
© Japanese Cancer Association doi: 10.1111/j.1349-7006.2005.00062.x Cancer Sci | July 2005 | vol. 96 | no. 7 | 379–386

Blackwell Publishing, Ltd.Review Article

Regulation of cancer cell motility through actin 
reorganization
Daisuke Yamazaki,1,2 Shusaku Kurisu1,2 and Tadaomi Takenawa1,2,3

1Department of Biochemistry, Institute of Medical Science, University of Tokyo 4-6-1 Shirokanedai, Minato-ku, Tokyo; and 2CREST, Japan Science and Technology 
Corporation, 4-6-1 Shirokanedai, Minato-ku, Tokyo, Japan 

(Received March 8, 2005/Revised April 8, 2005/Accepted April 26, 2005/Online publication July 22, 2005)

Cell migration is a critical step in tumor invasion and metastasis,
and regulation of this process will lead to appropriate therapies for
treating cancer. Cancer cells migrate in various ways, according to
cell type and degree of differentiation. The different types of cell
migration are regulated by different mechanisms. Reorganization of
the actin cytoskeleton is the primary mechanism of cell motility and
is essential for most types of cell migration. Actin reorganization is
regulated by Rho family small GTPases such as Rho, Rac, and Cdc42.
These small GTPases transmit extracellular chemotactic signals to
downstream effectors. Of these downstream effectors, Wiskott–
Aldrich syndrome protein (WASP) family proteins are key regulators
of cell migration. Activated WASP family proteins induce the formation
of protrusive membrane structures involved in cell migration and
degradation of the extracellular matrix. Inhibition of Rho family
small GTPase signaling suppresses the migration and invasion of
cancer cells. Thus, control of cell migration via the actin cytoskeleton
provides the possibility of regulating cancer cell invasion and
metastasis. (Cancer Sci 2005; 96: 379–386)

Cancer cells move within tissues during invasion and meta-
stasis by their own motility, and control of cancer cell

migration is an important problem in tumor treatment. Cell
migration has been well studied in non-neoplastic cells such as
fibroblasts and epithelial cells, and the molecular mechanisms
underlying cell migration are common to both non-neoplastic
cells and cancer cells. Cell migration involves multiple processes
that are regulated by various signaling molecules.(1) The actin
cytoskeleton and its regulatory proteins are crucial for cell
migration in most cells. During cell migration, the actin cytoskeleton
is dynamically remodeled, and this reorganization produces the
force necessary for cell migration.(2) Because inhibition of these
processes decreases cell motility, elucidation of the molecular
mechanisms of actin reorganization is important for cancer
therapeutics. Actin-related protein (Arp) 2/3 complex-dependent
actin polymerization and its regulation are of particular interest.

Most studies of cell migration have been performed on 2-D
substrates. However, given that motile cells move throughout
tissues and across tissue barriers, further understanding is
required regarding migration within 3-D matrices. Recent develop-
ments in imaging techniques in cell biology have enabled the
investigation of invasive cancer cell migration in 3-D matrices.(3)

Cancer cells in 3-D matrices show different types of cell migra-
tion from those on 2-D substrates. This review will focus on the
migration of cancer cells and regulatory mechanisms involving
the actin cytoskeleton.

Mechanisms of cell migration

Directed cell migration is a critical feature of various physiological
and pathological processes, including development, wound healing,

immunity, angiogenesis, and metastasis. Cell migration is triggered
by gradients of chemotactic factors, for example platelet-derived
growth factor (PDGF).(4,5) In the presence of chemoattractants,
extracellular signals are transduced through cell-surface receptors
and induce various intracellular responses, for example polarization,
reorganization of the cytoskeleton, and vesicular transport. These
complex responses contribute cooperatively to cell migration.
Directed cell movement on 2-D substrates consists of cycles of
four ordered processes: membrane protrusion at the leading
edge, adhesion of the protrusions to the substrate, translocation
of the cell body, and retraction of the trailing edge (Fig. 1).(6)

Reorganization of the actin cytoskeleton is involved in these
processes and is regulated temporally and spatially by Rho family
small GTPases.

