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Metastasis is responsible for the greatest number of cancer deaths. Metastatic disease, or the movement of cancer cells from
one site to another, is a complex process requiring dramatic remodelling of the cell cytoskeleton. The various components of
the cytoskeleton, actin (microfilaments), microtubules (MTs) and intermediate filaments, are highly integrated and their
functions are well orchestrated in normal cells. In contrast, mutations and abnormal expression of cytoskeletal and
cytoskeletal-associated proteins play an important role in the ability of cancer cells to resist chemotherapy and metastasize.
Studies on the role of actin and its interacting partners have highlighted key signalling pathways, such as the Rho GTPases,
and downstream effector proteins that, through the cytoskeleton, mediate tumour cell migration, invasion and metastasis. An
emerging role for MTs in tumour cell metastasis is being unravelled and there is increasing interest in the crosstalk between
key MT interacting proteins and the actin cytoskeleton, which may provide novel treatment avenues for metastatic disease.
Improved understanding of how the cytoskeleton and its interacting partners influence tumour cell migration and metastasis
has led to the development of novel therapeutics against aggressive and metastatic disease.

LINKED ARTICLES

This article is part of a themed section on Cytoskeleton, Extracellular Matrix, Cell Migration, Wound Healing and Related
Topics. To view the other articles in this section visit http://dx.doi.org/10.1111/bph.2014.171.issue-24
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ABP, actin-binding protein; EB1, end-binding protein 1; ECM, extracellular matrix; FA, focal adhesion; F-actin,
filamentous actin; FC, focal contact; GEF, guanine nucleotide exchange factor; G-actin, monomeric actin; IF,
intermediate filament; LIMK, LIM kinase; MLC, myosin light chain; MT, microtubule; MTOC, microtubule-organizing
centre; ROCK, Rho-associated coiled-coil forming protein kinase; Tm, tropomyosin; TmSNM]1, tropomyosin 5
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Introduction

Metastasis accounts for the vast majority of cancer deaths
(Schroeder et al., 2012) and is the result of movement of
cancer cells from the primary site (site of origin of cancer) to
a distant site or organ. The metastatic spread of cancer cells is
a highly selective process consisting of a series of discrete,
sequential steps, which have been modelled into a ‘metastatic

cascade’. To generate metastatic lesions, tumour cells must
successfully complete all steps of this process: detachment
from the primary tumour — cell migration and invasion —
intravasation — transport through vessels and anoikis (cell
detachment-induced cell death) evasion - extravasation —
growth of secondary tumour (Figure 1; reviewed in Steeg,
2006). Throughout this complex process, cell movements
and alterations in cell shape require dramatic spatial and
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Figure 1

The metastatic cascade. For cancer cells to metastasize, they must
successfully complete all of the steps of the metastatic cascade. (i)
Cancer cells in the primary tumour acquire the ability to detach from
the primary tumour and migrate through the surrounding ECM and
stroma. (i) Degradation of the vascular basement membrane and
travel across the endothelium, termed intravasation. (iii) Tumour cells
transport through the vasculature, arrest in a capillary bed and cross
the vasculature (termed extravasation). (iv) Disseminated cells grow
and interact with the extracellular environment to form metastatic
tumours. Image modified from (Ara and DeClerck, 2006).

temporal reorganization of the cell cytoskeleton. The three
major cytoskeletal filaments are the microfilaments (actin),
intermediate filaments (IFs) and microtubules (MTs), and col-
lectively, these provide and maintain cell shape and structure,
and are key to important cellular events, including cell divi-
sion, movement and vesicular transport. Although the three
key components of the cytoskeleton are often studied inde-
pendently, there is mounting evidence that clearly shows
crosstalk and interdependency of the components. Conse-
quently, a global view of the cytoskeleton in tumour cell
migration and metastasis is of great interest. This review will
provide an overview of cell migration, with a focus on the
alterations in the cytoskeleton associated with metastasis. In
addition, opportunities for the development of therapeutic
inhibitors to target metastasis will be highlighted.

Cytoskeleton structure/function

MTs and microfilaments are polymer structures that orches-
trate cellular movement, cell division, intracellular transport
and signalling via an intricate cross-talking network that
involves interaction with a diverse range of proteins and
signalling molecules.

Actin

Microfilaments are composed of actin polymers and a large
array of actin-binding proteins (ABPs). In cells, actin exists
either in monomeric (G-actin) or polymeric forms (F-actin).
Each actin subunit is able to bind ATP, which is hydrolysed to
ADP during incorporation of the actin into a growing fila-
ment. Actin filaments consist of double helical polymers that
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are arranged head to tail. Most filaments also contain a tro-
pomyosin (Tm) polymer that runs along the major groove in
the microfilament (Gunning et al., 2008). The Tm does not
have any van der Waals interactions with actin and, hence,
‘floats’ over the surface of the actin filament (Gunning et al.,
2008). The actin cytoskeleton plays an important role in cell
events such as motility, differentiation, division and mem-
brane organization, all of which require the coordinated
turnover and remodelling of actin filaments. The ability of
actin filaments to contribute to this remarkable variety of
activities derives from its selective interactions with ABPs,
which, in turn, are regulated in part by the actin and Tm
isoform composition of the filament (Gunning et al., 2008).

Microtubules

MTs are composed of o/B-tubulin heterodimers that self-
associate into polymers. There are multiple o- and B-tubulin
isotypes that display tissue- and developmental-specific
expression (Luduena, 2013). The various B-tubulin isotypes
are evolutionarily conserved across species and differ from
each other predominantly in their carboxy-terminal region
(Luduena, 2013). This region binds distinct microtubule-
associated proteins and is therefore thought to influence MT
stability and functionality.

MTs are highly dynamic structures that play an important
role in cellular growth, vesicular transport and mitosis. The
ability of MTs to polymerize and depolymerize in a regulated
manner is essential for the segregation of chromosomes
during mitosis. The assembly and disassembly of MTs occurs
via GTP hydrolysis on the B-tubulin subunit of the o/f-
tubulin heterodimer. In an interphase cell, MTs initiate from
the centrosome, forming a hub and spoke-type network. This
MT network is responsible for vesicular transport. During cell
division, this network is completely remodelled to form the
mitotic spindles, across which duplicate sets of chromosomes
line up and are divided equally into two daughter cells. Upon
completion of mitosis, the spindle is disassembled and the
interphase MT network reforms (reviewed in Jordan and
Wilson, 2004).

