac recruits high-affinity

integrin alphavbeta3 to lamellipodia in endothelial cell migration. Nat

Cell Biol 2001, 3:316-320.

39. Zamir E, Katz M, Posen Y, Erez N, Yamada KM, Katz BZ, Lin S, Lin DC,

Bershadsky A, Kam Z, Geiger B: Dynamics and segregation of cell-matrix

adhesions in cultured fibroblasts. Nat Cell Biol 2000, 2:191-196.

40. Zamir E, Geiger B: Molecular complexity and dynamics of cell-matrix

adhesions. J Cell Sci 2001, 114:3583-3590.

41. Rottner K, Hall A, Small JV: Interplay between Rac and Rho in the control

of substrate contact dynamics. Curr Biol 1999, 9:640-648.

42. Price LS, Leng J, Schwartz MA, Bokoch GM: Activation of Rac and Cdc42

by integrins mediates cell spreading. Mol Biol Cell 1998, 9:1863-1871.

43. Murphy G, Gavrilovic J: Proteolysis and cell migration: creating a path?

Curr Opin Cell Biol 1999, 11:614-621.

44. Jin G, Sah RL, Li YS, Lotz M, Shyy JY, Chien S: Biomechanical regulation of

matrix metalloproteinase-9 in cultured chondrocytes. J Orthop Res 2000,

18:899-908.

45. Kheradmand F, Werner E, Tremble P, Symons M, Werb Z: Role of Rac1 and

oxygen radicals in collagenase-1 expression induced by cell shape

change. Science 1998, 280:898-902.

46. Westermarck J, Kahari VM: Regulation of matrix metalloproteinase

expression in tumor invasion. FASEB J 1999, 13:781-792.

47. Zhuge Y, Xu J: Rac1 mediates type I collagen-dependent MMP-2

activation. role in cell invasion across collagen barrier. J Biol Chem 2001,

276:16248-16256.

48. Fukata Y, Amano M, Kaibuchi K: Rho-Rho-kinase pathway in smooth

muscle contraction and cytoskeletal reorganization of non-muscle cells.

Trends Pharmacol Sci 2001, 22:32-39.

49. Totsukawa G, Yamakita Y, Yamashiro S, Hartshorne DJ, Sasaki Y,

Matsumura F: Distinct roles of ROCK (Rho-kinase) and MLCK in spatial

regulation of MLC phosphorylation for assembly of stress fibers and

focal adhesions in 3T3 fibroblasts. J Cell Biol 2000, 150:797-806.

50. Palecek SP, Huttenlocher A, Horwitz AF, Lauffenburger DA: Physical and

biochemical regulation of integrin release during rear detachment of

migrating cells. J Cell Sci 1998, 111(Pt 7):929-940.

51. Wear MA, Schafer DA, Cooper JA: Actin dynamics: assembly and

disassembly of actin networks. Curr Biol 2000, 10:R891-R895.

52. Potter DA, Tirnauer JS, Janssen R, Croall DE, Hughes CN, Fiacco KA, Mier JW,

Maki M, Herman IM: Calpain regulates actin remodeling during cell

spreading. J Cell Biol 1998, 141:647-662.

53. Cox EA, Huttenlocher A: Regulation of integrin-mediated adhesion during

cell migration. Microsc Res Tech 1998, 43:412-419.

54. Friedl P, Wolf K: Tumour-cell invasion and migration: diversity and escape

mechanisms. Nat Rev Cancer 2003, 3:362-374.

55. Friedl P: Prespecification and plasticity: shifting mechanisms of cell

migration. Curr Opin Cell Biol 2004, 16:14-23.

56. De WO, Nguyen QD, Van HL, Bracke M, Bruyneel E, Gespach C, Mareel M:

Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide

convergent pro-invasive signals to human colon cancer cells through

RhoA and Rac. FASEB J 2004, 18:1016-1018.

57. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G,

Parsons JT, Horwitz AR: Cell migration: integrating signals from front to

back. Science 2003, 302:1704-1709.

