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Abstract Rho GTPases are a class of evolutionarily con-
served proteins comprising 20 members, which are pre-
dominantly known for their role in regulating the actin
cytoskeleton. They are primarily regulated by binding of
GTP/GDP, which is again controlled by regulators like
GEFs, GAPs, and RhoGDIs. Rho GTPases are thus far well
known for their role in the regulation of actin cytoskeleton
and migration. Here we present an overview on the role of
Rho GTPases in regulating cell shape and plasticity of cell
migration. Finally, we discuss the emerging roles of ubig-
uitination and sumoylation in regulating Rho GTPases and
cell migration.
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Introduction

Rho GTPases are small (21-25 kDa), evolutionarily
conserved proteins and constitute a unique subfamily
within the Ras superfamily of small GTPases. Each sub-
family in the Ras protein superfamily shares a common
G domain core that is responsible for GTPase activity
as well as for nucleotide exchange. The Rho family dif-
fers from the other Ras sub families by the presence of a
“Rho insert domain” within the 5th § strand and the 4th
a helix in the small GTPase domain [1]. The Rho family
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of GTPases comprises of 20 proteins (Fig. 1), which are
further divided into eight sub-groups based on their pri-
mary amino acid sequence identity, structural motifs, and
biological function—Rac proteins (Racl, Rac2, Rac3,
and RhoG), Rho proteins (RhoA, RhoB and RhoC),
Cdc4?2 proteins (Cdc42, RhoQ, and RhoJ), Rnd proteins
(Rnd1, Rnd2/RhoN, and Rnd3/RhoE), RhoBTB proteins
(RhoBTB1, RhoBTB2), RhoH, RhoUV (RhoU (Wrch)
and RhoV (Chp)), and the RhoF subfamily (RhoD and
RhoF) (Figs. 1, 2).

Like other GTPases, most members of the Rho fam-
ily also cycle between an inactive GDP bound state and
an active GTP bound state [2]. The conversion from the
GDP bound form to the GTP bound form is promoted
by guanine nucleotide exchange factors (GEFs), which
release bound GDP and help in subsequent binding of
GTP, which is more abundant in the cell. The GTPases,
as the name indicates, have an intrinsic but weak GTPase
activity, which hydrolyses GTP to GDP and is enhanced
by GTPase activating proteins (GAPs) (Fig. 3). Another
mechanism of inactivating the Rho GTPases is through
Rho guanine nucleotide dissociation inhibitors (RhoG-
DIs), which bind the cytosolic GTPases and sequester
them, thus preventing any access to downstream targets
(Fig. 3). While Rho proteins are believed to persist in their
inactive GDP-bound state in resting cells, a recent qualita-
tive analysis of the molecular switch functions of the fam-
ily suggested that RhoD and RhoF exist in a GTP bound
state, due to relatively higher GDP dissociation as well
as low GTP hydrolysis [3]. Other ways of regulating this
switch include several post-translational modifications
including but not limited to phosphorylation, oxidation
and the well-known C-terminal isoprenylation that medi-
ates the targeting of GTPases to the plasma membrane
(Figs. 2, 3) or other intra cellular membranes as well as
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Fig. 1 Phylogenetic tree of the Rho GTPases. Multiple sequence
alignment was performed with amino acids 5-173 of Racl as the
basis using Clustal Omega. By employing the data generated in this
process, a phylogenetic tree was created and visualized with iTOL
[195]. The 20 existing Rho GTPases are divided into eight distinct sub
families with the lines representing the degree of divergence between
each member of the family

in pathological conditions when the cell is hijacked by
pathogens. Some “atypical” members of the Rho family
including Rnd1-3, RhoH, RhoBTB1, and RhoBTB2 do
not possess the ability to hydrolyze GTP and lack a GDP
binding site, and are thus permanently bound to GTP [4-
6]. In these cases, regulation is achieved through modula-
tion of gene expression [7, 8], phosphorylation, and pro-
tein degradation [5].

Actin cytoskeleton gives the cell shape, structure, and
polarity, and undergoes constant remodeling. Lamellipo-
dia, filopodia, stress fibers, and focal adhesions constitute
the structural framework of the actin cytoskeleton, which
is crucially regulated by Rho GTPases. Activation of Rho
GTPases leads to interaction with numerous effectors
which trigger various downstream pathways that influ-
ence cellular processes including cell division, prolifera-
tion, gene expression [9] and transcriptional regulation,
actin and microtubule organization, cell adhesion, migra-
tion, invasion, metastasis, wound healing [4], cell mobil-
ity, and cell shape, of which the last two will be discussed
in greater detail in this review. Amongst the sub-families,
the best-studied proteins are Racl, RhoA, and Cdc42. A
variety of insights into the in vivo functions of these three
proteins have been provided by loss of function studies in
Drosophila melanogaster, Caenorhabditis elegans, and in
mice.
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Fig. 2 Rho GTPases—domain organization and post-translational
modifications: All Rho GTPases contain a G domain, though Rnd1-3,
RhoH, and the Rho BTB proteins have modifications in the GTP/GDP
binding region that make them lack GTPase activity. The Polybasic
Region (PBR) domain is present in most Rho GTPases, while RhoU
and RhoV contain an N-terminal proline-rich motif as well as an
incomplete CAAX box. Due to the importance of the CAAX box in
post-translational modifications like geranylgeranylation (GG) and
farnesylation (F), RhoU and RhoV are mainly palmitoylated (P). All
the other proteins are also subject to various post-translational modifi-
cations including farnesylation (F), geranylgeranylation (GG), as well
as palmitoylation (P)

Rac subfamily

Four Rho GTPases, Racl, Rac2, Rac3, and RhoG con-
stitute the Rac subfamily [10] (Fig. 1). Sharing over
80 % sequence homology, these proteins are involved
in the formation of lamellipodia and membrane ruffles,
via the WAVE complex [11] as well as in phagocytosis
[9]. Racl is the most well studied member of this fam-
ily and has been implicated in various cellular functions
such as intercellular adhesion [12], establishment of
cell polarity, cell proliferation, tumorigenesis, migration
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Fig.3 A general scheme for regulation of Rho GTPases: most Rho
GTPases cycle between an inactive GDP bound conformation and an
active GTP bound conformation. This process is overseen by GEFs
and GAPs. GEFs remove the GDP bound to the Rho GTPase and
GTP binds to the protein due to the higher levels of GTP in the cyto-
sol, while GAPs promote the hydrolysis of GTP and inactivate the
protein. Sequestering of the protein by Rho GDI in the cytosol con-
stitutes another layer of regulation. Finally, ubiquitination and subse-
quent proteasomal degradation of the proteins ensures protein homeo-
stasis in cells. While proteins involved in ubiquitination are known
for a few Rho GTPases, namely RhoA and Racl, not much is known
about ubiquitin dependent regulation of the other Rho GTPases

[12], endocytosis, phagocytosis [13, 14], and in various
stages of the cell cycle and cytokinesis. More recently,
the development of a photoactivatable Rac has also made
it possible to study the spatio-temporal dynamics of Racl
activation in moving cells [15]. The studies with the pho-
toactivatable Racl showed that localized activation of
Racl immediately led to an inhibition of RhoA activity
in a spatially controlled manner [16]. In the border cells
of the Drosophila ovary, it was also shown that focalized
activation of Racl led to a response in other cells of the
cluster, suggesting that these cells sense the direction as a
group [15, 17].