Intermediate filaments

IFs are the principal structural determinants within cells.
Unlike the filament structures of F-actin and MTs, which are
composed of highly conserved globular proteins, IFs can be
formed from 40 different subunit proteins. They can be sub-
divided into five classes: keratins, neurofilaments, desmin,
laminin and vimentin. The different types of IFs can be dis-
tinguished according to their localization and protein com-
position. IFs are linked to the extracellular matrix (ECM) and
extend to the cytoplasmic interior that surrounds the
nucleus. This extensive network allows IFs to coordinate
cytoskeletal activities by relaying information from the cell
surface to the inner compartments of the cell (Chang and
Goldman, 2004).

Cell migration and metastasis

Metastasis is a complex and multifaceted process. Fundamen-
tal to the understanding of tumour cell metastasis is an appre-
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Figure 2

The cell cytoskeleton and four steps of cell migration. A cartoon schematic shows a migrating cell (direction of migration is indicated by the arrow).
Four steps of cell migration shown: protrusion, adhesion, contraction, retraction. F-actin is shown in purple (short, branched F-actin at the leading
edge, and long, unbranched F-actin stress fibres at the rear). Microtubules are shown in blue, with ends emanating from the MTOC (yellow circle)
near the nucleus (grey ellipse). Strong and weak focal adhesions are shown as either dark or light green circles respectively. Cytoskeletal regulatory
and associated proteins are shown (myosin Il, cofilin/ADF, LIMK, ROCK, stathmin). The gradients of active Rho (orange) and Rac (blue) are shown.

Adapted from Akhshi et al. (2014).

ciation of the process of cell motility, different manners in
which tumour cells migrate and invade, and the role of the
tumour microenvironment. While cell migration is necessary
for numerous biological processes, such as embryonic mor-
phogenesis, immune surveillance and tissue repair, aberrant
control of cell migration promotes progression of many dis-
eases, notably, cancer invasion and metastasis (reviewed in
Yamaguchi and Condeelis, 2007). Broadly speaking, and as
depicted in Figure 2, the process of cell motility can be
broken down into four steps: protrusion, adhesion, contrac-
tion and retraction. Cells initiate cell motility, in response to
an extracellular gradient of growth factors or chemokines, by
polarizing and extending actin polymerization-driven cell
membrane protrusions towards the extracellular cue (Small
et al., 2002; Pollard and Borisy, 2003). The protrusions are
then stabilized by adhesions linking the actin cytoskeleton to
the ECM proteins and actomyosin contraction produces
forces on the substratum. Contraction encourages the disas-
sembly of adhesions at the rear of the cell, allowing retraction
of the trailing cell body towards the direction of cell move-
ment (Ridley etal., 2003). Cell motility (or migration),
encompassing the above four steps, is often studied in a
two-dimensional, planar manner where cells move towards a
chemoattractant on an ECM utilizing filopodial and lamel-
lipodial structures, whereas cell invasion is the movement of
cells into or in a three-dimensional (3D) ECM matrix. Suc-
cessfully crossing many of the physiological barriers to
tumour cell metastasis (such as basement membranes)

requires specialized structures, such as invadopodia and
podosomes (reviewed in Yamaguchi and Condeelis, 2007).
There exist different modes of cell migration, such as mesen-
chymal and amoeboid movement. Mesenchymal motility is
associated with F-actin-rich protrusions where cell morphol-
ogy is elongated, whereas amoeboid motility is a rounded
bleb-associated mode of motility (Sahai and Marshall, 2003).
Although aberrant cell migration promotes metastatic pro-
gression, the tumour microenvironment surrounding the
tumour cells plays a key role in metastatic disease develop-
ment. It is generally accepted that tumours above certain
sizes contain populations of hypoxic cells. While hypoxia can
influence the primary tumour response to drug treatment
and subsequent acquired drug resistance, hypoxia plays a key
role in tumour progression by modulating gene regulation
and expression, such as hypoxia-inducible factor 1 (reviewed
in Chaudary and Hill, 2007). Another aspect of the tumour
microenvironment that has a role in tumour metastasis is
inflammation. Dysregulation of the normal wound healing
processes in cancer can result in an influx of angiogenic
cytokines from nearby immune cells contributing to meta-
static spread (reviewed in Finger and Giaccia, 2010). While
hypoxia and inflammation play key roles in metastasis from
within the primary tumour, the microenvironment of the
‘suitable’ metastatic site plays a critical role in regulating
metastasis (reviewed in Langley and Fidler, 2011). Given the
complicated nature of tumour cell migration and metastasis,
it is not surprising that a complex array of regulatory
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processes exists, which enables the potential for treatment of
metastatic disease by pharmacological intervention.

Cytoskeletal proteins in cell migration
and metastasis

Actin and actin-regulating proteins

in metastasis

Altered cellular motility is a hallmark feature of metastasis,
facilitating the advancement of tumour cells to both local
and distant sites in the body (reviewed in Hanahan and
Weinberg, 2011). A key requirement of this process is the
dynamic reorganization of the actin cytoskeleton. Reorgani-
zation of the actin cytoskeleton is critical for transdifferen-
tiation of epithelial-like cells into motile mesenchymal-like
cells, a process known as epithelial-mesenchymal transition
(EMT), which is important in development, wound healing
and cancer progression (Thiery et al., 2009). During EMT, cells
reorganize their actin cytoskeleton, which enables dynamic
cell elongation and directional motility, altogether increasing
the migratory phenotype (reviewed in Lamouille et al., 2014).
The leading edge of the mesenchymal-like migrating cells
contains flat membranous lamellipodial protrusions, where
protrusive force is generated by localized actin polymeriza-
tion at the plasma membrane. Spatial and temporal regula-
tion of this process is mediated by key cellular signalling
events (Figure 3).

Rho GTPase as cytoskeletal regulators

of migration

One of the major cellular signalling pathways involved in
regulating actin and MT cytoskeletons is the Rho family
GTPase signalling pathway. At the cell membrane, integrins,
receptor tyrosine kinases, GPCRs (see Alexander et al., 2013a)
and cadherins receive extracellular signals, which then influ-
ence the activity of Rho GTPase guanine nucleotide exchange
factors (GEFs), which, in turn, influence the activity of the
Rho GTPases (Figure 4).

Rho GTPases have strongly emerged as fundamental
players in the control of several biochemical pathways
underlying migration, such as cytoskeletal dynamics, direc-
tional sensing, cell-cell junction assembly/disassembly and
integrin-matrix adhesion. Rho GTPases are a family of 20
small G proteins that, through the action of their down-
stream effector proteins, regulate the cytoskeleton influenc-
ing the cell cycle, cell polarity and cell migration (Jaffe and
Hall, 2005). Importantly, human tumours from numerous
cancer types show elevated expression of Rho GTPase genes,
which correlate with an increased invasive and metastatic
phenotype (reviewed in Karlsson et al., 2009).