58. Etienne-Manneville S, Hall A: Integrin-mediated activation of Cdc42

controls cell polarity in migrating astrocytes through PKCzeta. Cell 2001,

106:489-498.

59. Vial E, Sahai E, Marshall CJ: ERK-MAPK signaling coordinately regulates

activity of Rac1 and RhoA for tumor cell motility. Cancer Cell 2003,

4:67-79.

60. Sahai E, Marshall CJ: Differing modes of tumour cell invasion have

distinct requirements for Rho/ROCK signalling and extracellular

proteolysis. Nat Cell Biol 2003, 5:711-719.

61. Andreasen PA, Kjoller L, Christensen L, Duffy MJ: The urokinase-type

plasminogen activator system in cancer metastasis: a review. Int J Cancer

1997, 72:1-22.

62. Nabeshima K, Inoue T, Shimao Y, Sameshima T: Matrix metalloproteinases

in tumor invasion: role for cell migration. Pathol Int 2002, 52:255-264.

63. Friedl P, Borgmann S, Brocker EB: Amoeboid leukocyte crawling through

extracellular matrix: lessons from the Dictyostelium paradigm of cell

movement. J Leukoc Biol 2001, 70:491-509.

64. Wyckoff JB, Jones JG, Condeelis JS, Segall JE: A critical step in metastasis:

in vivo analysis of intravasation at the primary tumor. Cancer Res 2000,

60:2504-2511.

65. Friedl P, Wolf K: Plasticity of cell migration: a multiscale tuning model. J

Cell Biol 2010, 188:11-19.

66. Wolf K, Mazo I, Leung H, Engelke K, von Andrian UH, Deryugina EI,

Strongin AY, Brocker EB, Friedl P: Compensation mechanism in tumor cell

migration: mesenchymal-amoeboid transition after blocking of

pericellular proteolysis. J Cell Biol 2003, 160:267-277.

67. Friedl P, Wolf K: Tube travel: the role of proteases in individual and

collective cancer cell invasion. Cancer Res 2008, 68:7247-7249.

68. Wolf K, Wu YI, Liu Y, Geiger J, Tam E, Overall C, Stack MS, Friedl P: Multi-

step pericellular proteolysis controls the transition from individual to

collective cancer cell invasion. Nat Cell Biol 2007, 9:893-904.

69. Yilmaz M, Christofori G: Mechanisms of motility in metastasizing cells. Mol

Cancer Res 2010, 8:629-642.

70. Kalluri R, Zeisberg M: Fibroblasts in cancer. Nat Rev Cancer 2006, 6:392-401.

71. Kalluri R: EMT: when epithelial cells decide to become mesenchymal-like

cells. J Clin Invest 2009, 119:1417-1419.

72. Thiery JP: Epithelial-mesenchymal transitions in tumour progression. Nat

Rev Cancer 2002, 2:442-454.

73. Lochter A, Galosy S, Muschler J, Freedman N, Werb Z, Bissell MJ: Matrix

metalloproteinase stromelysin-1 triggers a cascade of molecular

alterations that leads to stable epithelial-to-mesenchymal conversion

and a premalignant phenotype in mammary epithelial cells. J Cell Biol

1997, 139:1861-1872.

74. Radisky DC, Levy DD, Littlepage LE, Liu H, Nelson CM, Fata JE, Leake D,

Godden EL, Albertson DG, Nieto MA, Werb Z, Bissel MJ: Rac1b and reactive

oxygen species mediate MMP-3-induced EMT and genomic instability.

Nature 2005, 436:123-127.

75. Wu Y, Deng J, Rychahou PG, Qiu S, Evers BM, Zhou BP: Stabilization of

snail by NF-kappaB is required for inflammation-induced cell migration

and invasion. Cancer Cell 2009, 15:416-428.

76. Peinado H, Cano A: A hypoxic twist in metastasis. Nat Cell Biol 2008,

10:253-254.