Racl has been further shown to regulate tumor cell func-
tion through various important proteins like JNK [18],
cAMP [19], and phospholipase Cyl (PLCy1) [20]. It pro-
motes cytoskeletal reorganization through two main path-
ways (Fig. 4). The first one involves the WAVE (WASP-
family verprolin-homologous protein) complex and its
activation which in turn leads to activation of Arp2/3, a
seven-subunit protein complex that serves as a nuclea-
tion site for new actin filaments. It binds to existing actin
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Fig. 4 RhoA, Racl, and their effectors: two of the best-studied Rho
GTPases, RhoA and Racl, often share an antagonistic relationship,
with both Rho GTPases known to inhibit the activity of the other.
Racl induces actin polymerization by activating the Arp2/3 complex.
Racl also activates PAK, which phosphorylates LIM kinase. LIMK in
turn phosphorylates and inhibits cofilin, thus regulating actin turnover.
RhoA activates ROCK leading to stress fiber formation via activation
of myosin light chain or inhibition of myosin phosphatase. RhoA also
activates mDia resulting in actin nucleation

filaments and initiates growth of new ones at a 70° angle
to the parental filament [21]. The second mechanism by
which Racl regulates cytoskeletal organization is via the
p21l-activated kinase (Pak). The Paks, a family of six ser-
ine/threonine kinases bind to both Racl as well as Cdc42
via an N-terminal GTPase binding domain. They primar-
ily modulate cytoskeletal reorganization by phosphorylat-
ing various proteins, including myosin light chain kinase
(MLC), LIM kinase, as well as the Arpclb subunit of the
Arp2/3 complex (Fig. 4) [22-24].

Pakl is the best studied amongst the Paks and has
been shown to be highly upregulated in ovarian, breast,
and bladder cancers [25]. It is also crucial in the context
of cell motility, cell survival, and cell cycle progression
[26]. Despite their high sequence homology, studies in
knockout mice suggest that the functions of Rac family
members are non-redundant. Racl knockout results in
embryonic lethality [27] and conditional knockout mice
have been studied in great detail to learn more about the
physiological tissue-specific roles of Racl [28-30]. Rac2,
Rac3, and RhoG knockout mice do not show significant
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developmental defects but display cell type-specific
defects [31, 32].

Recent studies have identified a recurrent somatic muta-
tion in Racl, present in melanomas [33, 34]. Both studies
suggested that UV induced a P29S mutation because of
the characteristic C > T transition as well as its presence
in sun-exposed melanomas. This gain-of-function mutation
is shown to increase proliferation and migration, possibly
due to increased binding to Pakl and induced Racl accu-
mulation in ruffling membranes, a hallmark of Racl acti-
vation [33, 34]. This study also opens up the possibility of
therapeutic targeting of Racl or its downstream effectors in
treating melanomas.

Raclb is a splice variant of Racl, which was initially
observed to be upregulated in colon cancers [35]. It con-
tains a 19-residue insert in the C-terminal region close to
the GTP-binding region. Due to its inability to interact
with RhoGDI and a reduced intrinsic GTPase activity, it
is predominantly present in a GTP-bound active state [36].
Raclb, while defective in activating several Racl-regulated
signaling pathways, is known to stimulate the NF-kB path-
way in certain cell types contributing to cell cycle progres-
sion and survival [37, 38]. Raclb is also less susceptible to
ubiquitin-dependent proteasomal degradation [38].

While Racl is ubiquitously expressed, Rac2 expres-
sion is limited to hematopoietic cells, most likely because
of silencing of the Rac2 gene locus in non-hematopoietic
cells from DNA methylation [39]. Rac3 is highly upregu-
lated in the brain and in some human cell lines [40]. Rac2
is expressed at various levels with Racl in hematopoietic
cells depending on the stage of differentiation and matura-
tion [41]. Rac2 deficiency in particular affects the function
of neutrophils and macrophages [42—44]. Rac2 regulates
the activation of NADPH oxidase [45] and the generation
of reactive oxygen species (ROS) in hematopoietic cells
[46]. Further, in macrophages, Rac2 is required for phago-
cytosis [44]. Rac3 was found to be constitutively active
and/or deregulated in human breast cancer-derived epithe-
lial cell lines and is highly localized to membranes [47, 48],
while it is also up-regulated when fibroblasts are stimulated
with serum [40].

RhoG has been implicated in cell migration and is
known to stimulate lamellipodium formation by activat-
ing Rac GEFs [49]. Pathogenic bacteria including Sal-
monella and Yersinia are known to exploit RhoG func-
tion of host cells during their infection cycle [50, 51].
RhoG has also been shown to regulate EGF-induced cell
migration in epithelial cells as well as early EGF receptor
internalization processes [52]. RhoG was also involved
in the indirect activation of PI3K, along with Racl and
Cdc42 [53]. However, compared to Racl, our knowledge
of RhoG regulation and its role in cell motility remains
obscure.
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Rho subfamily

The Rho subfamily of Rho GTPases consists of three
highly conserved proteins—RhoA, RhoB, and RhoC.
While all three members induce the formation of stress fib-
ers and focal adhesion complexes, RhoA and RhoC are fre-
quently upregulated in human tumors, while RhoB seems
to act as a tumor suppressor [54] and is observed to have
pro-apoptotic functions [55].