Rho GTPases work as molecular switches existing in either
an inactive, GDP-bound form or an active, GTP-bound form
(Jaffe and Hall, 2005). Regulation of GTPase activity is a
complex affair with mammalian Rho GTPase inactivation
regulated by a family of 67 GTPase activating proteins, while
activation is mediated by a family of 82 GEFs, which act
downstream of many cell surface receptors such as growth
factor receptors, integrins, cytokine receptors and cadherins
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(Rossman et al., 2005). In their active state, they interact with
various different effector proteins to mediate the functions of
Rho GTPases. The three most extensively examined Rho
GTPases, Rho, Rac and Cdc42, regulate the assembly and
organization of the actin cytoskeleton, and Cdc42 the micro-
tubule cytoskeleton, in eukaryotic cells (reviewed in Hall,
2012). Broadly speaking, Rho can recruit the ROCK (also
known as Rho-associated coiled-coil forming protein kinase,
or Rho kinase) family of kinases (see Alexander et al., 2013b)
that phosphorylate various cytoskeletal proteins promoting
actin stress fibre formation and the generation of contractile
force (reviewed in Hall, 2012); Rac reorganizes the actin
cytoskeleton to promote formation of large membrane pro-
trusions, called lamellipodia, which drive motility in many
cell types; and Cdc42 signalling promotes the formation of
actin-rich microspikes to sense extracellular chemotactic gra-
dients and initiate directed cell movement. A major down-
stream effector of the Rho GTPase family of proteins is Rho
kinase. Rho kinase is an effector of the small GTPase Rho and
plays a key role in the regulation of actin remodelling,
through the phosphorylation of cofilin and myosin light
chain (MLC).

Recently, Eitaki et al. (2012) identified a key role for
microtubules in the regulation of tumour cell mode of motil-
ity. Altered microtubule dynamics in gastric adenocarcinoma
cells increases RhoA activity and subsequent ROCK signalling
resulting in alterations to cytoskeletal organization and ulti-
mate shifting to a amoeboid-like cell motility (Eitaki et al.,
2012). It is believed that altered microtubule dynamics influ-
ences the mode of motility by releasing the Rho GEF-HI,
which acts on RhoA regulating downstream MLC phosphor-
ylation and contractility. The influence of microtubule
dynamics on actin organization during mode of motility
regulation highlights the interactions of microtubules and
actin filaments. Collectively, accumulating biological and
clinical data reveal that disruption of this signalling cascade is
a common feature of metastatic cancer (Amin et al., 2013;
Fortin Ensign et al., 2013).

Cofilin, cell motility and metastasis

Downstream of the Rho GTPase pathway, the cofilin pathway
consisting of the actin-related protein 2/3 (ARP2/3) complex
and cofilin plays a principal role in the generation of free
actin filament ends, resulting in actin filament remodelling
by polymerization and depolymerization within the lamel-
lipodia (Edwards ef al., 1999). The Arp2/3 complex facilitated
by nucleation promoting factors, through initiation of den-
dritic nucleation (filament formation on the sides of pre-
existing actin filaments), generates a branched actin network
(Rotty et al., 2013). The Arp2/3 complex is involved in both
directional cell motility and vesicular transport of cells (Rotty
et al., 2013). The expression of the Arp2/3 complex-regulator
protein WAVE2 has been observed to be highly correlated
with greater metastatic risk in several cancer types (Sahai and
Marshall, 2002; Wang et al., 2004; Vega and Ridley, 2008).
Moreover, RNAi-mediated gene silencing of WAVE2 resulted
in significantly reduced invasion and pulmonary metastasis
of melanoma cells (Takahashi, 2012), while increased expres-
sion of cofilin has been observed in numerous malignancies
(e.g. glioma, ovarian and lung cancer, and oral squamous
cell carcinoma; Sinha et al., 1999; Gunnersen et al., 2000;
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Typical protrusive structures in invasive cancer cells. Cancer cell invasive phenotypes involve the formation of typical protrusive structures, such
as plasma membrane blebs, invadopodia or pseudopodia, which are dependent on the nucleation and assembly of filamentous actin. Non-
apoptotic blebs are highly dynamic protrusions in which the plasma membrane bulks out owing to increased hydrostatic pressure on regions of
weak cortical actin (Fackler and Grosse, 2008). The initial, protruding bleb is devoid of detectable F-actin, which becomes repolymerized during
bleb retraction by unknown actin nucleation factors. Ezrin is recruited into the growing bleb, and formins seem to have a role in bleb formation
through mechanisms that still need to be defined (Charras and Paluch, 2008). Invadopodia are actin-rich cellular protrusions that are tailored for
the degradation of the extracellular matrix. The formation of invadopodia relies on N-WASP-Arp2/3-driven actin assembly (Figure 4) and requires
cortactin for invadopodia initiation and stabilization. Pseudopodia of cancer cells are lamellipodia-like structures and depend on the polymerization

and assembly of actin by the WAVE-Arp2/3 nucleation machinery.

Martoglio et al., 2000; Wang et al., 2004; Keshamouni et al.,
2006; Turhani et al., 2006; Dowling et al., 2007) and is asso-
ciated with chemotherapy resistance, invasive and metastatic
disease.

Cofilin activity is inactivated via phosphorylation by LIM
kinase 1 (LIMK) (Mouneimne et al., 2006). Together, LIMK,
through cofilin inactivation, and phospholipase C (PLC),
through cofilin activation, regulate cofilin in a synchronized
manner to spatially restrict its activity (Mouneimne et al.,
2006). The spatial restriction of cofilin activity is required for

chemotaxis (directed cell movement towards a chemoattract-
ant) as it leads to reorganization of the actin filaments, which
is required for movement towards a chemoattractant such as
a growth factor (Mouneimne et al., 2004; 2006). The role of
cofilin and its regulatory counterparts in chemotaxis high-
lights a possible role for cofilin activity regulation in the
metastatic process. In support of this, it was observed that
components from both the activation and the inactivation
arms of cofilin activity regulation are overexpressed in
numerous invasive carcinomas (Wang et al., 2004; 2007).
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Rho GTPases and their effector proteins that mediate actin cytoskel-
etal regulation. Actin cytoskeletal regulation downstream of the Rho
GTPases CDC42, RAC1 and Rho A (RHOA) is facilitated by numerous
effector proteins. CDC42, via activation of WASP (Wiskott-Aldrich
syndrome protein), activates the Arp2/3 complex result in actin
polymerization and branched actin structures. RAC1 also activates
the Arp2/3 via the WASP-relate WAVE (WASP family verprolin
homologous protein) family of proteins. Both CDC42 and RACI
activate DIAP3 (or mDIA2), resulting in unbranched actin filament
nucleation. Additionally, CDC42 and RACT activate the PAK family
kinases, which, via phosphorylation, activate LIMK (LIM domain
kinase), which subsequently, via phosphorylation, inhibits cofilin.
Cofilin facilitates actin filament severing and depolymerization;
therefore, its inhibition results in elevated polymerized actin stability.
Additionally, LIMK is also activated by ROCK (Rho-associated coiled-
coil-containing protein kinase), which is a downstream kinase effec-
tor of Rho A. ROCK elevated MLC phosphorylation via the inhibition
of myosin light chain phosphatase (MLCP). MLC phosphorylation
results in its increased association with actin filaments. Lastly, PAK
lessens ROCK function via MLC kinase (MLCK) inhibition, thus reduc-
ing MLC phosphorylation. Adapted from Tybulewicz and Henderson
(2009).