Rho family small GTPases. During cell migration, Rho family
small GTPases play pivotal roles in reorganization of the actin
cytoskeleton.(7) Rho family GTPases act as molecular switches and
can cycle between GTP- and GDP-bound states. When cells are
stimulated by growth factors, bound GDP is exchanged for GTP.
In the GTP-bound state, Rho family small GTPases are active
and interact with specific downstream effectors, leading to the
translocation and activation of the effector, and induction of various
intracellular responses. Among these responses, reorganization
of the actin cytoskeleton has been studied most. Small GTPases
of the Rho family, for example Cdc42, Rac, and Rho, are key
regulators of actin assembly and control the formation of filopodia,
lamellipodia, and stress fibers, respectively.(8)

Directional cell movement requires a defined cell polarity in
which cytoskeletal components are differentially localized at two
poles of a cell in response to directional signals. Recent studies
in Dictyostelium cells, leukocytes, and fibroblasts indicate that
phosphatidylinositide 3-kinase (PI3K) plays a central role in the
amplification of internal signaling asymmetry and thus helps
to establish cell polarity and to define the leading edge of the
cell.(9,10) PI3K activation in response to chemoattractants leads
to accumulation of phosphatidylinositol 3,4,5 triphosphate (PIP3),
which stimulates small GTPases of the Rho family, for example
Rac and Cdc42, inducing formation of a leading edge (Fig. 1).

Activated Rac and Cdc42 induce reorganization of the actin
cytoskeleton at the leading edge.(11) Localized actin polymerization
at the leading edge pushes the membrane forward in finger-like
structures known as filopodia and in sheet-like structures known
as lamellipodia. These structures generate the locomotive force
in migrating cells. Unlike Rac and Cdc42, Rho regulates the
assembly of contractile acto-myosin filaments.(12) Rho regulates
myosin-mediated contractility through downstream effectors,
such as ROCK/Rho kinase.(13) The Rho-mediated acto-myosin
contractile force promotes the locomotion of the cell body and
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the trailing edge (Fig. 1). Thus, during cell movement, Rac and
Cdc42 stimulate formation of protrusions at the leading edge,
and Rho induces retraction at the trailing edge. This coordinated
reorganization permits cells to move toward a target.

Migration of cancer cells

Modes of cancer cell migration. Cancer cells have various modes
of migration (Fig. 2).(14) In most tumors, several types of cell
migration are observed simultaneously. In the case of epithelial
tumors, in which cell–cell junctions are present, cells move together

in sheet-like structures. This mode of migration is observed in
epithelial cells during wound repair and in endothelial cells during
angiogenesis.(15) As dedifferentiation of epithelial cancer cells
proceeds, the function of cadherin, a cell–cell junction protein,
is suppressed and individual cells separate from the other cells
and move as single cells.(16) These modes of cell migration are
called collective and individual cell migration, respectively.
The transition from collective to individual migration is termed
epithelial–mesenchymal transition and is a well-studied indicator
of tumor progression.(17) Thus, cancer cells show distinct modes
of cell migration according to differentiation state.

Fig. 1. Cell migration on 2-D substrates. Cell migration consists of the following four successive processes. Protrusion: when cells are polarized by
extracellular stimuli, de novo actin polymerization occurs at the leading edge; polymerized actin filaments induce the formation of membrane
protrusions such as filopodia and lamellipodia. Adhesion: protruded membranes contact the substrate and form novel integrin-dependent cell-
substrate adhesions; newly formed adhesion complexes are stabilized and mature into focal adhesions. Translocation: the nucleus and cell body
are translocated by acto-myosin contractile forces. Retraction: cell-substrate adhesive structures at the trailing edge are disassembled, and the
trailing edge retracts.



Yamazaki et al. Cancer Sci | July 2005 | vol. 96 | no. 7 | 381

Cancer cell migration in 3-D matrices. When cultured in 3-D
matrices, cancer cells, which undergo individual cell migration
similar to that of dedifferentiated epithelial tumor cells and
lymphoma cells, show two typical morphologies. One is an
elongated morphology similar to that of fibroblasts and the
other is a rounded morphology. These two types of morphology use
different migratory mechanisms; elongated cells undergo mesen-
chymal migration and rounded cells undergo amoeboid migration.

