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1. ABSTRACT

Small GTPase Rho signaling pathways regulate
the growth, motility, invasion and metastasis of breast
cancer cells. Aberrant Rho signaling, as results from
alterations in the levels of Rho GTPase proteins, the
status of activation, and the abundance of effector
proteins, is found in breast cancers. Alterations of Rho
signaling particularly impact the cytoskeleton, whose
organization and reorganization underpin the motility of
breast cancer cells during the invasive growth and
metastasis of breast cancer. Progress is being made to
elucidate the underlying mechanisms by which Rho
GTPases activate the downstream signaling effectors.
Further investigations are required for development of
novel tumor therapeutic strategies targeting the Rho
GTPase signaling pathways to treat breast cancer.

759

2. INTRODUCTION

2.1. Cell migration and tumor metastasis

In metazoan organisms, migration of cells, either as
individuals or as groups, is essential for morphogenesis
during embryonic development (1). In the adult, it is crucial
for tissue integrity maintenance and immune surveillance,
in which leukocytes migrate from the lymph or blood
circulation into the surrounding tissues to destroy
exogenous microorganisms as well as infected somatic
cells. Cell migration also contributes to several severe
human diseases, including tumor formation and metastasis,
atherosclerosis, osteoporosis, mental retardation and
chronic inflammatory diseases, such as rheumatoid
arthritis. In cancer, metastases is the principal cause of
death for most cancer patients, accounting for
approximately 90% of all cancer related deaths (2-4).
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Figure 1. Regulation of Rho family proteins. GEFs, guanine nucleotide exchange factors; GAPs, GTPase-activating proteins;

GDlIs, guanine nucleotide dissociation inhibitors.

For dissemination and metastasis to occur, tumor
cells must invade the tissue surrounding the primary tumor,
intravasate into the lymphatic system or blood supply
system, extravasate and attach to target tissue at the distant
site, and then form macrometastases (5). Acquisition of cell
motility has been implicated in the spreading of cancer
cells (6) and is essential for metastasis (7). Since cancer
mortality has been mainly associated with metastatic
disease rather than with the primary tumor, better
understanding of the factors leading to elevated motility of
tumor cells is of vital importance for development of
effective therapeutic approaches to inhibit invasion and
metastasis of cancer cells.

Cell migration is a coordinated multi-step process
involving directed protrusion of the cell membrane,
adhesion of the cell membrane to surrounding substrates,
contraction of the cell body, and detachment of the cell at
the trailing edge (8). The notion that Rho family GTPases
could regulate cell migration originates from their ability to
mediate the formation of specific actin containing
structures (9, 10). Subsequent findings, which show the
Rho family to regulate focal adhesion complex assembly,
cell polarity, vesicle trafficking and gene transcription,
reinforce its important role relevant to cell migration.
Overexpression and hyperactivation of Rho GTPases
(particularly  overexpression of RhoA) and their
corresponding signaling components are found in breast
cancer (11, 12). Therefore, Rho GTPases are involved in
breast cancer metastasis, proliferation and progression
which contribute substantially to patient morbidity and
mortality.

Herein, we first make a brief summarization of the
general established conceptual framework of the Rho
GTPases family, including their family members, their
active-inactive regulators, and their biochemical and
biological functions. Next, we focus on how Rho proteins
and their signaling partners contribute to cell migration and
address the alterations in GTPase signaling in breast cancer
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and their roles in metastasis and growth of breast cancer.
Finally therapeutic approaches targeting Rho GTPases are
discussed as potential treatment for metastasis of cancer in
general and breast cancer in particular.

2.2. Rho subfamilies and their regulation

Rho was first identified in 1985 due to its homology
to Ras (Rho stands for Ras homologous) from the sea slug,
Aplysia Californica (13). Later it was reported that Rho
GTPases constitute a distinct subgroup within the
superfamily of Ras-related small GTPases and are found in
all eukaryotic cells. Five and seven Rho family members
have been found in Drosophila melanogaster and
Caenorhabditis elegans, respectively, most of which have
been implicated in cell migration and morphogenesis.
Plant-specific Rho subfamily, the Rop proteins, has also
been reported (14). So far, twenty-two mammalian Rho
family proteins have been identified. Of these proteins,
RhoA/B, Racl/2 and Cdc42 are the most extensively
studied for their significant implications in regulating the
organization of the actin filament system for the
morphogenesis and movement of mammalian cells.

Like all members of the Ras superfamily, Rho
GTPases function as molecular switches, cycling between
an active GTP-bound conformation and an inactive GDP-
bound conformation (Figure 1). In the GTP-bound active
form, they interact with downstream target proteins to
trigger cellular response events. The switch between active
GTP-bound conformation to inactive GDP-bound
conformation is regulated by the opposing effects of
guanine nucleotide exchange factors (GEFs), which
promote the active GTP-bound state by facilitating the
exchange of GDP by GTP, and by the GTPase-activating
proteins (GAPs), which inactivate the Rho GTPases by
promoting GTP hydrolysis. In addition, Rho proteins are
also regulated by guanine nucleotide dissociation inhibitors
(GDIs), which can inhibit both the exchange of GTP and
the hydrolysis of bound GTP (15). In most cases, Rho
proteins are posttranslationally modified at their C-termini
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by prenylation at a conserved cysteine, which is required
for the attachment of Rho proteins to cell membranes (16).

2.2.1. GEFs

As regulators of Rho GTPases, GEFs for Rho-like
GTPases belong to a protein family sharing a Dbl-
homology (DH) domain whose prototype is Dbl oncogene
product (17). Originally discovered by its capability to
induce focal complex formation and tumorigenicity when
expressed in NIH-3T3 cells, Dbl proteins represent the
GDP/GTP exchange protein (GEP) activity on all the Rho
GTPases family members, including RhoA and Racl as
well as Cdc42 (18). In addition to DH domain, many of
GEFs of Rho GTPases possess other domains that are
commonly found in signaling molecules, such as Src
homology 3 (SH3) domain and a diacylglycerol-binding
zinc butterfly motif, suggesting their involvement in other
cellular regulation events (17). A case in point here is the
Rho GTPases GEF named Vav, whose prototype is the
product of proto-oncogene Vav. Vav was first identified by
a mutation that enables it to transform fibroblasts (19, 20).
Vav contains a domain similar to the protooncogene Dbl. In
addition, Vav contains a pleckstrin homology domain, a
single SH2 domain, and two SH3 domains, which suggest
that Vav can interact with several components of signal
transduction events (20). Moreover, biochemical and
genetic analyses in yeast have shown that the tyrosine
phosphorylated form of Vav could promote Racl and other
Rho-family proteins to the active GTP-bound active
conformation (21).