Hence, it is apparent that the invasive and metastatic behav-
iour of tumour cells, underpinned by actin reorganization,
requires an optimal balance between cofilin and its regulatory
components (Wang et al., 2007), highlighting this as a poten-
tial therapeutic pathway.

Congruous with the role of LIMK1 activity in the regula-
tion of actin cytoskeletal dynamics, there is expanding
evidence indicating an important role for LIMK1 in tumour
cell invasion and metastasis. Elevated LIMK1 expression
has been observed in numerous tumour types. Both in vitro
and in vivo studies have confirmed a role for LIMK1 in this
process, as down-regulation of LIMK1 activity is associated
with a decreased invasive phenotype, and conversely, over-
expression of LIMKI1 activity is associated with increased
invasion (Bagheri-Yarmand et al., 2006; Horita et al., 2008;
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Ross-Macdonald et al., 2008; Scott et al., 2010). Additionally,
the influence of elevated LIMKI1 levels on cell motility and
invasion is reversed by overexpression of cofilin (Wang et al.,
2006); therefore, it is apparent that the LIMK1/cofilin ratio
determines the cellular response and that small changes in
actin dynamics could either increase or decrease invasiveness
(Scott et al., 2010). The potential to target LIMK activity,
through inhibition of its kinase activity, may lead to reduced
cancer cell motility and invasion.

The activity of LIMK proteins is controlled for the most
part by phosphorylation of the Rho GTPase effector proteins
Rho-associated kinase 1 and 2 (ROCK1 and ROCK2) (reviewed
in Bernard, 2007). In addition to LIMK and cofilin phospho-
rylation, active ROCK exerts its influence on cell migration by
affecting MLC phosphorylation and hence activity. ROCK
phosphorylates MLC directly, although the principal effect of
ROCK on MLC phosphorylation is its ability to block the
dephosphorylation of MLC via MLC phosphatase (MLCP)
inhibition (reviewed in Mierke et al., 2008). The increase in
MLC phosphorylation induced by ROCK, contributes to actin
reorganization and stress fibre formation (reviewed in
Maekawa et al., 1999); these, in turn, are important for inva-
sive cell behaviour during metastasis (Yee etal., 2001;
Wyckoff et al., 2006; Mierke et al., 2008). Altogether, ROCK
signalling influences various aspects of actin cytoskeletal
remodelling during cell migration and metastasis. Disrupting
ROCK signalling, either indirectly or via its downstream
targets, represents a promising pharmacological target for
treating metastatic disease.

Focal adhesions (FAs): connecting the
cytoskeleton and extracellular matrix

Actomyosin is a contractile complex made up of actin and
myosin that mediates cell spreading and adhesion to the
ECM, typically through the formation of prominent bundles
of F-actin, the so-called microfilament bundles or stress fibres.
These terminate on the inner face of the membrane at certain
contact areas known as focal contacts (FCs) or FAs to form a
vital connection between the ECM and the cytoskeleton
(reviewed in Pellegrin and Mellor, 2007). The interplay
between actomyosin contractile forces and FA dynamics
results in a balance between adhesion and contraction,
which greatly influences migration velocity (Gupton and
Waterman-Storer, 2006). It is believed that the asymmetry of
the microtubule network coordinates the spatial regulation of
FA dynamics at the cell front, centre and rear. Targeting of
microtubule growth towards FAs behind the leading edge
results in FA disassembly (reviewed in Broussard et al., 2008).
Proteins that require microtubules for proper localization and
activity, such as the tyrosine kinase Arg, can influence Rho
GTPase activity, resulting in the inhibition of FA turnover at
the cell front and rear (Peacock et al., 2007). Importantly, the
tearing off of adhesions by cell retraction, controlled largely
by myosin contractility, at the cell rear may be microtubule
dependent.

FAs are sites of transmembrane integrin clustering con-
sisting of many structural and signalling proteins (reviewed
in Gupton and Waterman-Storer, 2006). FA formation is pre-



ceded by a cytoskeletal precursor consisting of a bundle of
actin filaments, or microspike, orientated radially within the
leading edge of a cell (reviewed in Nobes and Hall, 1995).
During FA formation, several structural and regulatory pro-
teins are recruited to the complex, such as vinculin and
paxillin. Vimentin has been recognized as a key player in cell
adhesion. For example, endothelial cells exhibit vimentin-
rich focal contacts, and upon vimentin suppression, the size
of focal contacts and concurrent adhesion strength is sharply
reduced (Tsuruta and Jones, 2003). Interestingly, recent
studies have highlighted a strong collaboration between the
intermediate-filament protein vimentin and the ABP filamin
in regulating adhesion supporting the notion that various
cytoskeletal components interact to influence cellular pro-
cesses such as cell adhesion (Kim et al., 2010a,b). The regula-
tory proteins that have been identified in FAs have been the
subject of extensive investigation, not only as models for
studying the links between the ECM and the cytoskeleton but
also as sites of transmembrane communication between the
extracellular environment and the cytoplasm during tumour
cell migration and metastasis.

A widely examined FA regulatory protein is focal adhesion
kinase (FAK). FAK is a tyrosine kinase that acts as an integra-
tor protein, responding to several extracellular inputs and
controlling numerous signalling pathway outputs. This role
as an integrator can be seen in its activation by an array of
different extracellular factors. FAK activity is controlled by
integrin-mediated cell adhesion and by being a downstream
target of growth factors and G-protein-linked receptors
(Schlaepfer and Mitra, 2004). Migrating cells experience
changes in mechanical force, which influence cytoskeletal
organization and cell migration (Huang and Ingber, 1999).
FAK is important in the sensing of these mechanical forces;
therefore, FAK activation is involved in regulating cell
responses to environmental stimuli to influence tumour cell
migration (Katsumi ef al., 2004). FAK does this, at least in
part, through signal-mediated effects on actin organization.
Namely, it is the involvement of FAK with activators and/or
inhibitors of the small GTPase RhoA that enable changes in
FAK activity to be connected to alterations in the polymeri-
zation or stabilization of actin filaments during tumour cell
adhesion and motility (Rico et al., 2004; Lim et al., 2008).
This role of FAK in controlling actin-remodelling dynamics
during tumour cell adhesion and motility is congruous with
the observations that perturbed FAK expression and activity
correlate with increased clinical progression to highly malig-
nant and metastatic phenotypes (de Vicente et al., 2013).