77. Yang MH, Wu MZ, Chiou SH, Chen PM, Chang SY, Liu CJ, Teng SC, Wu KJ:

Direct regulation of TWIST by HIF-1alpha promotes metastasis. Nat Cell

Biol 2008, 10:295-305.

78. Yang MH, Wu KJ: TWIST activation by hypoxia inducible factor-1 (HIF-1):

implications in metastasis and development. Cell Cycle 2008, 7:2090-2096.

79. Chua HL, Bhat-Nakshatri P, Clare SE, Morimiya A, Badve S, Nakshatri H: NF-

kappaB represses E-cadherin expression and enhances epithelial to

mesenchymal transition of mammary epithelial cells: potential

involvement of ZEB-1 and ZEB-2. Oncogene 2007, 26:711-724.

80. Gandellini P, Folini M, Longoni N, Pennati M, Binda M, Colecchia M,

Salvioni R, Supino R, Moretti R, Limonta P, Valdagni R, Daidone MG,

Zaffaroni N: miR-205 Exerts tumor-suppressive functions in human

prostate through down-regulation of protein kinase Cepsilon. Cancer Res

2009, 69:2287-2295.

81. Parri M, Taddei ML, Bianchini F, Calorini L, Chiarugi P: EphA2 reexpression

prompts invasion of melanoma cells shifting from mesenchymal to

amoeboid-like motility style. Cancer Res 2009, 69:2072-2081.

82. Carragher NO, Walker SM, Scott Carragher LA, Harris F, Sawyer TK,

Brunton VG, Ozanne BW, Frame MC: Calpain 2 and Src dependence

distinguishes mesenchymal and amoeboid modes of tumour cell

invasion: a link to integrin function. Oncogene 2006, 25:5726-5740.

83. Parri M, Buricchi F, Giannoni E, Grimaldi G, Mello T, Raugei G, Ramponi G,

Chiarugi P: EphrinA1 activates a Src/focal adhesion kinase-mediated

motility response leading to rho-dependent actino/myosin contractility.

J Biol Chem 2007, 282:19619-19628.

84. Taddei ML, Parri M, Angelucci A, Onnis B, Bianchini F, Giannoni E, Raugei G,

Calorini L, Rucci N, Teti A, Bologna M, Chiarugi P: Kinase-dependent and

Parri and Chiarugi Cell Communication and Signaling 2010, 8:23

http://www.biosignaling.com/content/8/1/23

Page 12 of 14

http://www.ncbi.nlm.nih.gov/pubmed/9438839?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9438839?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9425160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9425160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9425160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10559923?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10559923?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10559923?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11231584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11231584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10783236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10783236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11707510?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11707510?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10375527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10375527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9658176?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9658176?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10508651?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11192249?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11192249?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9572733?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9572733?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9572733?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10224222?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10224222?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11340084?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11340084?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11165670?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11165670?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10953004?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10953004?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10953004?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9490637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9490637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9490637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11137023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11137023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9566966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9566966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9858338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9858338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12724734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12724734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15037300?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15037300?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15059978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15059978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15059978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14657486?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14657486?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11525734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11525734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12892714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12892714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12844144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12844144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12844144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9212216?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9212216?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12031080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12031080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11590185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11590185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11590185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10811132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10811132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19951899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12527751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12527751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12527751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18794108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18794108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17618273?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17618273?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17618273?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20460404?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16572188?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19487817?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19487817?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12189386?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9412478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9412478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9412478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9412478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16001073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16001073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19411070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19411070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19411070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18311179?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18297062?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18635960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18635960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16862183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16862183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16862183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16862183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19244118?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19244118?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19244130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19244130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19244130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16652152?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16652152?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16652152?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17449913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17449913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19264906?dopt=Abstract


-independent roles of EphA2 in the regulation of prostate cancer

invasion and metastasis. Am J Pathol 2009, 174:1492-1503.