2.2.2. GAPs

The first GAP protein specific to the Rho family
was purified based on its biochemical interaction with
recombinant Rho. This protein, named p50Rho—GAP,
possesses GAP activity toward Rho, Cdc42, and Rac in
vitro (22, 23). Since then, additional proteins that exhibit
GAP activity toward Rho GTPases have been identified, all
of which share a GAP domain that bears no significant
resemblance to Ras GAP. In addition to accelerating the
hydrolysis of GTP Rho, GAPs may function as an effector
of the Rho proteins to mediate other downstream functions

in  mammalian systems, such as cytoskeletal
rearrangements (24).
2.2.3. GDIs

Rho GDI was first characterized by its

association with the GDP-bound form of the Rho family
members, such as RhoA, Cdc42 and Rac to inhibit the
dissociation of GDP (25, 26). Further studies demonstrated
that Rho GDI is also associated weakly with the GTP-
bound form of Rho, Cdc42, and Rac (27, 28). This weak
interaction leads to inhibitory effects on the intrinsic and
GAP-stimulated GTPase activity of the Rho GTPases.
Thus, Rho GDI functions as a molecule capable of blocking
the GTP-GDP binding cycling of GTPase through two
approaches: at the GDP/GTP exchange step and/or at the
GTP hydrolytic step. In addition, a significant role of Rho
GDIs during Rho GTPases circulation lies in regulation of
the translocation of the Rho GTPases between membranes
and the cytoplasm. In resting cells, the Rho proteins exist as
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a complex with Rho GDIs in the cytosol to inhibit their
GTP/GDP exchange ratio. During cellular activation
events, Rho proteins are released from the GDI and
translocated to the membranes (29).

3. UPSTREAM SIGNALING PATHWAYS OF Rho
GTPases

Rho family proteins are involved in translating the
cellular signals sent from plasma membrane receptors into
the assembly and organization of the actin cytoskeleton. In
fibroblasts, diverse extracellular stimuli have been shown
to result in Rho GTPase activation. Addition of
lysophosphatidic acid (LPA) to quiescent fibroblasts
induces the assembly of focal adhesions and actin stress
fibers, which can be blocked with C3 transferase, a
bacterial coenzyme that ribosylates ADP and inactivates
Rho proteins (30). A Rac-regulated signaling pathway
linking growth factor receptors to the polymerization of
actin at the plasma membrane has also been established.
Growth factors, such as platelet-derived growth factor
(PDGF), insulin, and bombesin, stimulate polymerization
of actin at the plasma membrane to induce lamellipodia
formation and membrane ruffling, which can be inhibited
by the dominant-negative mutant of Rac, RacN17 (31, 32).
Moreover, the activation of Cdc42 by bradykinin promotes
the formation of peripheral actin microspikes and filopodia,
with the subsequent formation of lamellipodia, which can
be inhibited by a dominant-negative mutant of Cdc42,
Cdc42N17 (33). Since the bradykinin, LPA, and bombesin
receptors belong to the seven-transmembrane-domain
heterotrimeric G protein coupled receptor family, the
trimeric G proteins are likely to play a role in the activation
of the respective GTPases.

Several lines of evidence suggest the involvement
of phosphoinositide 3 kinase (PI3 kinase) in PDGF and
insulin induced lamellipodia formation and membrane
ruffling. PDGF could stimulate an increase in GTP-Rac by
enhancing GEF activity in a PI3 kinase activation
dependent manner (34). Furthermore, treatment of
fibroblasts with PI3 kinase inhibitor wortmannin inhibits
Rho and Rac mediated membrane ruffling induced by
PDGF, epidermal growth factor (EGF), and insulin or
insulin-like growth factor 1 (IGF-1) (32, 35, 36). These
data suggest that PI3 kinase acts on the upstream of Rac to
induce membrane ruffling when exposed to extracellular
growth stimuli.

Another upstream signaling pathway of Rho
family proteins is the tyrosine phosphorylation of the
exchange factor Vav, which is crucial for its ability to
activate members of the Rho family (21, 37). As described
previously, Vav is guanine nucleotide exchange factor for
Rho, Rac, and CDC42 family. When exposed to Lck, a
member of the Src family, Vav increases the GDP/GTP
exchange activity. Furthermore, coexpression of Lck with
Vav enhances the Vav-transforming activity and its
capability to induce Jun N-terminal kinase (JNK)
activation. The mechanism by which LPA activates Rho
appears also attributable to the involvement of tyrosin
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Table 1. Roles of characterized Rho protein

Rho Function
Protein
RhoA e Promotes the rearrangement of cell
cytoskeleton
o Initiates the assembly of focal adhesion
e Induces the contraction of cell body
e Stimulates the movement of the rear of
the cell to induce forward migration
of cell body and nucleus
e Promotes the detachment of the rear of
the cell from the ecm
Racl e Promotes actin-mediated formation of the
lamellipodia
e Stimulates the attachment of lamellipodia
to ecm at the front of the cell body
e Allows for new adhesion contacts to ecm
Cdc42 | e Required for cell polarization
e Promotes directionality of cell movement
e Plays role in the rate of cell migration, by
enhancing rac-mediated membrane
extension
e Causes the formation of filopodia

kinase because the LPA-induced stress fiber formation can
be abolished by tyrphostin, a tyrosine kinase inhibitor (38,
39).

In summary, extracellular stimuli, such as LPA,
PDGF, epidermal growth factor (EGF), and insulin, trigger
Rho-family GTPases mediated assembly and organization
of the actin cytoskeleton in a PI3 kinase dependent manner.
Tyrosine phosphorylation is also involved in the activation
of Rho. Further -elucidation of wupstream signaling
molecules will provide a more thorough insight into the
signaling pathways that lead to the activation of the Rho-
like GTPases in response to extracellular stimuli.

4. BIOCHEMICAL AND BIOLOGICAL FUNCTIONS
OF RHO GTPASES IN CELL MIGRATION

Eukaryotic cellular morphology and motility are
underlain by the organization and reorganization of
cytoskeleton. Cell migration and axonal path finding during
development, immune cell patrolling in normal adults,
phagocytosis, as well as pathological processes, such as
metastasis, all rely on coordinated regulation of the actin
network to produce directed cell movement. The actin
cytoskeleton is part of the cytoskeleton (the internal
framework of a cell) composed of actin filaments and many
specialized actin-binding proteins (39, 40). Although actin
filaments are created by the simple polymerization of actin
monomers, regulation of the dynamics of the filament
network requires participation of many interacting proteins
and is regulated by numerous upstream signaling pathways.
This regulation of actin polymerization, for the most part, is
orchestrated by Rho GTPases.

Separate members of Rho GTPases proteins
regulate the organization of the actin cytoskeleton in their
own manners. Rho activation in fibroblasts results in the
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assembly of contractile actin/myosin filaments, the
formation of stress fibers, and the clustering of integrins
involved in the formation of focal adhesion complexes.
Activation of Rac facilitates actin polymerization at the cell
periphery to generate protrusive actin-rich lamellipodia and
membrane ruffling. Activation of Cdc42 results in actin
polymerization to form peripheral actin microspikes and
filopodia. In addition, cellular signaling cross-talk between
the members of the Rho GTPases proteins has been
observed. For example, Cdc42 is a potent activator of Rac,
leading to observations that filopodial extensions are
usually accompanied with lamellipodial protrusions (30,
31, 33, 38) (Table 1).