As tumour cells lose contact with the basement mem-
brane during invasion and proceeding intravasation into
blood and lymph vessels, and extravasation at distant sites
(refer also to Figure 1), they hit a critical barrier against metas-
tasis: anoikis (apoptotic cell death induced by loss or inad-
equate cell adhesion in anchorage-dependent cells). Normal
cells embedded in an ECM undergo an apoptotic response
upon loss of cell-cell and cell-matrix interactions (reviewed
in Cordes and van Beuningen, 2003). In normal physiology,
anoikis is thought to ensure homeostasis, for example, colon
epithelial cells undergo apoptosis upon reaching the top of
the villi, or during post-lactation mammary gland involution
(reviewed in Geiger and Peeper, 2009). Similar to its roles in
development and homeostasis, anoikis hinders metastasis by
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inducing apoptosis when tumour cells enter ‘foreign’ envi-
ronments; therefore, suppression of anoikis is likely to be
necessary for tumour cells to metastasize successfully. Conse-
quently, the restoration of anoikis sensitivity may help limit
the spread of metastatic tumours.

Tropomyosins (Tms) and metastasis

The Tms are a family of ABPs that form head-to-tail polymers
in the major groove of polymerized actin filaments. Various
Tm isoforms have been observed to inhibit both the rates of
polymerization and depolymerization of actin (reviewed in
Perry, 2001). Consequently, Tm suppress actin dynamics; this
arises because Tms mechanically stabilize the filaments by
inhibiting actin filament branching and nucleation, resulting
in less depolymerization and in fewer actin filament ends
available for polymerization (reviewed in Gunning etal.,
2008). (Tm1), belonging to the Tm family of proteins, is an
actin-associated protein that plays a pivotal role in the spatial
and temporal regulation of actin filaments and loss of Tm1 in
breast cancer confers resistance to anoikis (Bharadwaj et al.,
2005). A number of other members of the tropomyosin
family have been observed to play a role in various aspects of
metastasis biology. The low MW tropomyosin 5 non-muscle
isoform 1 (TmSNM1), a predominant cytoskeletal tropomyo-
sin isoform in primary tumours and tumour cell lines, is
believed to be associated with regulating mesenchymal cell
motility (Lees et al., 2011; Stehn et al., 2013). TmSNM1 influ-
ences mesenchymal cell motility via its effects on actin fila-
ment dynamics and organization. A number of studies have
shown that high TmSNM1 expression inhibits cell migration
and invasion, whereas a decrease in TmSNM1 expression
increases cell migration (reviewed in Gunning et al., 2008). In
addition, Tm5SNM1 is necessary for the motility of highly
metastatic melanoma and increased expression of another
Tm isoform, Tm4, is associated with breast cancer lymph
node metastasis (reviewed in Gunning et al., 2008). There is
prominent and concurrent stabilization of FAs with
TmSNMI1-mediated stabilization of actin filaments (Bach
et al., 2010). Tm5NM1 stabilizes FAs and promotes the altera-
tion to fibrillar adhesions via actin filament stabilization.
TmSNM1 expression is a critical factor in paxillin phospho-
rylation, which is vital for FA disassembly. Taken together, it
has been proposed that Tm5NM1 regulates FA assembly and
disassembly at the leading edge, which is required for
directed cell movement (Bach et al., 2009). Tropomyosin has
recently been identified as a new therapeutic target for cancer
(Stehn et al., 2013) and will be discussed in a latter section of
this review.

Intermediate filaments and metastasis

[Fs are 10-nm-thick cytoskeletal structures formed by the
self-assembly of members of the IF superfamily of proteins
that are encoded by about 70 genes and classified into 5
classes (reviewed in Sihag et al., 2007). While the vast major-
ity of IF research focuses on diseases other than cancer,
evidence exists indicating exciting insights into the
involvement of IFs in tumour cell metastasis. Connections
between the cytoskeleton and plasma membrane are vital in
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controlling cell migration (reviewed in Pan et al., 2008). IFs
provide prominent connections in epithelial cells, where
keratin IFs are anchored at the cell-cell junction desmosomes
and hemidesmosomes, and in myocytes, where desmin IFs
are secured at costameres (Green and Jones, 1996; Capetanaki
etal., 2007). While many proteins (such as FAK and
TmSNM1) influence tumour cell migration largely via their
control of cell-ECM interactions, cell-cell interactions are
also imperative and are commonly aberrantly regulated
during metastasis (Hanahan and Weinberg, 2011).

Nestin is an IF protein that has been reported as being
overexpressed in various tumour types. Additionally, nestin
expression correlates with aggressive growth and metastasis,
and poor prognosis in pancreatic and prostate cancer, mela-
noma and glioblastoma (reviewed in Ishiwata et al., 2011).
Despite these findings, nestin’s role in cancer cells has not
been well characterized. Another IF that has been observed to
be overexpressed in various cancers and correlates with
tumour invasion and poor prognosis is the IF vimentin
(Satelli and Li, 2011). Although similar to nestin, the role of
vimentin in cancer progression remains obscure. Despite this,
Satelli and Li (2011) discovered a vimentin-binding mini-
peptide, which has potential as a vimentin-targeted tumour-
specific therapy. However, more knowledge is required before
the suitability of this potential therapy can be assessed for
metastatic disease. Little is known about the biology of IF
proteins in tumour cell migration, invasion and metastasis.
Further research is required to elucidate whether these pro-
teins may prove viable targets for pharmacological interven-
tion in cancer.