Despite significant homology between the three Rho
isoforms, they are each preferentially bound by their
respective regulating enzymes and all three members
have their own roles in cancer cell migration [56]. The
functional divergence is a consequence of differences at
the C-terminal end where a set of 15 amino acids plays
an important role in mediating the interaction with their
effector molecules. RhoA, the best-studied isoform, has
been implicated in most stages of cancer progression,
while in normal epithelia it helps to generate epithe-
lial polarity as well as junction assembly and function
[57]. The three major downstream effectors of RhoA are
ROCK, PIP5K, and mDia (Fig. 4). RhoA contributes to
both amoeboid and mesenchymal mode of migration.
Induction of actomyosin contractility via RhoA-ROCK
signaling leads to blebbing, thus causing amoeboid migra-
tion, while it also regulates tail retraction in mesenchymal
migration [58]. The kinds of migration and the roles each
Rho GTPase play are discussed in greater detail later in
the text.

RhoC, unlike RhoA, functions mostly in metastatic pro-
cesses. While there have been reports of RhoC playing a
role in cell proliferation as well, most studies indicate that
RhoC is essential for invasion, although dispensable for
tumor initiation [59, 60]. It is observed that there is a recip-
rocal regulation between RhoA and RhoC. RhoC is upregu-
lated during EMT while RhoA levels are reduced [61].

RhoB is located primarily in endosomes or at the plasma
membrane and regulates endosomal trafficking [62, 63].
The difference in localization (RhoA and RhoC localize to
the plasma membrane when not bound to RhoGDI) is due
to the C-terminal lipid modifications in RhoB as well as the
fact that RhoB does not bind to RhoGDI. RhoB knockout
mice develop normally but are susceptible to carcinogen-
induced skin tumor formation, further emphasizing the role
of RhoB as a tumor suppressor [64].

RhoA and RhoC can both bind to the Rho-associated
kinases ROCK I and ROCK II, which leads to the activa-
tion of LIMK, which in turn phosphorylates cofilin. Cofi-
lin then works in tandem with the Arp2/3 complex in the
reorganization of actin filaments. A reduction in the levels
of RhoA or RhoC usually corresponds to a higher level
of RhoB [65, 66], whereas the reverse does not hold true,
i.e., a reduced expression of RhoB does not correspond
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to increased expression of RhoA and RhoC. Phosphoryla-
tion of RhoA at Serine-188 by various kinases like PKA,
PKG, and SLK [67-69] weakens the association of the
protein with the membrane surface and due to RhoGDI’s
higher affinity for phosphorylated RhoA, finally dissociates
from the plasma membrane (Fig. 7). The presence of valine
or isoleucine at position 43 is predicted to play a crucial
role in Rho activation. In RhoA and RhoB, this residue is
valine, while in RhoC it is isoleucine. This is the only point
of divergence in the first two-thirds of the sequence and has
an impact on basal as well as GEF-stimulated activity of
these proteins [70].

Cdc42 subfamily

The Cdc42 subfamily of proteins consists of three proteins:
Cdc42, RhoJ, and RhoQ (Fig. 1). Of the three, Cdc42 is
by far the most studied protein and the members of this
family are known to stimulate filopodia formation and in
maintaining cell polarity. It has been implicated in a vari-
ety of processes in the nervous system including cell motil-
ity, cytoskeletal reorganization, establishment of neuronal
polarity, morphology, and cell cycle progression. It is
essential for axon generation in hippocampal neurons [71],
axon myelination in glial cells [72], and also plays a critical
role in innate immunity [73]. Complete germline deletion
of Cdc42 is embryonic lethal, and conditional knockouts
have been used to elucidate the roles of Cdc42.

The role of Cdc42 in filopodia formation is ambigu-
ous as Cdc42-null mouse embryonic fibroblasts (MEFs)
completely lack filopodia activity [74], Cdc42-null neu-
rons show reduced filopodia [71], while fibroblastoid cells
derived from Cdc42-null embryonic stem cells form normal
filopodia [75]. It is hypothesized that other Rho GTPases,
including the RhoUV subclass, and the RhoF subclass are
also involved in this process [8].

Cdc42 and Racl work in tandem to regulate signals dur-
ing tumor progression. The main effectors of Cdc42 are
WASP, PAK, and PAR (partitioning-defective) (Fig. 5).
Cell polarity in particular is established and mediated by
Cdc42 via formation of the PAR complex (PAR3-PARG6-
aPKC) [31].

RhoQ, also called TC-10, is primarily involved in
insulin-stimulated glucose uptake where it plays a role in
insulin-regulated translocation of glucose transporter 4
(GLUT4) [76]. GTP hydrolysis of RhoQ is also seen to
promote exocytic fusion and when in the vicinity of the
plasma membrane, was seen to be Racl dependent [77].
RhoJ, also called TCL (TC10-like) for its close similarity
to RhoQ, plays a role in early endocytosis, adipocyte differ-
entiation in vitro, as well as in regulating the actin cytoskel-
eton [78].
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Fig. 5 Cdc42 and its effectors: Cdc42 induces actin polymerization
by binding to WASP, or through IRSp53. PAK is a downstream effec-
tor of Cdc4?2 that activates LIM kinase (LIMK) leading to inhibition
of cofilin. PAK phosphorylates CRAF and MEK activating the MAP
kinase pathway and indirectly actin polymerization. FMNL2 was
recently characterized as a downstream effector of Cdc42 that modu-
lates actin polymerization at the lamellipodium tip. Cdc42 also con-
tributes to cell polarity by interacting with the PAR complex

Cell mobility and Rho GTPases

Cell mobility refers to the process of controlled movement
of cells and is a fundamental feature of cellular existence.
Cytoskeletal reorganization, formation of distinct actin-
based membrane protrusions such as lamellipodia and filo-
podia, the control of intercellular adhesion and regulation
of cell polarity are all empirical for cell mobility. As dis-
cussed in earlier sections, Rho GTPases are crucial for the
aforementioned processes and hence it is natural to argue
that Rho GTPases play an integral role in regulating cell
mobility.

Movement within an extracellular matrix (ECM) is a
multistep process that requires changes in cytoskeletal
structure, adhesions, and is dependent on the constituents
of the ECM. While the study of cell migration primar-
ily started with two-dimensional (2D) cell culture mod-
els, recent developments have propelled further research
towards studying both one-dimensional (1D) and
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three-dimensional (3D) cell culture models. The seminal
paper by Lauffenburger et al. in 1996 discussed 2D cell
migration by dividing the process into five steps: Lamel-
lipodium extension, formation and stabilization of focal
adhesion complexes, proteolysis of the ECM using sur-
face proteases, contraction of the cell body, and finally, the
retraction of the tail.