4.1.1. Rho and cytoskeletion reorganization

A number of proteins have been identified as targets
of Rho by the yeast two-hybrid selection system and
affinity chromatography purification. These targets include
Rho-kinase/ROK/ROCK, myosin-binding subunit (MBS)
of myosin phosphatase, protein kinase N (PKN)/PRKI,
p140mDia, rhophilin, rhotekin and citron and so on. Most
of them are involved in Rho mediated cytoskeletal
rearrangements (Figure 2).

The involvement of Rho in cytoskeleton
reorganization is firstly implicated by the observations that
the stress fibers and focal adhesion complexes were
induced in fibroblasts with ectopic expression of an
activated mutant of Rho, RhoV14 (30). The discoveries and
characterization of numerous proteins that bind Rho in a
GTP-dependent manner have shed light on the molecular
mechanisms by which Rho affects the cytoskeleton (Figure
2). Among these proteins, serine/threonine kinase, ROK
alpha (also known as Rho kinase) and its close relative
(52% homology), pl60Rho kinase (also known as ROCKII
or ROKf) have been extensively studied to date (41-45).
The kinase activity of p160Rho kinase is enhanced (though
not by much) after binding to Rho-GTP. Clues to their
functions in the reorganization of actin filaments and in
myosin contractility come from two lines of evidence. The
expression of full-length ROKo and its amino-terminal
portion induces stress fibers and focal adhesion complexes
formation (41), which is abolished by the expression of a
kinase-dead mutant of the protein (42). Furthermore, two
substrates for the p160Rho kinase have been identified, the
myosin-binding subunit (MBS) of myosin light-chain
(MLC) phosphatase and myosin light chain itself (Figure
3). It was subsequently shown that phosphorylation of
MBS downregulates MLC phosphatase activity, resulting
in an accumulation of the phosphorylated form of MLC
(46). Phosphorylation of MLC induces a conformational
change in myosin, thereby increasing its binding to actin
filaments to drive the formation of stress fibers and focal
adhesions (47, 48). Together, phosphorylation of these two
substrates would be expected to lead to an increase in
myosin light chain phosphorylation, myosin filament
assembly, F-actin bundling, and stress fiber formation.

Both Rho and Rac have been shown to stimulate the
synthesis of phosphatidylinositol 4,5-bisphosphate (PIP2),
the product of phosphatidylinositol 4-phosphate 5-kinase
(PIP 5-kinase)(49, 50). The observation that PIP2 can
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Figure 2. Mammalian targets of Rho. PIP, Phosphatidylinositol 4,5-bisphosphate; PKN, protein kinase N.

regulate the interactions of a number of actin-binding
proteins, including profilin, o-actinin, gelsolin, and
p39CapZ in vitro (51), led to the hypothesis that Rho-
stimulated  PIP2  synthesis may induce actin
rearrangements. A case in point here is the protein vinculin.
Vinculin is a membrane-cytoskeletal protein in focal
adhesion plaques that is involved in linkage of integrin
adhesion molecules to the actin cytoskeleton. More
specifically, the amino-terminus of vinculin binds to talin
which, in turn, binds to P-integrins, and the carboxy-
terminus binds to actin, phospholipids and paxillin forming
homodimers. The binding of vinculin to talin and actin is
regulated by PIP2 and inhibited by acidic phospholipids
(52). Furthermore, injection of anti-PIP2 antibodies into
fibroblasts inhibits LPA-induced formation of stress fiber
and focal adhesions, suggesting a crucial role for PIP2 in
focal adhesion and stress fiber assembly (53).

Recently, a downstream effector of the Rho protein,
pl40mDia, was shown to selectively interact with
mammalian Rho in a GTP-dependent manner and also
interact with profilin (54). The NH2-terminal portion of
pl40mDia ensures that p140mDia binds selectively to the
GTP-bound form of Rho. pl40mDia also contains
repetitive polyproline stretches that can bind profilin. Thus,
pl40mDia provides a direct molecular linkage between
Rho and profilin. RhoA, pl40mDia and profilin are
colocalized in the spreading lamellae of cultured fibroblasts
and also can be recruited around phagocytic cups induced
by fibronectin (FN)-coated beads. Overexpression of
pl40mDia in COS cells enhances actin filament assembly,
while colocalization of RhoA, pl40mDia and profilin is
abolished after Rho is inactivated by microinjection of
botulinum C3 exoenzyme. Based on these findings, a
model was proposed in which Rho regulates actin
polymerization by targeting profiling to a specific site
beneath the plasma membrane via p140mDia, which results
in a locally increased profilin concentration (54, 55). The
functions and subcellular localization of the three

763

molecules suggest a role for pl40mDia in mediating the
effects of Rho on actin reorganization beneath the dynamic
plasma membranes in mammalian cells.

In addition to Rho kinase, MBS, and pl140mDia,
other mammalian proteins have been identified as potential
Rho targets (Figure 2). PKN is the first identified
serine/threonine protein kinase that can bind to and be
activated by a small GTPase Rho. It is a protein kinase that
has a catalytic domain homologous to protein kinase C
(PKC) family members and a unique regulatory region
containing  antiparallel coiled-coil (ACC) domains
previously called the “CZ region” (charged amino acid and
Leu-zipper-like sequence) or “HR1” (56). There are at least
three different isoforms of PKN (PKN-a /PAK-1/PRK-1,
PKN-B, and PRK2/PAK-2/ PKN-y) in mammals, each of
which shows different enzymological properties, tissue
distributions, and varied functions. GTP-bound Rho
interacts with the first leucine zipper-like motif in the NH2-
terminal portion and activates the catalytic activity of PKN.
The expression of a kinase-deficient form of PRK2 disrupts
actin stress fibers, implicating PRK2 in actin cytoskeleton
reorganization.

Whereas rophilin and Rhotekin share homology
with both MBS and PKN/PRKI1 in their Rho binding
domain (57, 58), overall domain structure of citron is
similar in sequence to Rho-kinase. However, citron lacks a
kinase domain (59). Citron-kinase is localized at the
cleavage furrow and mid-body during cytokinesis. Citron is
implicated in cytokinesis (60). So far, however, there is still
no well established evidence to clarify the role of Rho-
mediated cytoskeletal rearrangements in cytokinesis.