Microtubule system: emerging role
in metastasis

In addition to the abundance of literature on the involve-
ment of the actin cytoskeleton and its regulatory partners in
tumour cell migration, invasion and metastasis, there is
increasing evidence highlighting the microtubule system in
these processes. Indeed, a number of signalling pathways
such as the Rho GTPase pathway is common, or overlapping,
in terms of regulation of microtubule and actin structures to
mediate cell movement and other cellular events. In effect,
although often studied independently, these two cytoskeletal
systems are coordinately regulated. The functions of inter-
phase and mitotic MTs are dependent on their assembly and
stability, which are influenced by multiple factors including
tubulin isotype composition, tubulin post-translational
modifications, and interactions with various stabilizing and
destabilizing proteins (reviewed in Luduena, 2013). As men-
tioned in the preceding sections, MTs are made up of o/f-
tubulin heterodimers and there are numerous o- and
B-tubulin isotypes. B-Tubulin is the cellular target of impor-
tant anticancer agents such as the vinca alkaloids and taxanes
(reviewed in Jordan and Wilson, 2004). Alterations in specific
B-tubulin isotypes, particularly the neuronally expressed BIII-
tubulin, in epithelial cancers, are associated with resistance to
tubulin-binding agent chemotherapy and more aggressive
disease (Kavallaris, 2010). Our research has demonstrated
direct functional roles for specific B-tubulin isotypes in sen-
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sitivity to chemotherapeutic agents (Gan et al.,, 2007; Gan
and Kavallaris, 2008; McCarroll et al., 2010). Of interest is our
recent finding that depletion of BIII-tubulin using gene
silencing with RNAi leads to decreased tumour incidence
(McCarroll et al., 2010). It is possible that this tubulin isotype
may also play a role in metastasis in epithelial cancer. Some
support for this possibility comes from a recent clinical study
that expression of BIII-tubulin in stage II non-small cell lung
cancer patients was associated with overall survival and lym-
phatic metastasis (Jiang et al., 2013).

Interphase microtubules operate as tracks to carry vesicles
and organelles to various sub-cellular compartments
(reviewed in Wittmann and Waterman-Storer, 2001). Motor
proteins, such as the kinesin and dynein families, assist in
cargo transport along microtubules to various sub-cellular
locations, such as cilia, axons and importantly, the leading
edge of migrating cells (Verhey and Gaertig, 2007). Disrup-
tions in the levels of proteins involved in vesicular transport
have been reported in cancer cells. For example, Yoon et al.
(2005) observed that hypoxia increased MDA-MB-231 breast
carcinoma invasion by modulating an important vesicular
trafficking protein Rab11l. Rabll-mediated trafficking con-
tributes to invasion through transporting integrin a6p4 to
the plasma membrane. Importantly, hypoxia-induced Rab11
trafficking is regulated by microtubule stability, supported by
findings that hypoxia results in increased glutamylated (Glu)
tubulin (stable microtubules) and that the microtubule
polymerization inhibitor, colchicine, blocks Rab11 trafficking
(Yoon et al., 2005).

An important microtubule-interacting protein, which
regulates microtubule dynamics, is end-binding protein 1
(EB1). EB1, a microtubule plus-end binding protein,
co-localizes and interacts with both cytoplasmic and spindle
microtubules in interphase and mitotic cells respectively.
Functionally, EB1 acts as a negative inhibitor of microtubule
stability. EB1 promotes tumour cell migration by contribut-
ing to stable detyrosinated microtubules (Glu-MTs) (reviewed
in Zhang et al., 2009). In addition to EB1, ATIP3 is involved in
the regulation of microtubule dynamics. ATIP3 is a potent
microtubule-stabilizing protein whose depletion increases
microtubule dynamics (Molina efal.,, 2013). ATIP3 was
reported to be a prognostic marker for overall survival in
breast cancer, where low ATIP3 levels in metastatic tumours
are associated with decreased patient survival (Rodrigues-
Ferreira etal., 2009). Functionally, ATIP3 was found to
mediate cell motility and directionality, and influence the
number and size of metastases (Molina et al., 2013). By reduc-
ing microtubule dynamics, ATIP3 regulates the ability of
microtubule tips to reach the cell cortex during migration,
which may account for decreased cancer cell motility and
metastasis.

Recent developments in imaging technology have begun
to unearth how the cytoskeleton is asymmetrically distrib-
uted during migration. In addition to the critical roles of the
Rho family GTPases in the regulation of the actin cytoskel-
eton during cell migration, recent studies have revealed that
Rho family GTPases also control the dynamics of microtu-
bules, and, in turn, microtubules influence the activities of
Rho family GTPases (reviewed in Akhshi et al., 2014). The
Rho family GTPase, Cdc42, is important for directional cell
migration (Etienne-Manneville and Hall, 2001). Directional



cell migration, key to the metastatic process, is initiated
usually in response to extracellular cues, resulting in the
formation of a highly polarized cell characterized by the
asymmetrical distribution of signalling molecules and
the cytoskeleton. Notably, during cell migration, Cdc42,
most active towards the front of migrating cells, controls
microtubule-organizing centre (MTOC) and Golgi apparatus
reorientation towards the migrating direction where stabili-
zation of microtubule plus ends occurs (reviewed in Vaughan
and Dawe, 2011).

Cytoskeletal crosstalk

Recent observations highlight a role for FAs as key sites where
the actin and microtubule cytoskeletons crosstalk. The
molecular mechanisms by which microtubules and actin
communicate to contribute to cell migration are complex.
Initial studies utilizing microtubule-depolymerizing drugs,
including colchicine, observed that an intact microtubule
array is necessary for directional movement of fibroblasts and
endothelial cells (reviewed in Kaverina and Straube, 2011).
Intriguingly, cells exposed to microtubule inhibitors dis-
played delocalization of actin-based lamellipodia and mem-
brane ruffles from the leading edge of migrating cells (Palazzo
and Gundersen, 2002), leading to the belief that microtubules
act to limit actin cytoskeletal activity to specified cellular
locations. Very low concentrations of microtubule drugs,
which inhibit microtubule dynamics without influencing
microtubule organization or length, negatively affect lamel-
lipodia formation, fibroblast migration and endothelial cell
protrusion in 3D matrices (reviewed in Martins and Kolega,
2012). Altogether, these findings suggest that microtubule
dynamics contribute to actin cytoskeletal regulation and
potentially metastasis.

Further evidence of cross-communication and signalling
between the microtubule and actin cytoskeleton involves the
microtubule-interacting protein stathmin. Stathmin, a 19
kDa cytosolic phosphoprotein, is a microtubule destabilizing
protein (Sobel and Tashjian, 1983). Growing evidence high-
lights a significant role for stathmin in tumour cell migration
and metastasis. Stathmin overexpression correlates with
metastatic disease progression and survival (Kuo et al., 2009).
Additionally, stathmin plays a role in the migration of
various healthy and cancer cells. Stathmin promotes cell
movement by assisting in new leading edge microtubule
growth in motile cells (Niethammer et al., 2004; Wittmann
etal., 2004). Stathmin is highly expressed in a number of
cancer types, including breast, leukaemia and neuroblastoma
(Belletti and Baldassarre, 2011). It is associated with advanced
and aggressive disease in neuroblastoma (Hailat et al., 1990)
and suppression of this protein significantly reduced in vitro
cell migration and invasion, and importantly, lung metastasis
in an orthotopic xenograft model of neuroblastoma (Byrne
etal., 2014). In this same study, stathmin suppression was
found to modulate the phosphorylation of the actin-
regulatory proteins, cofilin and MLC via ROCK signalling
(Byrne et al., 2014). Moreover, stathmin has been linked to
RhoA/ROCK signalling through its interactions with p27,,, a
member of the Cip/Kip family of cyclin-dependent kinase
inhibitors (Baldassarre etal., 2005). Further studies are

Cytoskeleton and cancer metastasis

required to understand the mechanism of how stathmin
influences tumour cell migration and metastasis. Our studies
implicating stathmin in cell migration and metastasis clearly
highlights crosstalk between the microtubule and actin
cytoskeleton (Byrne et al., 2014). Stathmin’s action on micro-
tubule dynamics, while not fully elucidated, appears to influ-
ence tumour cell migration, invasion and metastasis via its
effects on the actin cytoskeleton. Approaches of this nature,
whereby the actin cytoskeleton can be targeted indirectly via
the microtubule cytoskeleton, may allow pharmacological
intervention that could potentially avoid many of the toxic
effects of some actin-based therapies.