With respect to mesenchymal migration, fibroblast-like cells
on 2-D matrices use the same mechanisms described earlier.(18)

Their elongated morphology and mesenchymal migration are
dependent on integrin-mediated adhesion. In addition to the four
processes observed on 2-D substrates, mesenchymal migration

in 3-D matrices requires degradation of the extracellular matrix
(ECM). Elongated cells have protruding membrane at the leading
edge and form integrin-dependent adhesions with the substrate.
Matrix-degrading proteases such as matrix metalloproteinase
also accumulate in an integrin-dependent manner at the leading
edge of migrating cells, leading to localized proteolysis.(19) By
degradation of the ECM, elongated cells form a path and over-
come tissue barriers. Multiple ECM-degrading proteases can be
upregulated and activated in cancer cells.

In contrast to mesenchymal migration, rounded cells move in an
integrin-independent manner. In these cells, cell-substrate adhesions
are weak; therefore, the cells show a rounded morphology. When
rounded cells migrate through the ECM, they change shape

Fig. 2. Modes of migration in cancer cells. Migration of cancer cells involves the following three processes. (a) Collective cell migration. Cells move
as sheet-like structures, maintaining cell–cell adhesions. The image shows migration of DLD-1 cells on a 2-D substrate. (b) Mesenchymal migration.
In 3-D matrices, cells form membrane protrusions at the leading edge and adhere to the substrate in an integrin-dependent manner. By releasing
extracellular matrix (ECM)-degrading enzymes, cells remodel the ECM to form a path. The images show the migration of HT1080 cells in collagen
gels. Arrows indicate membrane protrusions at the leading edge. The red signal indicates the backscatter of collagen fibers. (c) Amoeboid
migration. Cell-substrate adhesion is weak and is independent of integrin function. Cells move by acto-myosin contractile force and move within
the ECM by squeezing the cell body. The images show the migration of DMS79 cells in collagen gels. Arrowheads indicate membrane blebbing.
The red signal indicates the backscatter of collagen fibers.
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and squeeze themselves into gaps in the ECM. This amoeboid
migration does not require degradation of the ECM and is seen both
in non-neoplastic cells such as lymphocytes and neutrophils, and
in neoplastic cells such as those of lymphoma and small-cell lung
carcinoma.(20–22)

Cancer cell migration can convert between the mesenchymal
and amoeboid types under certain conditions. Whereas remode-
ling of the ECM is required for mesenchymal migration, in the
presence of protease inhibitors, cancer cells change to amoeboid
migration and pass through the ECM.(19,23) This ability makes it
difficult to repress cancer cell invasion by using protease inhib-
itors. To regulate cancer cell migration, both mesenchymal and
amoeboid migration must be repressed simultaneously.

Regulation by Rho family small GTPases. Mesenchymal and
amoeboid types of migration use different driving forces. Both types
of migration are based on reorganization of the actin cytoskeleton,
but their requirements for Rho and Rac signaling differ. With
respect to mesenchymal migration, membrane protrusions at the
leading edge are formed in a Rac-dependent manner. Expression
of a dominant–negative form of Rac in elongated cells, for example
B16F10 melanoma cells, inhibits the formation of such protrusive
membrane structures, causing decreased cell migration.(24) In contrast,
Rho signaling is not essential for mesenchymal migration.(23) With
respect to amoeboid migration, the actin cytoskeleton is reorganized
along the plasma membrane, causing dynamic membrane blebbing
along the cell surface.(23) This cortical actin reorganization is
dependent on Rho/ROCK signaling.(25) Activated ROCK can
induce further blebbing in rounded cells.(23) Inhibitors of Rho/
ROCK signaling suppress the formation of membrane blebs and
inhibit amoeboid migration.