4.1.2. RAC, CDC42 and cytoskeleton reorganization

In fibroblasts, Rac has been shown to be a crucial
regulator in the reorganization of the actin cytoskeleton in
growth factor-induced membrane ruffling (31). Later, a role
for yet another member of the Rho subfamily, Cdc42, in
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actin remodeling was established. Both Rac and Cdc42
have also been shown to induce the assembly of
multimolecular focal adhesion complexes (FACs) at the
plasma membrane of fibroblasts (38). These focal
complexes display morphologies like punctate spots of
vinculin and phosphotyrosine around the leading edge of
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the lamellipodia and at the tips of filopodia, which are
distinct from the Rho regulated focal adhesions, in spite of
the similarity in their protein components. To date, several
potential targets of Cdc42 and Rac have been identified,
including p21-activated kinases (PAKs), WASP/N-WASP,
IQGAPI1, MRCK, Porl, p140Sra-1, and Posh (Figure 4),



Rho GTPase in breast cancer

which help to elucidate the molecular basis for the
involvement of Rac and Cdc42 in cytoskeleton
organization.

Although Rac and Cdc42 each have seven or eight
known target proteins, some are common to both (Figure
4). For example, the first Rac target identified, p65PAK,
also interacts with Cdc42. To date, at least three isoforms
of p2l-activated kinase (PAK1-3) have been identified
(61-65), all of which bind Rac and Cdc42 in a GTP-
dependent manner. PAKs comprise an NH2-terminal
regulatory domain and a COOH-terminal catalytic domain
(61). GTPase binding disrupts an inhibitory interaction
between the PAK kinase domain and the PAK auto-
inhibitory domain, which results in PAK phosphorylation
and activation (66, 67). In addition, all PAK proteins
identified to date share a conserved domain of
approximately 20 residues that is responsible for interaction
with Rac or Cdc42 and is referred to as CRIB (Cdc42/Rac
interactive binding) site. Several other mammalian proteins
of potential targets for Cdc42 and Rac, like MSESS,
MLK?2/3, and WASP, share this motif (68).

PAKSs have been shown to be the key components
of pathways that regulate cell morphology, including
formation of lamellipodia and disassembly of stress fibers
and focal adhesions in response to stimuli that activate Rac
and Cdc42 and promote cell migration (69, 70).
Overexpression of constitutively activated mutant PAKI
triggers dissolution of actin stress fiber and focal adhesions,
accompanied by increased cell polarization, membrane
protrusions and cell motility (71-73). PAKs are also
upstream elements in the JNK and p38 kinase pathways
that control gene expression (74). The N terminus of PAK1
contains multiple proline-rich sites that bind to Src
homology (SH) 3 domain-containing proteins, including
Pix, a GEF for Rac (75), adaptor proteins NCK (76) and
Grb2 (77). The binding of PIX and NCK to PAK seems
required for the localization of PAK to focal adhesions.

Despite the fact that Rac and Cdc42 trigger
morphologically distinct lamellipodia and filopodia at the
plasma membrane, the formation of both protrusions rely
on the Arp2/3 complex to initiate peripheral actin
polymerization. Arp2/3 complex is a heptameric, actin-
nucleation machine associating with the sides and perhaps
the ends of existing actin filaments to initiate new branched
filaments formation (78). Both Rac and Cdc42 activate
Arp2/3 indirectly through members of the Wiskott-Aldrich
syndrome protein (WASP) family. N-WASP, or the closely
related hemopoietic-specific WASP, binds to Cdc42 in a
GTP-dependent manner. The binding generates an intra-
molecular, auto-inhibitory interaction and exposes a C-
terminal Arp2/3 binding/activation site, which contributes
to Cdc42 mediated cytoskeletal rearrangements and actin
clustering (79). Activation of Arp2/3 by Rac is mediated by
WASP family Verprolin-homologous proteins (WAVE),
which although structurally related to N-WASP, do not
interact directly with the GTPase (80, 81).

Another protein with a potential role in cytoskeletal
organization is IQGAP (82-84). The IQGAP1 gene was
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originally isolated as a member of the Ras GAP family
(85). At least two isoforms of IQGAP have been identified,
IQGAPI1 and IQGAP2. Both isoforms directly interact with
GTP-bound Cdc42 and Rac, but not with the GDP- bound
forms. IQGAPs contain some interesting motifs found in
signaling molecules, such as a WW domain, an SH3-
binding domain, and a calmodulin-binding domain.
However unlike PAKs and WASP, IQGAPs do not contain
a CRIB site. IQGAP interacts with both Rac and Cdc42 and
localizes to membrane ruffles. In addition, both IQGAP1
and IQGAP2 have been shown to interact directly with
actin filaments. It is not known if they play any role in
filopodia formation, but there are some data linking them to
the assembly of actin filaments during cytokinesis (86). In
addition to its role in actin filament organization, IQGAP1
appears to play a pivotal role in cell-cell adhesion through
the cadherin-catenins pathway (87).

As described previously, cytoskeleton rearrangement is
potentially linked to phospholipid metabolism. In fact, both
Rac and Rho bind to PIP5 kinases and recruit them to the
plasma membrane (88), while ADP-ribosylation factor 6
(Arf6) acts downstream of Rac to activate PIPS kinases
(89). It is likely that PIP5 kinase may be the responsible
kinase mediating Rac-stimulated PIP2 generation.
Although a number of potential targets or effectors of Rho
family members have been identified and characterized,
there is still not sufficient evidence for the physiological
relevance of these proteins in Rho-mediated cytoskeletal
remodeling, which is likely to be a focus of attention in the
future.

4.1.3. Other functions of Rho family of gtpases

Rho GTPases have been reported to regulate
various other cell functions, including membrane
trafficking, transcriptional activation, cell growth control
and development in mammals and lower eukaryotes (9, 10).
Because this review focuses on the role of these GTPases
proteins on cytoskeletons rearrangement and cell adhesions
involved in cell migration, the above functions regulated by
the Rho family GTPases are not described here.

4.2. Rho gtpases in cell migration

Cell migration can be mechanistically divided into
separate steps: cell polarization, lamellipodium protrusion
and adhesion formation, followed by cell body contraction,
and tail detachment (8)(Figure 5).

The initiation of cell migration is polarization and
generation of protrusions in the direction of migration.
These protrusions can be large, broad lamellipodia or
spike-like filopodia, which are usually driven by actin
polymerization and stabilized by adhering to the ECM or
adjacent cells via transmembrane receptors linked to the
actin cytoskeleton. This in itself is not sufficient, however,
because cell contractility is required to allow the body and
rear of the cell to follow the extending front (90). All
aspects of cellular motility and invasion, including cellular
polarity, cytoskeletal organization, and transduction of
signals from the outside environment involved in adhesion
formation are controlled through the interplays between the
Rho-GTPases. Herein, we will discuss the evidence linking
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Figure S. A model for cell migratory process. MTOC, microtubule-organizing center.

specific Rho proteins to each of these steps and the ways in
which they contribute to cell movement.

4.2.1. Cell polarization: a keystone of cell migration

The ability of a cell to move depends on an
asymmetrical organization of intracellular activities,
which means the molecular processes at the front and the
back of a moving cell must be different. Establishing and
maintaining cell polarity in response to extracellular stimuli
appear to be mediated by a set of interlinked positive
feedback loops involving Rho family GTPases, PI3Ks,
integrins, microtubules, and vesicular transport.