Metastasis: targeting the cytoskeleton

Before the cytoskeleton can be considered as a target in
metastasis, the parts of the metastatic cascade that are
suitable, and in particular most amenable to therapeutic
intervention need to be determined. Steeg (2006) has dem-
onstrated, by classifying patients as either exhibiting local,
regional or distant disease, that the interruption of the meta-
static process could be useful for the majority of individuals
with cancer. Additionally, the authors argued that the last
steps in the metastatic process (such as colonization and
angiogenesis in distant secondary sites) may represent poten-
tial priority steps for therapeutic intervention and that this
finding may allow more focused research (Steeg, 2006).
Gaining an understanding of how the cytoskeleton is
involved in tumour cell migration, invasion and metastasis
has lead to increased research and attention to exploit the
cytoskeleton as a target to treat metastatic disease.

Targeting cytoskeletal signalling pathways

One protein described in this review that is involved in
cytoskeletal regulation and tumour cell migration and metas-
tasis is ROCK. Recent studies have identified a remarkably
diverse variety of functions of ROCK, such as regulation of
cell morphology, motility, gene transcription, proliferation,
differentiation and apoptosis. These findings may influence
the manner in which ROCK inhibitors may be utilized in
cancer therapy. It has been proposed that Rho-ROCK signal-
ling, and its subsequent downstream cytoskeletal changes,
promotes metastasis by supporting rounded blebbing-
associated tumour cell movement. ROCK inhibition has been
found to decrease the invasive and metastatic behaviour of
tumour cells (Sahai and Marshall, 2003; Patel et al., 2014).
Hence, therapies that target Rho or ROCK function may be
effective in inhibiting the invasive behaviour of rounded
tumour cells. Despite this, tumour cells have been observed
to overcome inhibitors for a specific mode of motility by
switching to a different mode (Sahai and Marshall, 2003).
Combinations of inhibitors, targeting both modes of motil-
ity, may result in a synergistic decrease in tumour cell inva-
sion and metastasis. While tumour cells have been observed
to overcome past ROCK inhibitors, it is currently unclear
whether tumour cells have the ability to overcome newer
generations of ROCK inhibitors, such as those developed by
Patel ef al. (2014), where they presently warrant advanced
preclinical studies.
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Despite the early promise of pharmacological ROCK inhi-
bition for the treatment of cancer, no compounds are clini-
cally approved. Nevertheless, careful definition of key cancer
types and expansion of the understanding of ROCK's role in
cancer may one day lead to the application of ROCK inhibi-
tors in cancer therapy. Notably, the observation that tumour
cells have the ability to overcome ROCK inhibitors by switch-
ing from one mode of motility to a different mode, thus
rendering the ROCK inhibitor ineffective has hampered
development in this field (Rath and Olson, 2012). Targeting
proteins involved in ROCK signalling is a potential alterna-
tive to targeting ROCK directly. Pharmacological inhibitors of
the downstream effector of ROCK, LIMK, are being devel-
oped. A number of LIMK inhibitors have been reported to
suppress cancer cell invasion (Ross-Macdonald et al., 2008;
Prudent et al., 2012). For example, Prudent et al. (2012) iden-
tified a small-molecule LIMK inhibitor in a cell-based screen
that induced a microtubule-stabilizing effect that was inde-
pendent of any direct effects on the actin organization. The
researchers concluded that LIMK functions as a signalling
relay that regulates the dynamics of both actin and microtu-
bules (Prudent et al., 2012). LIMK has also been implicated in
resistance to tubulin-targeting agents in neuroblastoma
(Po’uha et al., 2010), and the development of inhibitors of
this pathway as a mode of chemosensitization of drug-
resistant tumour cells is an attractive possibility. Given the
role of LIMK in tumour metastasis and resistance, the devel-
opment of targeted therapies against LIMK represents an
attractive approach to treat cancer.

Targeting cytoskeletal and
cytoskeletal-associated proteins

Given the fundamental nature of the actin cytoskeleton in
multiple key aspects of tumour cell migration, invasion and
metastasis, targeting the actin cytoskeleton may be an effec-
tive approach to develop novel therapeutics for metastatic
disease. Pharmacological inhibitors of actin have failed clini-
cal development due to non-specific targeting of actin in
normal tissues leading to high levels of cardiotoxicity.
Recently, Stehn et al. (2013) developed a first-in-class phar-
macological inhibitor that targets TmSNMI1. Treatment of
cancer cells with the lead compound TR100 disrupted
TmSNM1-containing actin filament populations and
impaired tumour cell motility and viability. Importantly,
TR100 exhibited no major adverse effects on cardiac structure
and function, a common problem encountered with anti-
actin compounds (Stehn etal., 2013). This provides an
elegant proof of principle in how targeting specific compo-
nents of the cell architecture can compromise the survival of
tumour cells and lead to the development of novel treatment
approaches for cancer.

In cancers resistant to tubulin-targeting agents, y-actin
has been identified as altered (Verrills et al., 2006a,b) via, in
part, effects on microtubule dynamics (Po’uha et al., 2013),
and modulation of this protein in drug naive cancer cells
changed directional cell migration via alterations in ROCK
signalling (Shum et al., 2011). These findings reveal opportu-
nities to exploit the crosstalk and interactions between actin
and microtubules in metastasis and drug resistance by dual
targeting of specific components of the network.
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Tubulin-targeting agents remain one of the most success-
ful groups of agents in the clinic (Dumontet and Jordan,
2010). Although many studies focus on the anti-mitotic
effects of these agents, it is becoming increasingly accepted
that the efficacy of these agents is due to their ability to target
both mitotic and interphase cells (Komlodi-Pasztor et al.,
2011). Tubulin-targeting agents act not only as potent anti-
cancer drugs but also as anti-angiogenic, and in some cases
anti-vascular agents, and this has led to their use in metro-
nomic chemotherapy to treat drug refractory and metastatic
disease (reviewed in Pasquier ef al., 2010). Epothilones are a
new class of tubulin-targeting agents that have demonstrated
clinical efficacy and are approved for the treatment of drug
refractory metastatic breast cancer in the USA (Cristofanilli,
2012). A recently approved tubulin-targeting agent that has
demonstrated clinical activity in drug refractory and meta-
static cancer is eribulin (McBride and Butler, 2012). Although
eribulin is known to suppress microtubule dynamics, its effi-
cacy in drug refractory and metastatic disease is not well
understood. Yoshida et al., (2014) found that eribulin exerted
effects on EMT and mesenchymal-epithelial transition in
human breast cancer cells in both in vitro and in vivo models.
It is possible that other tubulin-targeting agents also exert
broader effects on cell migration, invasion and metastasis and
exploiting these in combination with actin pathway inhibi-
tors is worthy of further study.