Imaging of cells in 3D models of the ECM as well as in
vivo revealed that lamellipodia-based motility is only one
among multiple migration strategies employed by cells.
While ECM composition and stiffness affect migration
regardless of dimensionality, factors such as ECM poros-
ity, crosslinking, and topography become important fac-
tors in 3D migration [79]. 3D models also reveal that cells
not only form different protrusions at the leading edge but
also otherwise, resulting from distinct signaling pathways
and actin-regulatory proteins. Apart from lamellipodia and
filopodia, cells can form lobopodia, which are blunt, cylin-
drical protrusions formed due to intracellular pressure and
were discovered in migrating fibroblasts [80]. Increased
intracellular pressure can also trigger the formation of
membrane blebs, which help in amoeboid form of move-
ment [81]. Cells also form invadopodia and podosomes,
actin-rich structures that proteolytically degrade the ECM
for 3D migration [82].

One-dimensional models were designed to understand
the role of topography in aligned 3D ECMs. Aligned topog-
raphy in 3D ECMs results in a faster migration rate and this
is observed in in vitro models, as well as mouse tumor and
in vivo metastasis models [83, 84]. In 2D migration, ECM
molecules are presented as a flat sheet of globular mole-
cules without any appreciable fibrillar structure; 3D migra-
tion results in a fibrillar topography which prevents lateral
spreading. As a consequence, apical-basal polarity is not
imposed on the actin cytoskeleton in 3D migration unlike
in 2D models. The review by Baker et al. [85] describes in
detail the ways in which 3D migration differs drastically
from 2D migration and they are not further discussed in
this review.

Cell migration and modes of migration

Migration is a key underlying phenomenon for tissue forma-
tion and maintenance, as well as for regeneration of tissues
and for invasion of tumor cells. In general, modes of migra-
tion can be classified into two major types based on whether
the cells migrate as single cells or in a group, aptly termed
single cell migration and collective cell migration, respec-
tively (Fig. 6). The kind of migration exerted is cell type-
dependent and distinct signaling pathways are activated in
response to various extracellular cues. Based on various fac-
tors such as ECM density, stiffness, and orientation as well
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as cell-specific parameters such as cell—cell, cell-matrix
adhesion, extracellular protease activities and cytoskeletal
polarity, the migration mode of cells is determined. Table 1
summarizes the different kinds of migration and how activa-
tion or inactivation of various Rho GTPases influences the
type of migration employed by cells.

Single cell migration

As the name indicates, here the cells tend to move indi-
vidually rather than in strands or sheets as is seen in col-
lective cell migration. This is witnessed during embryonic
development when neural crest cells leave the neural tube
or in migrating limb muscle precursor cells. This usually
involves the loss of epithelial polarity, thus leading to the
gain of a mesenchymal morphology. Single cell migration
is also seen in tumors when loss of E-cadherin leads to loss
of intercellular adhesion, thus leading to the migration of
detached cells. Individual cell movement is essential for
tumor cells to cross basement membranes and enter blood
vessels, thus leading to metastasis [86].

Based on the morphology and interplay with the ECM,
single cell movement can be further classified into mesen-
chymal and amoeboid movement (Fig. 6).

Mesenchymal movement

This type of single cell movement is characterized by elon-
gated cell morphology, focalized cell-matrix interactions
with high attachment to the ECM, high contractility as well
as established cell polarity and the secretion of proteases
to degrade the ECM to move in a fibroblast-like manner.
This form of movement exhibits polarity where the produc-
tion of actin assembly driven protrusions at the front co-
ordinate with the actomyosin contractility driven retraction
at the tail to facilitate movement. Here the cells move at a
relatively low speed (around 1 pm/min) [87].

Racl is highly implied in driving the mesenchymal mode
of migration. DOCK3, a Rac-specific GEEF, has been identified
as being crucial in cells undergoing the mesenchymal form
of migration. DOCK-3 complexes with NEDD9 [88], a sig-
nal transduction molecule whose levels are elevated in various
cancers as well as in metastasis, to activate Racl in migration
of melanoma cells [88]. NEDD9 also blocks Rho/ROCKII
signaling by Src-dependent phosphorylation of the negative
regulatory Tyr722 site on ROCKII. Src has been shown to
play a key role in maintaining mesenchymal movement and
suppression of amoeboid, rounded form of movement [89].

Cdc42 activity serves to maintain the directionality of
the cell and, in tandem with Racl, promotes actin polym-
erization at the leading edge of the cell [90, 91]. In the
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Fig. 6 Modes of cell migration.
Cells can migrate as single cells
or in a group. Single cell migra-
tion can either be amoeboid or
mesenchymal in nature while
collective migration involves
cells moving in groups where
the position of a cell within a
cluster decides its function. The
factors responsible for each
kind of migration are mentioned
next to each figure. See text for
detailed description
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osteosarcoma cell line LMS8, Cdc42 was responsible for
the fibroblastic morphology that led to pulmonary metasta-
sis of the cells via a mesenchymal mode of migration [92].
FMNL2, a downstream effector of Cdc42, promotes mes-
enchymal movement by modulating actin polymerization
at the lamellipodium tip (Fig. 5) [93]. The role of RhoA is
complex, as it is present at both the retracting edge as well
as the leading edge. The latter is consistent with the role of
Rho/ROCK signaling in tail retraction in leukocytes [94]. It
is seen in Madin—Darby canine kidney (MDCK) cells that
there is no RhoA activity at the rear end of the cell [95],
suggesting that the role of the Rho/ROCK pathway in cell
migration is also cell type-dependent.

Mesenchymal movement also uses secreted proteases
to remodel the extracellular matrix by proteolysis. Matrix
metalloproteases (MMPs) are produced as pro-enzymes in

cells and are usually cleaved either by other MMPs or by
proteases such as plasmin. Rho GTPases have been impli-
cated in the regulation of the activity of these MMPs. Inhi-
bition of protease function causes a rounded Rho-depend-
ent morphology that suggests promotion of Racl activity
by proteases, for example the MMP-14-dependent recruit-
ment of pl130Cas, an activator of Racl [96, 97]. Activated
Racl can induce the expression of MMP-1 in fibroblasts
while Racl is needed for shear stress-induced MMP-9 gen-
eration in chondrocytes [98, 99]. It is also necessary for
MMP-13 production in the osteosarcoma cell line, SaOS-2
[100]. Activation of Racl also induces activation of the
JNK pathway, which regulates the transcription of MMP
genes among others [99].