HT1080 fibrosarcoma cells show both mesenchymal and
amoeboid types of cell migration. Inhibition of Rac signaling
induces membrane blebs, indicating a transition from mesen-
chymal to amoeboid migration. In contrast, the inhibition of

Rho/ROCK signaling induces an elongated morphology (S. Kurisu
et al., unpublished data 2005). Thus, mesenchymal and amoeboid
types of migration are dependent on Rac and Rho signaling,
respectively. The balance between Rac and Rho signaling may
determine the type of cell migration at any particular time.

Regulation of cancer cell migration by Wiskott–Aldrich 
syndrome protein family proteins

Wiskott–Aldrich syndrome protein family proteins. As described
earlier, Rho family small GTPase-induced reorganization of the actin
cytoskeleton plays a central role in cell migration and invasion.
Many recent studies have elucidated the molecular mechanisms
underlying Rac- and Cdc42-induced actin reorganization in the
formation of filopodia and lamellipodia.(2) In these membrane
protrusions, monomeric actin is polymerized into filaments
dependent on the Arp2/3 complex. The Arp2/3 complex consists
of seven different proteins, including actin-related proteins, which
comprise a nucleation core of actin polymerization. Wiskott–Aldrich
syndrome protein (WASP) family proteins are key regulators that
link extracellular stimuli to actin reorganization and regulate
cell migration through induction of membrane protrusions at
the leading edge.(26,27) WASP family proteins link Cdc42- and Rac-
dependent signals to filopodium and lamellipodium formation,
respectively, by virtue of their ability to activate Arp2/3 complex-
mediated de novo actin polymerization.

To date, five mammalian WASP family proteins have been
identified: WASP, neural WASP (N-WASP), and WAVE (WASP-
family verprolin-homologous proteins) 1, 2, and 3. These proteins
share two main regions of homology: a central segment rich in
proline residues and a carboxy-terminal module comprising
three characteristic domains, a verprolin-homology (V) domain,
a cofilin-like (C) domain, and an acidic (A) domain (VCA)
(Fig. 3). The V domain is a monomeric actin binding site, and

Fig. 3. The Wiskott–Aldrich syndrome protein (WASP) family proteins. WASP family proteins consist of multiple functional domains. WASP and
neural WASP (N-WASP) are activated by direct binding to Cdc42 via the CRIB domain, whereas WAVE (WASP-family verprolin-homologous proteins)
bind to Rac indirectly via various molecules. The C-terminal verprolin-homology, cofilin-like, and acidic (VCA) domains are important for the
induction of actin polymerization. The V and CA domains bind actin monomer (G-actin) and the Arp2/3 complex, respectively. WASP family proteins
activated by Rac and Cdc42 induce Arp2/3 complex-dependent actin polymerization via the VCA domain. B, basic; CA, cofilin-like and acidic; CRIB, Cdc42
and Rac interactive binding; IQ, IQ motif; Pro-r, Proline-rich; V, verprolin homology; WH1, WASP homology 1; WHD, WAVE homology domain.
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the CA domain binds the Arp2/3 complex. When bound by the
VCA domain, the Arp2/3 complex is activated and catalyzes
actin polymerization. The amino-terminal half of the molecule
defines two functional groups on the basis of the presence of
either a WASP homology 1/Ena VASP homology 1 (WH1/EVH1)
domain (found in WASP and N-WASP) or a WAVE homology
domain suppressor of cAMP receptor (SCAR) homology domain
(WHD/SHD), specific to WAVE isoforms.

The WASP family proteins have been identified as the causative
gene products of Wiskott-Aldrich syndrome (WAS), which is
characterized by eczema, bleeding and recurrent infections. This
protein is expressed exclusively in hematopoietic cells. Lym-
phocytes from WAS patients show impaired actin remodeling in
response to stimulation as well as a reduction in the number of
cell-surface microvilli.(28,29) WASP binds to Cdc42 via its GBD/CRIB
(GTPase-binding domain/Cdc42 and Rac interactive binding)
domain, and overexpression of WASP induces the formation of
actin clusters, suggesting that it has a role in actin polymerization.