85. Belletti B, Nicoloso MS, Schiappacassi M, Berton S, Lovat F, Wolf K,

Canzonieri V, D’Andrea S, Zucchetto A, Friedl P, Colombatti A, Baldassarre G:

Stathmin activity influences sarcoma cell shape, motility, and metastatic

potential. Mol Biol Cell 2008, 19:2003-2013.

86. Sahai E, Garcia-Medina R, Pouyssegur J, Vial E: Smurf1 regulates tumor cell

plasticity and motility through degradation of RhoA leading to localized

inhibition of contractility. J Cell Biol 2007, 176:35-42.

87. Belletti B, Pellizzari I, Berton S, Fabris L, Wolf K, Lovat F, Schiappacassi M,

D’Andrea S, Nicoloso MS, Lovisa S, Sonego M, Defilippi P, Vecchione A,

Colombatti A, Friedl P, Baldassarre G: p27kip1 controls cell morphology

and motility by regulating microtubule-dependent lipid raft recycling.

Mol Cell Biol 2010, 30:2229-2240.

88. Berton S, Belletti B, Wolf K, Canzonieri V, Lovat F, Vecchione A,

Colombatti A, Friedl P, Baldassarre G: The tumor suppressor functions of

p27(kip1) include control of the mesenchymal/amoeboid transition. Mol

Cell Biol 2009, 29:5031-5045.

89. Gadea G, de TM, Anguille C, Roux P: Loss of p53 promotes RhoA-ROCK-

dependent cell migration and invasion in 3 D matrices. J Cell Biol 2007,

178:23-30.

90. Friedl P, Gilmour D: Collective cell migration in morphogenesis,

regeneration and cancer. Nat Rev Mol Cell Biol 2009, 10:445-457.

91. Hegerfeldt Y, Tusch M, Brocker EB, Friedl P: Collective cell movement in

primary melanoma explants: plasticity of cell-cell interaction, beta1-

integrin function, and migration strategies. Cancer Res 2002, 62:2125-2130.

92. Sanz-Moreno V, Gadea G, Ahn J, Paterson H, Marra P, Pinner S, Sahai E,

Marshall CJ: Rac activation and inactivation control plasticity of tumor

cell movement. Cell 2008, 135:510-523.

93. Palamidessi A, Frittoli E, Garre M, Faretta M, Mione M, Testa I, Diaspro A,

Lanzetti L, Scita G, Di Fiore PP: Endocytic trafficking of Rac is required for

the spatial restriction of signaling in cell migration. Cell 2008,

134:135-147.

94. Nimnual AS, Taylor LJ, Bar-Sagi D: Redox-dependent downregulation of

Rho by Rac. Nat Cell Biol 2003, 5:236-241.

95. Chiarugi P, Cirri P, Taddei L, Giannoni E, Camici G, Manao G, Raugei G,

Ramponi G: The low M(r) protein-tyrosine phosphatase is involved in

Rho-mediated cytoskeleton rearrangement after integrin and platelet-

derived growth factor stimulation. J Biol Chem 2000, 275:4640-4646.

96. Buricchi F, Giannoni E, Grimaldi G, Parri M, Raugei G, Ramponi G, Chiarugi P:

Redox regulation of ephrin/integrin cross-talk. Cell Adh Migr 2007, 1:33-42.

97. Wildenberg GA, Dohn MR, Carnahan RH, Davis MA, Lobdell NA, Settleman J,

Reynolds AB: p120-catenin and p190RhoGAP regulate cell-cell adhesion

by coordinating antagonism between Rac and Rho. Cell 2006,

127:1027-1039.

98. Niessen CM, Yap AS: Another job for the talented p120-catenin. Cell 2006,

127:875-877.

99. Bar-Sagi D, Hall A: Ras and Rho GTPases: a family reunion. Cell 2000,

103:227-238.

100. Ridley AJ: Rho family proteins: coordinating cell responses. Trends Cell Biol

2001, 11:471-477.

101. Boettner B, Van AL: The role of Rho GTPases in disease development.

Gene 2002, 286:155-174.