Among the Rho family GTPases involved in cell
polarity regulation, Cdc42 is a master regulator in
eukaryotic organisms ranging from yeast to humans.
Genetic analysis of budding yeast provides the first piece of
evidence for the involvement of Cdc42 in cell polarity.
During the cell cycle, yeast cells adopt alternative states of
polarized growth, ranging from tightly focused apical
growth to non-focused isotropic growth. In the absence of
Cdc42, Saccharomyces cerevisiae fail to establish focused
apical growth and, as a consequence, cells expand
isotropically (91). One way in which Cdc42 influences
polarity is to direct where lamellipodia form (92). Cdc42
can also regulate cell polarity by directing the localization
of the microtubule-organizing center (MTOC) and Golgi
apparatus in front of the nucleus, oriented toward the cell
migration direction. In this way, the direction of MTOC
orientation at the front of leading edge may contribute to
cell migration by facilitating delivery of Golgi derived
vesicles to the leading edge and microtubule growth into
the lamellipodium at the front (93). The effects of Cdc42
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on MTOC position seem to be mainly exerted through
its downstream effecters, such as kinase PAK1. PAKI
itself can mediate Cdc42 activation and the positive
feedback loops between Cdc42 and PAKI1 ensure the
maintenance of high Cdc42 activity at the leading edge
(94).

As targets of Rac, PIP3 and
phosphatidylinositol(3,4) bisphosphate (PI(3,4)P2) are key
signaling molecules that contribute to Cdc42 accumulation
at the front of moving cells. This mediation involves both
localized accumulation and activation of PI3Ks, which
produce PIP3/PI(3,4)P2, and phosphatase PTEN, which
removes them. To be more specific, PI3Ks rapidly
accumulate at the leading edge of cells, whereas PTEN
becomes restricted to the sides and the rear (95, 96).
Altered PI3K or PTEN activity significantly compromises
the ability of the cell to move directionally up a
chemoattractant gradient. Together these results indicate
that there exist positive feedback loops between Cdc42,
PI3K products, and PTEN that coordinate together to
ensure the initiation and maintenance of the polarity of
migrating cells.

4.2.2. The protrusive machinery

Actin filaments are polarized with fast growing plus
(+) or barbed ends and slow growing minus (-) or pointed
ends. This inherent polarity is used to drive membrane
protrusion. However, the organization of filaments depends
on the types of protrusion: as for lamellipodia, actin
filaments form a branching dendritic network, whereas as
for filopodia they are organized into long parallel bundles
(97). The distinct molecular attributes of lamellipodia and
filopodia account for their capacity to perform distinct
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functions. Biophysically, the dendritic organization of
lamellipodia provides a tight brush-like structure that is
able to push along a broad range of plasma membrane (98).
Through localization of activated Arp2/3 complex the
lamellipodium can grow in a particular direction. In
contrast, filopodia are particularly well designed to serve as
sensors to explore the local environment with parallel
bundles.

Rac is required for lamellipodium extension
induced by extracellular stimuli, such as growth factors,
cytokines and extracellular matrix components (99, 100).
Reports about cells derived from Rac1- and Rac2-null mice
support a pivotal role for Rac in cell migration. Effects of
constitutively active Racl on cell migration vary in terms
of cell types, stimuli, expression levels and time courses of
expression. For example, constitutively active Racl inhibits
macrophage migration induced by growth factors, because
the lamellipodia extend all around the cells and fail to
polarize.

How does activated Rac coordinate lamellipodium
extension? Several Rac target proteins are likely to be
involved in this process. As shown in Figure 4, first, Rac
stimulates new actin polymerization relying on the Arp2/3
complex, which binds to pre-existing filaments. Activation
of Arp2/3 complex by Rac is carried out by its target
IRSp53 (101). After activation by Rac, IRSp53 interacts
through its SH3 domain with WAVE, which finally binds
to and activates the Arp2/3 complex. IRSp53 can also bind
to Cdc42 with a separate domain (102). Therefore, IRSp53
can serve as a direct link between Cdc42 and Rac, which
sheds light on the observation that Cdc42 can induce Rac-
involved lamellipodium formation. IRSp53 can also bind to
a Rho target, Dial (103), which might underlie the
capability of Rho to facilitate lamellipodium extension.

In addition to activating the Arp2/3 complex, Rac
can promote the uncapping of actin filaments at the plasma
membrane to facilitate actin polymerization. In platelets,
Rac acts via a PIP5-kinase to generate PIP2, which then
binds to capping proteins and removes them from the
barbed ends of actin filaments for actin polymerization
(104, 105).

Apart from facilitating actin polymerization, Rac
has been reported to downregulate the rate of actin
depolymerization. Through its downstream target PAKSs,
Rac is capable of stimulating the activity of LIM-kinase
(106, 107). As well as inducing actin polymerization, Rac
may affect the rate of actin depolymerization. LIM-kinase
can catalyze the phosphorylation and inactivation of cofilin,
an actin-regulatory protein that will promote F-actin
depolymerization. This suggests that Rac would inhibit
cofilin-induced depolymerization.

4.2.3. Formation and turnover of new cell-substrate
adhesions

For migration to occur, a protrusion must form and
attach to surrounding substrates ECM. Small focal complex
structures can be observed at the leading edge and are
localized in the lamellipodia of most migrating cells. Early
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studies reported that cells plated on ECM proteins rapidly
developed extended filopodia and lamellipodia, indicative
of Cdc42 and Rac activity, respectively (108). These
protrusive structures contain focal complexes, which are
localized clusters of integrins, and cytoskeletal and
signaling proteins that are smaller than, but similar in
composition to focal adhesions. These adhesions stabilize
the lamellipodium by attaching to ECM (8). As cells
spread, larger integrin-based focal adhesions and actin
stress fibers form, indicating Rho activity. In fibroblasts,
PAK is rapidly activated by cell adhesion to fibronectin.
Since PAK is one of the main effectors of Rac, it is
strongly suggested that integrins could trigger biochemical
activation of Rac or Cdc42, or both.

Adhesion assembly in migrating cells begins with
small-scale clustering, dependent on the multivalent nature
of ECM to which the cell is adhering. The speed of cell
migration is dependent on ECM composition, which is
decisive for the relative activation levels of Rho, Rac and
Cdc42 (109, 110). Therefore, the continuous formation of
new interactions between ECM and integrins at the leading
edge of cells help to maintain the level of active Rac there,
which means there exists a positive feedback loop to allow
cells to carry on migration(99, 111). In this way, the
continuous crosstalk between integrins and Rac allows cells
to respond to changing ECM composition.

The formation of focal complexes is an integral
step for lamellipodia attachment to the ECM of most
migrating cells. However, cells with a high level of
integrin-mediated adhesion are typically either
nonmigratory or move very slowly due to the intense
strength of attachment to ECM, which is correlated with
high levels of Rho activity (112). In addition to being
involved in focal complex formation in lamellipodia,
Rac can induce focal complex turnover directly through
PAK (113). PAK interacts with a complex of exchange
factors, such as paxillin, to localize to focal adhesion
complexes. Paxillin binds to many proteins, such as
vinculin and actopaxin, which are involved in inducing
changes in the organization of the actin cytoskeleton
during cell migration.