Conclusions

Metastasis is a complex process requiring dramatic reorgani-
zation of the cytoskeleton. Numerous proteins interacting
with the actin and microtubule cytoskeletons, directly or
indirectly, have been shown to significantly influence the
migratory and metastatic phenotype of tumour cells. Emerg-
ing evidence on crosstalk between different components of
the cytoskeleton in metastasis highlights the fact that the
actin, IF and MT cytoskeletons do not work in isolation but
are inextricably linked together in tumour cell migration and
metastasis. Importantly, the strong relationship between
cytoskeletal alterations and metastasis in the clinic (Table 1)
provides important opportunities for potential therapeutic
targets. The highly complex nature of cellular migration and
invasion presents challenges in developing therapeutics
where compensatory pathways may overcome the action of
specific inhibitors. These challenges also provide opportuni-
ties to develop combination therapies to target multiple path-
ways associated with the cytoskeleton and treat drug
refractory and metastatic cancer.
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Table 1

Cytoskeleton and cancer metastasis

Relationship between cytoskeletal-associated and regulatory proteins with metastatic disease

Cofilin/ADF

ATIP3

Arp2/3

Formins

WASP

WAVE

Cortactin

Ena/VASP

ERM

CFL1

MTUST

ACTR2

DIAPH3

FMNL2

WASL

WASF2

CTTN

ENAH

ViL2

Cancer type

Breast

Breast

Breast

Colorectal

Prostatic

Colorectal

Breast

ESCC
Colorectal
Colorectal

Lung

Colorectal

ESCC

Gastric

Hepatocellular
HNSCC

Melanoma
oscC

Breast
Colorectal
Osteosarcoma

Rhabdomyosarcoma

Alteration

Down-regulation (RNA)

Down-regulation (RNA)

Up-regulation (protein)

Up-regulation (mRNA and
protein)

Increased chromosomal
deletion containing
DIAPH3 gene

Up-regulation (mRNA and
protein)

Down-regulation (MRNA
and protein)
Up-regulation (protein)
Up-regulation (mRNA)
Up-regulation (mRNA and
protein)
Up-regulation (protein)
Up-regulation (protein)
Up-regulation (mRNA and

protein)

Up-regulation (protein)

Up-regulation (protein)

Up-regulation (mRNA and
protein)

Up-regulation (protein)
Up-regulation (protein)
Up-regulation (protein)
Up-regulation (protein)
Up-regulation (protein)

Up-regulation (protein)

Additional information

Decreased expression in
lymph node metastases

Decreased expression among
metastatic tumours
associated with DFS

Increased lymph node
metastases and reduced
DFS and OS

Increased hepatic metastases

Increased lymph node
metastases

Increased lymph node
metastases and reduced
DFS and OS

Increased lymph node
metastases

Increased expression in liver
metastases

Increased hepatic metastases

Increased lymph node
metastasis and reduced
DFS and OS

Increased distal metastasis
and reduced OS

Increased lymph node
metastasis

Increased lymph node
metastasis and reduced
DFS and OS

Increased distal metastasis

Increased lymph node and
distal metastasis and
reduced DFS and OS

Increased distal metastasis
and reduced DFS

Increased lymph node
metastasis

Increased expression in
metastases

Increased lymph node
metastasis

Increased expression in
metastases

Increased expression in
metastases

Hao et al., 2004

Rodrigues-Ferreira et al.,
2009

Iwaya et al., 2007a

Iwaya et al., 2007b

Di Vizio et al., 2009

Zhu et al., 2008

Martin et al., 2008

Wang et al., 2010a
Yanagawa et al., 2001
Iwaya et al., 2007b

Semba et al., 2006

Lee et al., 2009; Cai et al.,
2010

Luo et al., 2006

Li et al., 2008; Wang
et al., 2010b

Chuma et al., 2004

Takes et al., 1997; Gibcus
et al., 2008; Hsu et al.,
2009; Rodrigo et al.,
2009

Xu et al., 2010

Yamada et al., 2010

Di Modugno et al., 2006

Toyoda et al., 2009

Khanna et al., 2001; 2004

Yu et al., 2004
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Table 1

Continued

Alteration

Additional information

Cancer type

RAS RhoC Breast

RhoA Bladder

Testicular

AGC ROCK Bladder

Testicular

STMN Stathmin Ovarian

Endometrial

Up-regulation (protein)

Bladder Up-regulation (protein)

HNSCC Up-regulation (mMRNA)

Ovarian Up-regulation (mMRNA)

Up-regulation (MRNA)

Ovarian Up-regulation (MRNA)

Up-regulation (protein)

Up-regulation (protein)

Up-regulation (protein)
Up-regulation (MRNA)

Up-regulation (protein)

Expression strongly
correlates with
advanced stage disease

Kleer et al., 2002

Increased expression in
lymph node metastases
and reduced DFS and
oS

Increased expression in
metastatic stage Il and
IV disease

Kamai et al., 2003

Schmalbach et al., 2004

Increased expression in
metastatic tumours and
increased expression in
metastatic stage Il and
IV disease

Horiuchi et al., 2003

Increased expression in Kamai et al., 2003
lymph node metastases
and reduced DFS and

(N

Increased expression in
metastatic tumours and
increased expression in
metastatic stage Ill and
IV disease

Horiuchi et al., 2003

Increased expression in Kamai et al., 2004

higher stage disease

Increased expression in Kamai et al., 2003
lymph node metastases
and reduced DFS and

(0N

Increased expression in
higher stage disease

Kamai et al., 2004

Increased expression in Wei et al., 2008

metastases

Increased expression in Trovik et al., 2011

lymph node metastases

DFS, disease-free survival; ESCC, oesophageal squamous cell carcinoma; HNSCC, head and neck squamous cell carcinoma; OS, overall

survival; OSCC, oral squamous cell carcinoma.
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