102. Aznar S, Fernandez-Valeron P, Espina C, Lacal JC: Rho GTPases: potential

candidates for anticancer therapy. Cancer Lett 2004, 206:181-191.

103. Sahai E, Marshall CJ: RHO-GTPases and cancer. Nat Rev Cancer 2002,

2:133-142.

104. Benitah SA, Valeron PF, Van AL, Marshall CJ, Lacal JC: Rho GTPases in

human cancer: an unresolved link to upstream and downstream

transcriptional regulation. Biochim Biophys Acta 2004, 1705:121-132.

105. Merajver SD, Usmani SZ: Multifaceted role of Rho proteins in

angiogenesis. J Mammary Gland Biol Neoplasia 2005, 10:291-298.

106. Gomez del PT, Benitah SA, Valeron PF, Espina C, Lacal JC: Rho GTPase

expression in tumourigenesis: evidence for a significant link. Bioessays

2005, 27:602-613.

107. Li XR, Ji F, Ouyang J, Wu W, Qian LY, Yang KY: Overexpression of RhoA is

associated with poor prognosis in hepatocellular carcinoma. Eur J Surg

Oncol 2006, 32:1130-1134.

108. Abraham MT, Kuriakose MA, Sacks PG, Yee H, Chiriboga L, Bearer EL,

Delacure MD: Motility-related proteins as markers for head and neck

squamous cell cancer. Laryngoscope 2001, 111:1285-1289.

109. Fritz G, Just I, Kaina B: Rho GTPases are over-expressed in human tumors.

Int J Cancer 1999, 81:682-687.

110. Horiuchi A, Imai T, Wang C, Ohira S, Feng Y, Nikaido T, Konishi I: Up-

regulation of small GTPases, RhoA and RhoC, is associated with tumor

progression in ovarian carcinoma. Lab Invest 2003, 83:861-870.

111. Kamai T, Tsujii T, Arai K, Takagi K, Asami H, Ito Y, Oshima H: Significant

association of Rho/ROCK pathway with invasion and metastasis of

bladder cancer. Clin Cancer Res 2003, 9:2632-2641.

112. Pan Y, Bi F, Liu N, Xue Y, Yao X, Zheng Y, Fan D: Expression of seven main

Rho family members in gastric carcinoma. Biochem Biophys Res Commun

2004, 315:686-691.

113. Faried A, Faried LS, Usman N, Kato H, Kuwano H: Clinical and prognostic

significance of RhoA and RhoC gene expression in esophageal

squamous cell carcinoma. Ann Surg Oncol 2007, 14:3593-3601.

114. Kamai T, Yamanishi T, Shirataki H, Takagi K, Asami H, Ito Y, Yoshida K:

Overexpression of RhoA, Rac1, and Cdc42 GTPases is associated with

progression in testicular cancer. Clin Cancer Res 2004, 10:4799-4805.

115. Jaffe AB, Hall A: Rho GTPases: biochemistry and biology. Annu Rev Cell

Dev Biol 2005, 21:247-269.

116. Braga VM, Yap AS: The challenges of abundance: epithelial junctions and

small GTPase signalling. Curr Opin Cell Biol 2005, 17:466-474.

117. Labouesse M: Epithelium-mesenchyme: a balancing act of RhoGAP and

RhoGEF. Curr Biol 2004, 14:R508-R510.

118. Gaggioli C, Hooper S, Hidalgo-Carcedo C, Grosse R, Marshall JF,

Harrington K, Sahai E: Fibroblast-led collective invasion of carcinoma cells

with differing roles for RhoGTPases in leading and following cells. Nat

Cell Biol 2007, 9:1392-1400.

119. Clark EA, Golub TR, Lander ES, Hynes RO: Genomic analysis of metastasis

reveals an essential role for RhoC. Nature 2000, 406:532-535.