4.2.4. Cell body contraction

Cell body contraction is dependent on actomyosin
contractility and the force transmitted to sites of adhesion
derives from the interaction of myosin II with actin
filaments that attach to these sites. Myosin II activity is
regulated by myosin light-chain (MLC) phosphorylation.
The phosphorylation of MLS results in an increased
contractility and transmission of tension to sites of
adhesion, which is either positively regulated by ROCKs or
negatively regulated by MLC phosphatase, which in turn is
phosphorylated and inhibited by ROCK. MLC
phosphorylation is also regulated by MLC kinase (MLCK),
which is regulated by intracellular calcium concentration as
well as stimulated by the ERK MAPKSs (Figure 3).

In addition to mediating MLC phosphorylation, Rho
exerts other effects on the actin cytoskeleton organization
that are related to cell migration (Figure 2). Cofilin is an
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actin binding protein that is essential for the
depolymerization of actin filaments. Either through ROCK
or LIMK, Rho abolishes the actin-binding activity of
cofilin by inducing cofilin phosphorylation, thus enhancing
the polymerization of actin filaments (114). As described
previously, another way for Rho to induce F-actin
accumulation is via PIP 5-kinases. Rho enlists Dia proteins
for the actin cytoskeleton organization. Through interacting
with either Src kinases or IRSp53(103), Dia proteins induce
actin polymerization and stress fibers formation (115).

4.2.5. Adhesion disassembly and retraction at the rear

At the rear of migrating cells, adhesions must
disassemble to ensure the fulfillment of cell movement. In
most cases, tail detachment is the rate-limiting step during
cell migration (116). The mechanisms regulating tail
detachment depend on the «cell types and their
corresponding adhesion strength to the extracellular matrix.
In slowly moving cells, tail detachment depends on calpain,
which is a member of calcium-dependent, non-lysosomal
cysteine proteases family. Calpain has been implicated as a
critical ~calcium-dependent regulator of the actin
cytoskeleton and cell migration by degrading focal
adhesion components at the rear of cells. Inhibition of
calpain reduces cell migration rates and invasiveness (116,
117). On the other hand, in cells, such as fibroblasts that
have relatively large focal adhesion complexes, Rho
assumes a role to reduce adhesion and promote tail
detachment. In fibroblasts, the tight rearmost adhesions
often tether the cell strongly to ECM. Strong tension forces
exerted across the cells on the rear adhesions is required to
break the link between integrin and the actin cytoskeleton
physically. Several lines of evidence support a role for
myosin II and Rho in this event. Dictyostelium cells
deficient in myosin II or its regulator PAK alpha show
impaired retraction (118) and similar phenotypes can be
observed in monocytes or neutrophils by blocking myosin
IT assembly with Rho or Rho kinase inhibitors (119, 120).
FAK, Src, and the other regulators that can induce focal
adhesion disassembly also contribute to tail detachment
(121).

5. ALTERED RHO GTPASE SIGNALING
PATHWAYS IN BREAST CANCER CELLS

Metastases, but not the primary tumor, are the cause
of death in 90% of cancer patients because of the
difficulties in detecting and eradicating numerous small
secondary tumors disseminated throughout the body,
particularly those with breast cancer. Metastases from the
breast commonly occur in the sentinal and axillary lymph
nodes, lungs, spinal cord, brain and bones (122). To
successfully metastasize tumor cells must perform an
ordered series of steps that constitute the metastatic
cascade. This includes invading the tissue surrounding the
primary tumor, intravasating into the lymphatic or the
blood supply system, avoiding host immune defenses and
surviving in circulation, extravasating and arresting at the
distant site for final macrometastasis formation. Two key
components in obtaining metastatic competence are the
acquisition of a motile and invasive phenotype, both of
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which are mainly controlled by members of the Ras-
superfamily of small GTP-binding proteins. In following
part of this review, we will discuss evidence for altered
Rho GTPase signaling events in breast cancer and their role
in tumor development, metastasis, and invasiveness.

5.1. Overexpression of Rho proteins in human breast
tumors

Approximately 30% of human tumors carry an
identifiable specific Ras mutation, accounting for its
protein level overexpression or constitutive activation
(122), while only approximately 5% of breast tumors
harbor an activating Ras (123). In contrast to Ras, no
mutation in any of the Rho GTPases has been identified in
breast or other human cancers. Rather, these GTPases,
particularly RhoA and RhoC, are often either
overexpressed or hyperactive in breast cancer tissue.

In vitro, overexpression of RhoA results in
transformation of mouse fibroblasts (124), supporting the
notion that increased Rho A is a crucial event for malignant
transformation and development of human tumor cells.
Comparing the expression of proteins of the Rho family
(RhoA, Rac, Cdc42) in tumorigenic tissue and the
corresponding normal tissue obtained from the same
patient, it was found that Rho GTPases, in particular RhoA,
are overexpressed in different types of human tumors,
including colon, breast and lung tumor (2). The higher
levels of RhoA protein are correlated with more advanced
grades of breast carcinoma (2).

Increased RhoC expression was found in
inflammatory breast cancer (IBC) (2) and in invasive ductal
carcinomas (32%) (4), particularly those with distant
metastasis. Inflammatory breast cancer is a phenotypically
distinct form of locally breast cancer due to its high
metastatic capability. In an attempt to identify specific
genes responsible for the unique IBC phenotype,
Merajver’s laboratory identified RhoC GTPase as being
overexpressed in the SUM149 IBC cell line. Further studies
indicate that RhoC seems to be a marker of metastatic
potential in breast cancer, since 47% of the invasive ductal
carcinomas that develop metastases express RhoC, in
contrast to 12% of the invasive carcinomas without
metastases (4). Subsequently, RhoC overexpression has
been found to be a potential prognostic marker for tumors
with the ability and propensity to metastasize. These results
are in concordance with previous data showing that forced
expression of RhoC GTPase induces the malignant
transformation of immortalized human mammary epithelial
(HME) cells by generating an aggressive, highly motile,
and invasive phenotype, while a dominant-negative Rho
inhibits metastasis (125).

In addition to Rho, increased protein levels of
Cdc42 (2, 3) and Rac (3) also occur in breast cancer. The
reports that Racl is required for Ras-induced malignant
transformation implicate the involvement of Racl in breast
cancer (126). Increased Racl mRNA expression and
elevated Racl GTPase protein were seen in malignant
versus benign breast tissues, suggesting that constitutive
activation of Racl signaling may be present in more
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aggressive breast cancers (127). Endogenous, hyperactive
Rac3 is present in highly proliferative human breast cancer
cell lines such as MCF-7, T47D, and MDA-MB-435, and is
associated with persistent kinase activity of two isoforms of
the Rac effectors PAK and of c-Jun N-terminal kinase
(JNK) (128). The level of interactions between Rho
GTPase and downstream effector proteins is determined by
the absolute levels of the GTP-bound GTPases. By p21
binding domain (PBD) affinity assay, Mira et al., found
that consistently active Rac3 GTPases lead to hyperactivity
of its effector protein kinase PAK in human breast cancer-
derived epithelial cell lines (129).