The Rho/ROCK pathway plays a critical role in
lysophosphatidic acid (LPA, a biolipid that has been
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implicated in ovarian cancer initiation and progression)-
induced ovarian cancer progression. A recent study showed
that ROCK inhibition reduced the levels of MMP-9 and
reduced the invasive capabilities of these cells [101]. Cdc42
and RhoA are observed to play opposing roles in regulating
cell surface localization of MT1 (membrane type 1)-MMP
and MMP-2 activation; constitutive activation of Cdc42 as
well as ROCK inhibition caused the same effect, namely
the increased cell surface localization of MT1-MMP and
also increased PI3K activity, which is required for MMP-2
activation. Proteases such as MMP-2, MMP-9, and mem-
brane type MMP (MT-MMP), ADAMs, plasmin, as well
as cathepsins are involved in this form of migration. Vari-
ous receptors have also been shown to trigger mesenchymal
mode of movement. These include the TGF- and TNF-a
receptors, GPCRs, integrins, and cytokine receptors.

Amoeboid movement

This movement is usually seen in cells with a rounded
morphology, such as leukocytes, hematopoietic stem
cells, and cancer cells. This type of movement is largely
independent from any matrix contact and proteolytic deg-
radation is avoided, as the cells tend to squeeze through
gaps in the extracellular matrix rather than degrading it
(Fig. 6). This results in a faster form of migration with
speeds up to 10 wm/min [102] as seen in carcinoma cells
showing amoeboid morphology. Several studies cor-
relate amoeboid motility with blood-borne metastasis
[103-105].

Amoeboid migration can further be classified into two
types. The first features blebby migration of cells that do
not adhere to the matrix and use a propulsive, pushing
mode of migration [106], where the site of the blebbing
usually decides the direction of migration [107]. The sec-
ond type of amoeboid migration occurs in slightly more
elongated amoeboid cells where there are poor matrix
adhesions and the absence of focal adhesive complexes
[108]. Amoeboid migration in cancer cells is different from
the amoeboid migration in leukocytes or Dictyostelium,
where there is a lot more adhesion to the substrate, as well
as formation of protrusions in the direction of movement
and a uropod at the cell rear.

Actomyosin contractility through myosin activation
driven by Rho/ROCK signaling is characteristic of amoe-
boid movement [58, 109, 110]. Contractility of the corti-
cal actin network is important to propel the nucleus of
dendritic cells (DCs), B-lymphocytes, and granulocytes
through small gaps [111]. Pinner et al. [112] showed that
phosphoinositide-dependent protein kinase-1 (PDKI1) is
required to localize ROCK to the plasma membrane where
it directly competes with RhoE to bind ROCK-I, thus
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preventing RhoE from inhibiting the Rho/ROCK path-
way. It is also observed that Dip, an interaction partner
of mDia2, promotes blebbing, thus indicating a role for
formins in amoeboid migration [113]. Leukocytes remodel
the membrane physically to substitute for proteolysis and
Rabodzey et al. [114] showed that some leukocytes appear
to induce endothelial cells to displace the basement mem-
brane. While proteolysis is not a feature of amoeboid
migration, it is observed that cells utilize MMP-14 at high
concentrations of collagen I [115, 116].

In contrast to mesenchymal movement, where Racl is
localized to the leading edge of cells, it has been shown in
melanoma cells that DOCK-10-mediated Cdc42 activation
is essential for amoeboid migration of cells [117]. Recent
work on melanoma cells has brought up an interesting
observation which questions the notion that amoeboid sin-
gle cell migration is not polarized. A375 melanoma cells
exhibit multiple blebs and this would theoretically suggest
their inability to move directionally. This led the authors to
prove the existence of an ezrin-rich uropod-like structure
that inhibits blebbing at the rear of the cell and drives cell
invasion into a 3D matrix. Thus, in these cells, cell move-
ment is decided by the rear end of the cell and not the front
end [118].

Collective cell migration

Single cell migration has provided insights into the molec-
ular mechanisms as well as the cellular framework in place
especially in tumor cells that migrate constitutively as sin-
gle cells. However, for many cancer types, histomorpho-
logically, the most frequently observed invasion unit is a
group of cells which together define a malignant function
[119, 120]. This form of migration is also seen in various
developmental morphogenic processes. It is observed in
the movement of cells of the inner blastocyst, dorsal sur-
face closure, as well as trachea morphogenesis in Dros-
ophila embryo, vascular sprouts during angiogenesis, and
also in keratinocytes migrating across the wound matrix
[121]. This is different from multicellular streaming where
directed migration of single cells occurs in response to a
chemokine or an extracellular cue, thus forming a multicel-
lular stream of migrating cells each of which form protru-
sions and generate their own traction force on the matrix
[122]. In this form of motility, cells migrate in strands,
sheets, clusters, and tubes, while maintaining cell-cell
junctions. Proteins like cadherins and adhesion receptors of
the immunoglobulin superfamily provide cell—cell adhesion
in the body of migrating cells [123]. This sort of migration
is seen in various cancer types, including melanomas, epi-
thelial prostate cancer, and most commonly in squamous
cell carcinomas [124].
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For a multicellular migrating group, it is observed that
the function of cells varies depending on the position in the
cluster. Collective invasion models usually hypothesize the
presence of a mesenchymal mode of migration amongst
the leading layer of cells, which ensures actin-based pro-
trusions to drive the cell forward as well as matrix prote-
olysis using local expression of MMPs to guide the group
along the membrane. In contrast to single cell migration
where tail retraction is seen, in collective cell migration, it
is the pulling forces exerted on neighboring cells that drive
the cells forward. There are exceptions, however, such as
in mammary morphogenesis [125], where the absence of
actin-rich protrusions at the front most likely implies that
the cells push forward by force generated in a layer behind
the leading edge [125, 126].

Podoplanin is a cell surface glycoprotein that is highly
expressed along the leading cell layer of migrating clusters
in various cancer types. Forced expression of podoplanin in
MCF7 breast cancer cells and human keratinocytes induces
cell migration with an increase in the formation of filo-
podia-like membrane protrusions and a decrease in stress
fibres [127, 128].