120. Kleer CG, Teknos TN, Islam M, Marcus B, Lee JS, Pan Q, Merajver SD: RhoC

GTPase expression as a potential marker of lymph node metastasis in

squamous cell carcinomas of the head and neck. Clin Cancer Res 2006,

12:4485-4490.

121. van Golen KL, Davies S, Wu ZF, Wang Y, Bucana CD, Root H,

Chandrasekharappa S, Strawderman M, Ethier SP, Merajver SD: A novel

putative low-affinity insulin-like growth factor-binding protein, LIBC (lost

in inflammatory breast cancer), and RhoC GTPase correlate with the

inflammatory breast cancer phenotype. Clin Cancer Res 1999, 5:2511-2519.

122. Marionnet C, Lalou C, Mollier K, Chazal M, Delestaing G, Compan D,

Verola O, Vilmer C, Cuminet J, Dubertret L, Basset-Seguin N: Differential

molecular profiling between skin carcinomas reveals four newly

reported genes potentially implicated in squamous cell carcinoma

development. Oncogene 2003, 22:3500-3505.

123. Suwa H, Ohshio G, Imamura T, Watanabe G, Arii S, Imamura M, Narumiya S,

Hiai H, Fukumoto M: Overexpression of the rhoC gene correlates with

progression of ductal adenocarcinoma of the pancreas. Br J Cancer 1998,

77:147-152.

124. Wang W, Yang LY, Huang GW, Lu WQ, Yang ZL, Yang JQ, Liu HL: Genomic

analysis reveals RhoC as a potential marker in hepatocellular carcinoma

with poor prognosis. Br J Cancer 2004, 90:2349-2355.

125. Kondo T, Sentani K, Oue N, Yoshida K, Nakayama H, Yasui W: Expression of

RHOC is associated with metastasis of gastric carcinomas. Pathobiology

2004, 71:19-25.

126. Iiizumi M, Bandyopadhyay S, Pai SK, Watabe M, Hirota S, Hosobe S,

Tsukada T, Miura K, Saito K, Furuta E, Liu W, Xing F, Okuda H, Kobaiashi A,

Watabe K: RhoC promotes metastasis via activation of the Pyk2 pathway

in prostate cancer. Cancer Res 2008, 68:7613-7620.

127. Shikada Y, Yoshino I, Okamoto T, Fukuyama S, Kameyama T, Maehara Y:

Higher expression of RhoC is related to invasiveness in non-small cell

lung carcinoma. Clin Cancer Res 2003, 9:5282-5286.

128. Ma L, Teruya-Feldstein J, Weinberg RA: Tumour invasion and metastasis

initiated by microRNA-10b in breast cancer. Nature 2007, 449:682-688.

129. Bellovin DI, Simpson KJ, Danilov T, Maynard E, Rimm DL, Oettgen P,

Mercurio AM: Reciprocal regulation of RhoA and RhoC characterizes the

EMT and identifies RhoC as a prognostic marker of colon carcinoma.

Oncogene 2006, 25:6959-6967.

130. Miles FL, Pruitt FL, van Golen KL, Cooper CR: Stepping out of the flow:

capillary extravasation in cancer metastasis. Clin Exp Metastasis 2008,

25:305-324.

131. Huang M, Prendergast GC: RhoB in cancer suppression. Histol Histopathol

2006, 21:213-218.