Collectively, these findings suggest that Rho
proteins are overexpressed in breast cancer. In addition, it
appears that the level of these proteins correlates directly to
the advancement of breast cancer. If a breast cancer is
highly metastatic, Rho protein expression is likely to be
high.

5.2. Role of Rho GTPases regulatory proteins in breast
metastasis

Dominant inhibitory approaches have demonstrated
a role of Rho GTPases in focal contact formation, motility,
primary tumor growth, and macro-metastasis. Each
dominant inhibitory Rho protein shows a decrease in
intravasation and metastasis, suggesting that Rho, Cdc42,
and Racl play a role in the formation of breast metastasis
(130). As mentioned previously, no mutations have been
observed in Rho proteins in tumors. However,
overexpression of the Rho GTPases has been seen in
human tumors. The examination of Rho regulatory proteins
may provide an explanation for these observations. For
example, mutation or oncogene expression that disrupts the
Rho regulatory proteins can cause dysfunctional regulation
of Rho proteins in breast cancer cells, leading to cellular
motility, invasion and metastasis (131).

5.2.1. Rho GDP dissociation inhibitor (RhoGDI)

As previously mentioned, RhoGDI inhibits Rho
proteins and consequently cellular motility. GDI inhibits
Rho proteins by binding to the protein’s prenylation group,
preventing the localization of the GTPase to the inner
plasma membrane via inhibiting the release of GDP. The
introduction of RhoGDI to immortal fibroblasts has been
shown to disrupt motility. However, the overexpression of
RhoGDI in human keratinocytes leads to inhibition of
cellular motility and the disturbance of the actin
cytoskeleton (131). In addition, the overexpression of
RhoGDI-a explicitly increases ERo and ERP activation
(132).

5.2.2. Rho GTPase activating protein (RhoGAPS)

Rho GTPase activating proteins (RhoGAPs)
catalyze the hydrolysis of GTP to GDP, inactivating Rho
proteins. pl90RhoGAP is a well studied GAP protein that
exists as two isoforms: pl190-B and pl190-A, a tumor
suppressor gene. Previous results reveal that pl190
inhibition leads to cytoskeleton reorganization. Introduction
of p190 middle domain (MD) into motile cells disturbs
heterodimer formation leading to inhibition of cell motility
and migration, while the reintroduction of p120 into cells
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re-established directional cellular motility. The treatment of
fibroblasts with sodium fluoride and LPA caused the
inhibition of GAP activity while triggering GEF activity
and amplifying Rho protein activation. Taken together, it
appears that pl90RhoGAP obstructs constitutive Rho
activity (133).

p190RhoGAP and p120RasGAP have also been
implicated in the development of inflammatory breast
cancer. Amplification of EGF-R prompts the tyrosine
phosphorylation of p190RhoGAP and p120RasGAP. This
causes the association of p190 and p120, leading to the
formation of a heterodimer which hinders the inactivation
of Rho proteins, allowing for extended GTPase activation
that leads to cellular invasion. Overexpression of both p190
and pl20 has been seen in HME and SUMI149

inflammatory breast cancer cells, consistent with
aggressive mouse mammary tumors (131).
5.2.3. Rho guanine exchange factors (RhoGEFS)

Rho guanine exchange factors (RhoGEFs)

activates Rho proteins by exchanging bound GDP for GTP,
upon its phosphorylation. Once activated Rho proteins are
able to activate downstream effectors that can impact the
cellular motility. Activating mutations of RhoGEF can
induce the constitutive activation of Rho proteins,
suggesting a link between RhoGEF and the abnormal
GTPase activity found in breast cancer. Proto-oncogene
Dbl is the first identified RhoGEF. Mutations within Dbl
can cause the constitutive activation of cellular
transformation, possibly contributing to the metastatic
phenotype (131).

5.3. Rho proteins in proliferation and progression of
breast cancer cells

In addition to mediating breast cancer metastasis,
Rho proteins can also promote breast cancer cell
proliferation to facilitate their colonization. Several lines of
evidence suggest an important role for Rho proteins in
normal and cancerous cell growth, including G1 phase
progression, mitogenesis, and Ras transformation (10, 134).

The transforming potential and cell growth
stimulating activity of three GTPases correlate with
elevated cyclin D1 transcription due to its promoter
activation. The neu (c-erbB-2, HER-2) proto-oncogene
encodes a receptor tyrosine kinase that is overexpressed in
20 to 30% of human breast tumors (135). ErbB-2 induced
transformation of breast cells requires cyclin D1, which is
induced through an E2F-dependent signaling pathway
(136). In fact, Cyclin D1 is overexpressed in more than
50% of breast cancers. The mechanisms by which Rho
GTPases induce cyclin D1 expression have been supported
by several lines of evidence. Typically, cyclin D1
abundance is induced transcriptionally. Upon the
withdrawal of growth factors, cyclin D1 undergoes rapid
degradation via the ubiquitin-proteasome pathway (137).
By a similar approach, the transcription regulation of cyclin
D1 by Racl occurs via the transcription factors NF-xB and
ATF-2, which directly bind to multiple sites in the cyclin
D1 promoter for its activation (138, 139). Thus, activating
mutants of Racl (RacLeu-61, RacVal-12) induced NF-kB
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abundance and DNA-binding to the cyclin D1 NF-xB
promoter, and expression of an NF-xB trans-dominant
inhibitors inhibited Rac induction of cyclin D1. In addition,
RhoA overexpression can also inhibit p21 (CIP1)
expression (140), suggesting multiple cell cycle controllers
are interfered with by Rho proteins.

5.4. Potential roles of rho gtpase effectors in breast
cancer

Rho GTPases stimulate different downstream signaling
pathways through a spectrum of effectors. The serine/threonine
kinase PAKSs, for example, are important downstream effectors
of both Cdc42 and Rac, and have been shown to modulate
dynamics of the actin and microtubule cytoskeletons to
regulate cell migration. In some breast cancers, the protein
levels and kinase activity of PAKI1 are elevated (141).
Increased PAK kinase activity and expression are correlated
with enhanced motility and invasiveness of human breast
cancer cell lines(142). Ectopic expression of constitutively
activated PAK1 in non-metastatic MCF-7 breast carcinoma
cells increases their motility (142). In addition to
increased motility and invasiveness of breast cancer
cells, enhanced PAK levels and PAK kinase activity can
be also linked to a series of functions like DNA
synthesis (129), anchorage-independent growth, and
abnormal mitotic spindles (142). PAKs have been
shown to physically interact with and directly
phosphorylate Raf kinase, which binds to retinoblastoma
protein (143), and interact with cyclin dependent kinases
to upregulate cyclin D1 expression (144). Targeted
overexpression of PAK1 in mice leads to mammary gland
hyperplasia (145), while inhibiting PAK kinase activity in
multiple human breast carcinoma cell lines decreases
cell proliferation (129). Finally, it seems that PAK
contributes greatly to the completion of the last stage of
tumor progression, the formation of macrometastases.
Once the tumor cells have reached a proper environment
during metastatic cascades, the formation of large focal
contacts could firmly attach the cell to the tissues and
result in constitutive hyperactivation of PAK. Upon
activation, PAK has been demonstrated to promote
angiogenesis, resistance to apoptosis response, and cell
proliferation and thereby promote tumor cell growth (146).