Due to the fact that only the leading edge generates acto-
myosin-based traction force, the cells inside the migrating
group may not interact with the ECM and are restricted
to cell—cell contacts and any intercellular matrix contact.
In order to maintain cell-cell contact, it is also necessary
that actomyosin contractility be kept at low levels near the
adhesions to maintain cohesion [129, 130]. The inhibition
of the Rho/ROCK pathway is accomplished in a RhoE-
dependent manner by the polarity proteins Par3 and Par6,
in interaction with discoidin domain receptor 1 (DDRI)
[129], which also upregulates N-cadherin levels, which
in turn inhibits membrane protrusions and Racl activity
at cell—cell contacts in collectively migrating neural crest
cells [131-133]. The morphological organization of these
clusters varies based on factors such as specific cell-cell
and cell-matrix adhesion as well as proteolysis off the
leading edge.

The role of stromal cells in collective cell migration
has also been discussed. Stromal cells were identified at
the migration front and are highly polarized along with
the formation of lamellipodia [134]. E-cadherin-mediated
junctions connect them to their neighbors that are dragged
along. Co-culture experiments between carcinoma cells
and stromal fibroblasts also showed that fibroblasts pre-
pare migratory tracks for the carcinoma cells by taking the
lead and proteolytically digesting as well as force remod-
eling the matrix via a5-integrin-mediated RhoA activation
leading to subsequent activation of MLC [135]. The carci-
noma cells trailing behind the fibroblasts follow the gen-
erated track via Cdc42-mediated regulation of MLC. In
experiments involving melanomas, it was observed that the

invasive front consists of rounded cells following an amoe-
boid form of movement, though the tumor body consisted
of elongated cells, leading to the suggestion that melanoma
cells are using the amoeboid form of cell movement while
migrating collectively [136]. Cytokine signaling via the
GP130-IL6ST-JAK1-STAT3 pathway was found to influ-
ence this rounded form of migration in melanomas via
activation of ROCK, while this pathway is not required in
squamous cell carcinoma cells [136].

Another form of cell migration is scaffold cell-depend-
ent migration, which depends on cell-cell adhesions. This
form of migration is detected during normal brain devel-
opment, when immature neurons move along radial glial
fibers, which cover most of the neuronal migration route
[137]. N-cadherin is required for intercellular adhesion
under these conditions [138, 139].

Plasticity of cell migration

Cells preferentially employ one of the above-described
migration types to move in their natural environment. For
example, leukocytes prefer amoeboid movement while
fibroblasts and stromal cells in general prefer mesenchy-
mal migration. While attempts have been made to identify
mechanisms of migration using these cell types as models,
the quest to find one dominant pathway influencing cell
migration, or determining the rate-limiting step of the inva-
sion process has not yet yielded any straightforward results.

It is becoming increasingly evident that changes to the
microenvironment or intrinsic cell properties result in cells
adapting to the new conditions by genomic and epigenetic
alterations. Modulating various proteins, receptor expres-
sion levels and the presence of different cytoskeletal regu-
lators responsible for cell-cell and cell-matrix adhesion
ultimately leads to a change in the mode of migration of the
cell. This ability of cells to adapt to their environment and
change their migration styles instead of completely aban-
doning them is referred to as cell plasticity.

There are various ways in which tumor cells could
change their form of migration depending on the kind of
environment encountered. One such transition is the epi-
thelial-to-mesenchymal transition (EMT). EMT is involved
in many developmental processes as well as in invasive
tumors, where immotile epithelial cells lose their cell-cell
contacts, polarity, and acquire mesenchymal traits like
motility and invasiveness, thus allowing them to move
away from their location [140]. Another characteristic fea-
ture of EMT is the loss of E-cadherin. EMT is character-
ized by an increase in signals from receptors such as Wnt,
TGF-B, FGF, and EGF, which lead to the activation of
transcriptional repressors such as Snaill and 2, Twist, and
ZEB1-2 [141, 142]. These changes often lead to inhibition
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of E-cadherin and a corresponding increase in the mesen-
chymal morphology-associated N-cadherin, thus weaken-
ing cell-cell junctions. This weakening causes disruption
of cell anchoring to the basement membrane as well as a
disturbance in apicobasal polarity, allowing cells to acquire
a mesenchymal phenotype [143]. Exogenous addition
of MMPs such as MMP-2, -3, and -9 is seen to facilitate
EMT by cleavage of E-cadherin, and the consequent acti-
vation of Racl [144]. EMT is also a route for cancer cells
to intravasate and metastasize. EMT allows them to spread
to distant organs and then undergo an MET (mesenchymal-
to-epithelial transition) to proliferate in the newly adapted
microenvironment. Loss of the Rac GEF Tiam1 is required
for the induction of EMT in HGF-induced epithelial cells
[145, 146].

Single cell migration strategies such as amoeboid and
mesenchymal movement are also readily interchangeable
in response to various cues. Suppression or enhancement
of particular molecular pathways readily causes a switch
between the two types of movement. These transitions
are called amoeboid-to-mesenchymal transition (AMT) or
mesenchymal-to-amoeboid transition (MAT).

The regulation of Racl activity appears to be a key
switch in AMT. In melanomas, DOCK3, a RacGEF, in
complex with NEDD9Y, activates Racl, leading to the mes-
enchymal form of migration, while the switch to amoeboid
signaling is facilitated by ARHGAP22, which on activa-
tion by the Rho pathway suppresses Racl, thus facilitating
amoeboid movement [88]. NEDD9 also drives cells into a
mesenchymal mode by inhibiting ROCKII in a Src-depend-
ent manner [147]. EphA2 is an indirect RhoA activator
that also leads to amoeboid movement [148]. Reduction
of WAVE2 levels leads to cells switching to the amoeboid
form from the mesenchymal form (MAT) [88, 149]. Other
processes influencing MAT include interference of Rab5-
mediated endocytosis, thus disrupting Racl recycling to
cell protrusions [150], as well as inhibition of Smurfl, an
E3 ligase of RhoA [151]. Recent studies revealed that loss
of inhibitors of apoptosis (IAPs) leads to stabilization of
Racl and AMT in many cell types [152, 153].

Cdc42 signaling via PAK2 or N-WASP is also involved
in AMTs and Gadea et al. [117] showed recently that
DOCKI10-mediated regulation of Cdc42 maintains amoe-
boid movement in A375M2 melanoma cells. Integrin avail-
ability is another factor that determines the mode of move-
ment. Loss of p53 leads to enhanced integrin turnover, thus
converting cells to the amoeboid mode [154].

Microtubule stability also influences the mode of migra-
tion. Experiments in HT-1080 cells showed that stathmin,
a microtubule destabilizing protein [155], enhances migra-
tion in a rounded form in sarcomas [156], suggesting that
stathmin might contribute to MAT. Sival, a molecule
involved in apoptosis regulation, was shown to inhibit
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stathmin, thus leading to a block in EMT [157]. The role of
stathmin in these transitions is still not clear, but it has been
suggested as an important biomarker as it is highly upregu-
lated in many cancers [158].