Parri and Chiarugi Cell Communication and Signaling 2010, 8:23

http://www.biosignaling.com/content/8/1/23

Page 13 of 14

http://www.ncbi.nlm.nih.gov/pubmed/19264906?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19264906?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18305103?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18305103?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17190792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17190792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17190792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20194624?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20194624?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19596789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19596789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17606864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17606864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19546857?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19546857?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11929834?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11929834?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11929834?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18984162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18984162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18614017?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18614017?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12598902?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12598902?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10671492?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10671492?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10671492?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19262085?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17129786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17129786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17129772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11057896?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11719051?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11943472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15013523?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15013523?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12635176?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15588766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15588766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15588766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16900393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16900393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15892119?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15892119?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16806792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16806792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11568556?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11568556?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10328216?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12808121?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12808121?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12808121?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12855641?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12855641?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12855641?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14975755?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14975755?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17896152?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17896152?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17896152?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15269155?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15269155?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16212495?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16112561?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16112561?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15242630?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15242630?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18037882?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18037882?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10952316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10952316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16899593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16899593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16899593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10499627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10499627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10499627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10499627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12776202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12776202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12776202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12776202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9459160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9459160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15150600?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15150600?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15150600?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14555841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14555841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18794150?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18794150?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14614010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14614010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17898713?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17898713?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16715134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16715134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17906932?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17906932?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16329046?dopt=Abstract


132. Liu AX, Rane N, Liu JP, Prendergast GC: RhoB is dispensable for mouse

development, but it modifies susceptibility to tumor formation as well

as cell adhesion and growth factor signaling in transformed cells. Mol

Cell Biol 2001, 21:6906-6912.

133. Baldwin RM, Parolin DA, Lorimer IA: Regulation of glioblastoma cell

invasion by PKC iota and RhoB. Oncogene 2008, 27:3587-3595.

134. Jiang K, Sun J, Cheng J, Djeu JY, Wei S, Sebti S: Akt mediates Ras

downregulation of RhoB, a suppressor of transformation, invasion, and

metastasis. Mol Cell Biol 2004, 24:5565-5576.

135. Sandilands E, Akbarzadeh S, Vecchione A, McEwan DG, Frame MC, Heath JK:

Src kinase modulates the activation, transport and signalling dynamics

of fibroblast growth factor receptors. EMBO Rep 2007, 8:1162-1169.

136. Schnelzer A, Prechtel D, Knaus U, Dehne K, Gerhard M, Graeff H, Harbeck N,

Schmitt M, Lengyel E: Rac1 in human breast cancer: overexpression,

mutation analysis, and characterization of a new isoform, Rac1b.

Oncogene 2000, 19:3013-3020.

137. Liu SY, Yen CY, Yang SC, Chiang WF, Chang KW: Overexpression of Rac-1

small GTPase binding protein in oral squamous cell carcinoma. J Oral

Maxillofac Surg 2004, 62:702-707.

138. Sugihara K, Nakatsuji N, Nakamura K, Nakao K, Hashimoto R, Otani H,

Sakagami H, Kondo H, Nozawa S, Aiba A, Katsuki M: Rac1 is required for

the formation of three germ layers during gastrulation. Oncogene 1998,

17:3427-3433.

139. Walmsley MJ, Ooi SK, Reynolds LF, Smith SH, Ruf S, Mathiot A, Vanes L,

Williams DA, Cancro MP, Tybulewicz VL: Critical roles for Rac1 and Rac2

GTPases in B cell development and signaling. Science 2003, 302:459-462.

140. Kissil JL, Walmsley MJ, Hanlon L, Haigis KM, Bender Kim CF, Sweet-

Cordero A, Eckman MS, Tuveson DA, Capobianco AJ, Tybulewicz VL, Jacks T:

Requirement for Rac1 in a K-ras induced lung cancer in the mouse.

Cancer Res 2007, 67:8089-8094.

141. Malliri A, van der Kammen RA, Clark K, van d V, Michiels F, Collard JG: Mice

deficient in the Rac activator Tiam1 are resistant to Ras-induced skin

tumours. Nature 2002, 417:867-871.

142. Sander EE, van DS, ten Klooster JP, Reid T, van der Kammen RA, Michiels F,

Collard JG: Matrix-dependent Tiam1/Rac signaling in epithelial cells

promotes either cell-cell adhesion or cell migration and is regulated by

phosphatidylinositol 3-kinase. J Cell Biol 1998, 143:1385-1398.

143. Lozano E, Betson M, Braga VM: Tumor progression: Small GTPases and

loss of cell-cell adhesion. Bioessays 2003, 25:452-463.