As a downstream effector of Rho, ROCK disrupts
cell—cell contacts by blocking the formation of adherens
junctions (AJs) to increase invasiveness of tumor cells,
indicating that activation of the Rho—ROCK pathway may
be an essential step during the transcellular migration of
tumor cells (147). Cortactin, another downstream effector
of Rho GTPases, is overexpressed in breast cancer and
usually correlated with poor prognosis, presumably because
of enhanced metastasis. Cortactin binds directly to the
Arp2/3 complex and activates it to promote nucleation of
actin filaments, an integral event in Rho GTPases regulated
actin rearrangement (148). Thus, multiple Rho GTPase
effectors have been implicated in the breast cancer
phenotype.

5.5. Rho GTPase pathways as anti-cancer targets
Since Rho GTPases play a pivotal role in the
development and progression of breast cancer, they have

770

become targets for several anti-cancer treatments. So far,
several drugs have been shown to abrogate or diminish Rho
GTPases triggered signaling events. These drugs either
target Rho GTPases themselves or directly inhibit their
downstream effecters.

5.5.1. Farnesyltransferase inhibitors (FTIs) and statins

The activation of Rho proteins relies heavily on the
post-translational modification of GTPase at the CAAX
domain of the carboxyl terminus of the protein. C20
isoprenoid lipid moiety is attached to the C-terminus
allowing for the localization of GTPase to the inner plasma
membrane where it becomes activated by GAPs (149).
Geranylgeranyl  transferase 1 (GGTase I) and
Farnesyltransferase (FTase) are responsible for catalyzing
this modification. If the localization of Rho GTPases is
prevented, then Rho activity could successfully be inhibited
(150). This detail has made it an attractive target for several
anti-cancer treatments.

Originally designed to prevent Ras attachment to
inner cell membrane by abrogating Ras isoprenylation,
farnesyltransferase inhibitors (FTIs) can exert similar
effects on Rho protein modification. Treatment of tumor
cells with a FTI leads to a decrease in farnesylated RhoB
levels and a corresponding increase in geranylgeranylated
RhoB levels, which promotes apoptosis as well as inhibits
cell cycle transit selectively in malignant epithelial cells.
FTI treatment of RhoC overexpressing HME or SUM149
IBC cells results in a marked reduction in their motility and
invasiveness (151).

Inhibition of Rho GTPases can also be achieved by
hindering the activity of hydroxymethylglutaryl coenzyme A
reductase (HMG-CoA), a protein required for the cholesterol
biosynthesis of faresyl pyrophosphate (FPP) and
geranylgeranyl pyrophosphate (GGPP) (152). Statins are
effective 3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitors. Treatment of MDA-MB-231 breast cancer cells
with cerivastatin obstructs the invasive phenotype of tumor
cells, thus stimulating the disassembly of the actin cytoskeleton
and focal adhesions (153). Cerivastatin was also shown to
cause the delocalization of RhoA and decrease the activity of
proteases associated with cell migration, further explaining the
loss in cell motility and invasion observed in aggressive
breast cancer cells (153). In MDA-MB-231 cells, an
aggressive breast cancer cell line, cerivastatin induces
inhibition of both cell proliferation and invasion by
p21Wafl/Cipl-induced G1/S arrest (153). Atorvastatin also
inhibits Rho geranylgeranylation; it represses Rho activation
and reverses the metastatic phenotype of human melanoma
cells in vitro. In addition, it inhibits in vivo metastasis, but not
proliferation of melanoma cells that overexpress RhoC (154).

5.5.2. Strongylophorine-26

Strongylophorine-26 is an alternative anti-
metastatic drug that also targets Rho activity (155). The
anti-cancer treatment inhibits the invasive phenotype of
breast tumor cells. Treatment of MDA-MB-231 breast
cancer cells with Strongylophorine-26 inhibits tumor cell
motility, suggesting that Strongylophorine-26 targets
aspects of Rho-mediated motility. This treatment causes a
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decrease in stress fiber formation, while causing an
increase in the formation of focal adhesions and actin
filaments that stabilize the cellular body. Strongylophorine-
26 also induces the transient activation of Rho GTPases,
possibly re-establishing more regulated Rho activity (155).

5.5.3. RHO siRNA

Another innovative approach to treatment of
aggressive breast cancer is the use of siRNA against RhoA
and RhoC. Previous studies demonstrate that the
overexpression of RhoA contributes to the proliferative and
invasive properties of human breast cancer (3, 156),
suggesting that if RhoA synthesis is inhibited, breast
metastasis can be prevented. In this approach, siRNA of
anti-RhoA and anti-RhoC is chemically synthesized and
used to obstruct the synthesis of the respective Rho
GTPases (152). Pill¢ and colleagues transfected the siRNA
of Rho into MDA-MB-231 breast cancer cells and
demonstrated the inhibition of cell invasion and
proliferation in vitro and the abolishment of tumor cell
growth and angiogenesis in vivo (152). Therefore, siRNA
may be employed in the future to inhibit the synthesis and
activation of respective Rho GTPases.

5.5.4 Y-27632

Other promising approaches involve selective
inhibition of certain downstream effecters of Rho GTPases’
signaling pathways. A specific ROCK inhibitor, Y-27632,
capable of blocking both Rho-mediated activation of
actomyosin and invasive activity, can abolish Rho-
mediated activation of actomyosin and invasive activity of
MM1 hepatoma cells. The observation that the treatment of
rats with Y-27632 for 11 days substantially inhibits tumor
cell dissemination without apparent adverse side effects
suggests Y-27632 as a valuable drug for breast tumor cell
treatment (157).

5. CONCLUSION

It is apparent that Rho GTPases play a pivotal role
in cell motility and invasion. The aberrant activity of Rho
proteins in cancer can now be explained by the
identification of several factors that influence Rho activity.
Rho GTPases are found to be overexpressed in metastatic
breast cancer cells. Manipulation of Rho GTPases’
regulatory proteins and their effectors can also cause
abnormal Rho activation. Abnormal Rho activation leads to
the aberrant activity of transcription factors like NF-kB that
can enhance the invasive phenotype of these tumor cells.
Although several studies on Rho GTPases have provided a
plethora of information, more studies are needed to
examine the mechanisms that are driving Rho
overexpression in breast cancer.
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