Therapeutic inhibition of MMPs was considered a novel
avenue to inhibit cells from migrating in a mesenchymal
fashion. This was until the discovery of a protease-inde-
pendent mode of invasiveness [159]. It was observed in
fibrosarcoma and melanoma cells that inhibition of MMP
function led to cells switching immediately into the amoe-
boid form of migration [148, 159, 160]. However, this find-
ing was disputed later by Sabeh et al. [115], when they sug-
gested that the protease-independent mechanisms of cell
migration are only plausible when the collagen network is
devoid of the covalent cross-links that are characteristic of
normal tissues. They suggested that employing 3D ECM
models may not faithfully replicate conditions the cells
would face in vivo and thus it was not an accurate indica-
tor of whether reverting to amoeboid form of migration was
relevant in vivo [115].

RhoE, a known ROCK inhibitor, has been associated
with increased invasiveness in fibroblasts. Inhibition of
RhoE is associated with increased metastatic potential
[161]. It is also downregulated in hepatocellular carci-
noma and this is associated with poor prognosis and tumor
progression [162, 163]. siRNA-mediated knockdown of
RhoE induced a loss of E-cadherin at cell—cell junctions.
This was linked to EMT via the upregulation of ZEB2, the
zinc-finger E-box binding homeobox protein, and the down
regulation of mir-200b and mir-200c [162]. Conversely, in
gastric cancer cells, RhoE is up-regulated under hypoxic
conditions by hypoxia inducing factor 1 (HIF-1), thus lead-
ing to EMT [164].

Recent studies in primary fibroblasts observed the for-
mation of lamellipodia, with Racl and Cdc42 targeted to
the leading edge in 3D collagen while cells formed blunt,
cylindrical protrusions called lobopodia and a nonpolar-
ized localized concentration of Racl and Cdc42 in cells
migrating inside dermal explants. These cells in turn con-
verted back to a lamellipodia form of movement upon inhi-
bition of RhoA, ROCK, or myosin II activity. This study
also reported that the elasticity of the matrix influenced the
type of migration as much as the interplay between Racl,
Cdc42, and RhoA [165] (Table 1).

Other categories of invasion include collective-to-mes-
enchymal transitions as well as collective-to-amoeboid
form of migration triggered either by Racl or RhoA,
respectively. One trigger for collectively migrating cells
to detach from the rest and migrate on their own is a local
expression of Racl, which allows abnormal cell tip behav-
ior, increase in substrate cell interactions, and eventually
cell detachment in an E-cadherin-dependent manner [166].
An alternative method is the release of cells from the tissue
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Table 1 Different migration modes and the contribution of each Rho GTPase and the interacting proteins were depicted

Type of Subtype Rho GTPase Mechanism of action Other proteins/factors ~ Functional relevance
migration involved
Single cell Mesenchymal Racl Recruitment to the leading PIP3 Various cell types [91]
migration edge
Activation JNK pathway, MMPs  Fibroblasts [99]
Activation leading to MMP-1 Fibroblasts [98]
expression
Required for MMP-9 genera- Chondrocytes [98]
tion
Activation DOCK3, NEDD9 Melanoma [88]
Activation P130Cas, MMP14 Bone marrow myeloid progenitors [97]
RhoA Active, but downstream signal- NEDD9, Src [89]
ing is blocked
Spatial activation Various cell types [91], leukocytes [94]
Block MT1-MMP, PI3K, SMEC:s (rat endothelial cells) [189]
MMP-2
Cdc42 Directionality Racl Various cell types [91, 90]
Activation FMNL2 Melanoma [93]
Activation MT1-MMP, PI3K, SMEC:s (rat endothelial cells) [189]
MMP-2
Amoeboid RhoA Activation PDK1, ROCK Melanoma [112]
Activation FilGAP, Racl Carcinoma [190]
Activation Hic-5 Murine melanoma [191]
Activation EphA2 Prostate carcinoma [192]
Cdc42 Activation DOCK-10 Melanoma [117]
Activation Dip, mDia2 [113]
RhoC Activation FMNL2 Melanoma [193]
Racl Inactivation EphA2 Prostate carcinoma [192]
Collective RhoE Inhibits Rho/ROCK Par3, Par6, DDR1 Carcinoma [129]
migration RhoA Activation a5-integrin Fibroblasts [135]
Local regulation of activity Myosin-IXA Human bronchial epithelial cells [194]
Activation GP130-IL6ST-JAK1-  Melanoma [136]
STAT3
Cdc42 Regulation of MLC Carcinoma [135]

in an amoeboid manner. This depends on the regulation of
actomyosin contractility as well a dependence on integrin-
mediated adhesion [88, 167]. Detached tumor cells from
the main epithelial mass in breast cancer lesions move
in an amoeboid manner and are guided by EGF, which is
secreted by activated macrophages [168].

In conclusion, while amoeboid and mesenchymal forms
of movement are discussed as two distinct types, it is pru-
dent to see them as the two extremes in a spectrum modu-
lated by various signaling pathways as well as environmen-
tal cues, all of which influence the decision of the cell to
switch between one mode to the other. Thus, plasticity of
cell migration needs to be considered duly while design-
ing inhibitors targeting one particular form of migration.
Utilizing combinations of inhibitors as well as identifying

potential master switches in the signaling pathways regulat-
ing migration remains an aim for the future.

Regulation of Rho GTPases by ubiquitination
and SUMOylation

Apart from GEFs, GAPs, and RhoGDIs, Rho GTPases are
regulated by various post-translational modifications which
include, but are not restricted to, phosphorylation, isopre-
nylation, ubiquitination, and SUMOylation. Recent stud-
ies [152, 169] revealed that ubiquitin-dependent regulation
as well as other post-translational modifications on Rho
GTPases can affect their stability and consequently influ-
ence the plasticity of cell migration.
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Ubiquitination and degradation of Rho GTPases was
first witnessed during host—pathogen interactions. Cyto-
toxic necrotizing factor (CNFI1), a toxin secreted by
uropathogenic Escherichia coli, constitutively activated
Racl and Cdc42 by deamidating the glutamine at the 61st
position, while similarly affecting RhoA at the 63rd resi-
due [170, 171]. This triggered the degradation of the pro-
teins in a proteasome-mediated manner [172] in various
cell types.