144. Roberts AW, Kim C, Zhen L, Lowe JB, Kapur R, Petryniak B, Spaetti A,

Pollock JD, Borneo JB, Bradford GB, Atkinson SJ, Dinauer MC, Williams DA:

Deficiency of the hematopoietic cell-specific Rho family GTPase Rac2 is

characterized by abnormalities in neutrophil function and host defense.

Immunity 1999, 10:183-196.

145. Wheeler AP, Wells CM, Smith SD, Vega FM, Henderson RB, Tybulewicz VL,

Ridley AJ: Rac1 and Rac2 regulate macrophage morphology but are not

essential for migration. J Cell Sci 2006, 119:2749-2757.

146. Cho YJ, Zhang B, Kaartinen V, Haataja L, de C, Groffen J, Heisterkamp N:

Generation of rac3 null mutant mice: role of Rac3 in Bcr/Abl-caused

lymphoblastic leukemia. Mol Cell Biol 2005, 25:5777-5785.

147. Chan AY, Coniglio SJ, Chuang YY, Michaelson D, Knaus UG, Philips MR,

Symons M: Roles of the Rac1 and Rac3 GTPases in human tumor cell

invasion. Oncogene 2005, 24:7821-7829.

148. Jordan P, Brazao R, Boavida MG, Gespach C, Chastre E: Cloning of a novel

human Rac1b splice variant with increased expression in colorectal

tumors. Oncogene 1999, 18:6835-6839.

149. Visvikis O, Lores P, Boyer L, Chardin P, Lemichez E, Gacon G: Activated

Rac1, but not the tumorigenic variant Rac1b, is ubiquitinated on Lys 147

through a JNK-regulated process. FEBS J 2008, 275:386-396.

150. Nassar N, Cancelas J, Zheng J, Williams DA, Zheng Y: Structure-function

based design of small molecule inhibitors targeting Rho family GTPases.

Curr Top Med Chem 2006, 6:1109-1116.

151. Mazieres J, Antonia T, Daste G, Muro-Cacho C, Berchery D, Tillement V,

Pradines A, Sebti S, Favre G: Loss of RhoB expression in human lung

cancer progression. Clin Cancer Res 2004, 10:2742-2750.

152. Preudhomme C, Roumier C, Hildebrand MP, Dallery-Prudhomme E,

Lantoine D, Lai JL, Daudignon A, Adenis C, Bauters F, Fenaux P, Kerckart JP,

Galiegue-Zouitina S: Nonrandom 4p13 rearrangements of the RhoH/TTF

gene, encoding a GTP-binding protein, in non-Hodgkin’s lymphoma and

multiple myeloma. Oncogene 2000, 19:2023-2032.

doi:10.1186/1478-811X-8-23
Cite this article as: Parri and Chiarugi: Rac and Rho GTPases in cancer
cell motility control. Cell Communication and Signaling 2010 8:23.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Parri and Chiarugi Cell Communication and Signaling 2010, 8:23

http://www.biosignaling.com/content/8/1/23

Page 14 of 14

http://www.ncbi.nlm.nih.gov/pubmed/11564874?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11564874?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11564874?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18212741?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18212741?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15169915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15169915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15169915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17975556?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17975556?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10871853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10871853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15170282?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15170282?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10030666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10030666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14564011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14564011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17804720?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12075356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12075356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12075356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9832565?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9832565?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9832565?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12717816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12717816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10072071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10072071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16772332?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16772332?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15964830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15964830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16027728?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16027728?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10597294?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10597294?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10597294?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18093184?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18093184?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18093184?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16842149?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16842149?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15102679?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15102679?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10803463?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10803463?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10803463?dopt=Abstract

	Abstract
	Review
	Rho and Rac GTPases
	Molecular mechanism of cell migration
	Diversity of tumor invasion mechanisms
	Mesenchymal motility
	Amoeboid motility
	Collective motility
	Plasticity of tumor-cell migration
	Reciprocal control of Rac and Rho small GTPases
	Aberrant regulation of Rac and Rho proteins in cancer

	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