Consequently, studies to identify E3 ligases of these
proteins gained steam and the HECT domain-containing
Smurfl was identified as a specific E3 ligase for RhoA by
ubiquitinating the 6/7 lysine residues, thus targeting it for
proteasomal degradation (Fig. 7) [173, 174]. Correspond-
ingly, an over-expression in Smurfl led to a loss of stress
fibers as well as reduced cell motility in epithelial cells
[151, 174, 175]. aPKCt recruits Smurfl to membrane
protrusions resulting in degradation of RhoA and ensures
cell polarity [174]. CRL3BACURD yas the second E3 ligase
shown to ubiquitinate RhoA. It belongs to the Cullin-
RING multi-subunit ubiquitin ligase family (CRL). To
ubiquitinate RhoA, the CUL3 protein associates with the
evolutionary conserved BTB domain-containing proteins
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BACURDI1/2 that function as the receptors for RhoA [176].
CRL3BACURD tarsets inactive GDP bound RhoA for deg-
radation unlike Smurfl [177]. Skpl-Cull-F-box (SCF)
FBXL19 (SCFFBXL19) was recently identified as another
E3 ligase for RhoA in lung epithelial cells. Unlike Smurfl,
it ubiquitinates lysine-135 and targets RhoA for protea-
somal degradation in an Erk2-dependent manner (Fig. 7)
[178].

Two studies in 2011-2012 unveiled the E3 ubiquitin
ligases of Racl [152, 179]. Oberoi et al. discovered that
both XTAP and cIAP-1 directly bind to Racl and directly
conjugate polyubiquitin chains to lysine-147 and target it
for degradation (Fig. 7). Thus, loss of these two IAPs led
to enhanced migration with elongated cell morphology.
It is also shown that depletion of XIAP and cIAP-1 pre-
vents CNF-1 toxin-mediated degradation of Racl or loss
of Racl by RhoGDI depletion [152]. Hacel was another
HECT domain-containing protein that was identified to be
an E3 ligase of Racl [179]. The key difference between
Hacel and the IAPs was that while Hacel specifically
interacted with active Racl, the IAPs were indiscrimi-
nate about the activation status of Racl. SCFFBXL19
was identified as a novel E3 ligase for Racl in mouse
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epithelial cells where it was shown that the F-Box protein
polyubiquitinates Racl at lysine-166 (Fig. 7) and targets
it for proteasomal degradation in an Akt-dependent man-
ner [169].

Relatively little is known about the regulation of Cdc42
via proteasomal degradation and the identity of an E3
ligase for Cdc42 is still being investigated. Cdc42 does
play a role in the degradation of RhoA though, as it binds
to the aPKCt-Par complex, which controls Smurfl [174].
This suggests a spatio-temporal regulation for control of
RhoA levels at the leading edge during protrusion-depend-
ent movements by Cdc42.

SUMOylation is a process in which small-ubiquitin-like
modifier (SUMO) proteins 1, 2, and 3 are covalently con-
jugated to specific lysine residues on target proteins. It is
a reversible modification catalyzed by a family of SUMO-
specific proteases called SENPs. Angeliki Malliri’s group
first showed that Rho GTPases are also SUMOylated when
they demonstrated that Rac1, primarily in its activated form,
interacts with PIAS3. PIAS family proteins are known to
function as SUMO E3 ligases and this study showed that
HGEF treatment led to co-localization of PIAS3 and Racl-
GTP at the cell membrane. Depletion of PIAS3 also led to
reduced Racl activity, resulting in impaired lamellipodia-
membrane ruffle formation. Ultimately, the study showed
that SUMOylation is required to maintain sustained activa-
tion of Racl and consequently for optimal cell migration
(Fig. 7) [180]. They also reported that Cdc42-GTP levels
were not influenced by PIAS3 depletion. Due to the con-
served PBR domains in the Rho GTPase family, this leads
to speculation whether any of the other Rho GTPases are
also targeted for SUMOylation.

Another recent study reported that RhoGDI1 SUMOyla-
tion at lysine-138 increases its binding to Rho GTPases,
thus preventing cell migration. They also reported that
XIAP binds to RhoGDII in a RING-dependent manner,
thus preventing SUMOylation at lysine-138 [181, 182].
RhoGDIs add another dimension of regulation to the pic-
ture. There are only three genes encoding for RhoGDIs in
mammals [183]. RhoGDI1 is the most abundant and the
best-characterized member of the family and interacts with
several Rho GTPases including Racl, Rac2, Cdc42, RhoA,
and RhoC [184, 185]. RhoGDIs bind to the cytosolic Rho
pool and shield the isoprenoid moiety from water. Absence
of RhoGDI1 results in the proteasome-dependent degrada-
tion of the unstable cytosolic pool of Rho GTPases [186,
187]. Intriguingly, XIAP is required for degradation of
Rac1 upon RhoGDI depletion.

Finally, another mode of regulation of Rho GTPase lev-
els is post-transcriptional modifications of Rho GTPase
mRNAs by microRNAs. This is discussed in detail in the
recent review by Liu and colleagues [188] and is not dis-
cussed in this review.

Concluding remarks

In recent years, the regulation of Rho GTPases and their
role in controlling various cellular processes have been
studied in great detail though many such studies are pur-
sued using overexpression of these proteins in tumor cells.
Further, the role of many Rho GTPases in regulating physi-
ological forms of migration is understudied as most of the
studies pertain to tumor cells. Numerous in vitro 2D/3D cell
culture models mimicking the scenario in tissue have been
continuously pursued albeit with limitations. The develop-
ment of two-photon/multiphoton microscopes and other
in vivo imaging techniques have enabled us to gain first-
hand insights into the dynamics of cell shape and migration
under physiological settings. Apart from Racl, RhoA, and
Cdc42, the role of other Rho GTPases is still unclear, and
further studies are clearly warranted. Increasing evidence
argues for the role for ubiquitination and SUMOylation in
the regulation of Rho GTPases and deciphering the cross-
talk between these various post-translational modifications
remains a challenging issue. In the same lines, develop-
ment of novel tools has provided vital inputs into the cur-
rent understanding of the spatiotemporal dynamics of Rho
GTPase activation in migrating cells. The explicit role of
Rho GTPases in regulating tumorigenesis, and tumor cell
migration in particular, has triggered enormous interest in
targeting Rho GTPases or the downstream signaling com-
ponents for tumor therapeutics. Further understanding
of the pathophysiological relevance of Rho GTPases will
assist in adroitly targeting some of these molecules and to
adopt them for clinical trials.
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