Neural WASP was first purified as an Ash/Grb2-binding protein
from bovine brain and is expressed ubiquitously; it is particularly
enriched in the brain.(30) N-WASP shares 50% homology with
WASP. N-WASP induces filopodium formation downstream of
Cdc42 activation.(31) Cdc42 binds directly to N-WASP and induces
a conformational change that releases the autoinhibited structure.(32)

Activated N-WASP then binds to the Arp2/3 complex and induces
rapid actin polymerization.

The WAVE proteins are identified as novel proteins that pos-
sess a V domain.(33) Each WAVE isoform has a different tissue
distribution.(34) WAVE1 and WAVE3 are expressed predomin-
antly in the brain, whereas WAVE2 is expressed ubiquitously,
with particularly strong expression in the placenta, lung, and
peripheral blood leukocytes. In Dictyostelium, SCAR, a WAVE

homolog, was isolated in a genetic screen for proteins down-
stream of the chemotaxis receptor for cAMP.(35) WAVE proteins
possess a WHD/SHD motif, a basic domain, a proline-rich domain,
and a VCA domain. WAVE1 regulates membrane ruffle formation
by activating the Arp2/3 complex downstream of Rac.(33) Endogenous
WAVE1 localizes to membrane ruffles induced by treatment with
PDGF or by expression of constitutive-active Rac. In contrast to
WASP and N-WASP, WAVE proteins do not contain binding
sites for Rac or Cdc42 and do not bind directly to Rac.

IRSp53, a substrate of the insulin receptor with unknown func-
tion, is an intermediary protein linking Rac and WAVE2.(36,37)

Activated Rac binds to the amino terminus of IRSp53, and the
carboxy-terminal Src-homology-3 domain of IRSp53 binds to
WAVE2 to form a trimolecular complex. IRSp53 does not bind
WAVE1 or WAVE3.

Recently, Eden et al. showed that purified WAVE1 is constitu-
tively active.(38) They proposed a novel mechanism whereby
WAVE1 is kept inactive, via its association with four proteins:
Nap125, PIR121, Abi2 and HSPC300. This complex is unable
to stimulate actin polymerization in in vitro assays, but the addition
of purified, active Rac removes this inhibition. However, other
groups have reported that this complex is stable in vivo and can
activate the Arp2/3 complex in vitro.(39) The functions of this
WAVE-regulatory complex remain to be determined.

Functions of WASP family proteins in cancer cell migration. The
WASP family proteins have two physiological roles with respect
to migration and invasion of cancer cells in 3-D matrices. One
is the regulation of mesenchymal cell migration, and the other
is degradation of the ECM. WASP family proteins regulate these
processes through the formation of various actin-based
protrusive membrane structures downstream of Rac and Cdc42
activation.

Fig. 4. The WAVE2 (Wiskott–Aldrich syndrome protein family verprolin-homologous protein 2) is required for cancer cell migration in 3-D
matrices. (24) Time-lapse phase-contrast images of RNA-interference (RNAi)-treated B16F10 cells in extracellular matrix-containing gels. Asterisks
represent transfected cells. Repression of WAVE2 expression by RNAi methods reduces membrane protrusions at the leading edge, which are
important for migration and invasion of melanoma cells. Magnified images of boxed areas are shown in the lower panels.
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Mesenchymal migration. During cell migration, WAVE2 is con-
centrated at the tips of membrane protrusions formed in the
direction of cell locomotion.(40,41) The binding of basic residues
in WAVE2 to PIP3 mediates recruitment to the leading edge.(42)

Downstream of Rac, WAVE2 induces Arp2/3-mediated actin
polymerization, causing the formation of lamellipodia,(11) which
are crucial for mesenchymal cell migration. Lamellipodia are thin,
flattened structures that consist of highly branched actin networks.(43)

WAVE proteins activate the Arp2/3 complex, which binds pre-
existing actin filaments and induces new side-branched actin
polymerization. Of the WAVE proteins, WAVE2 is localized to the
tips of the lamellipodial protrusions, predominantly in fibroblasts.(41)

In WAVE2-deficient fibroblasts, lamellipodium formation is
severely inhibited. Defective lamellipodium formation leads to
decreased cell migration and invasion toward chemoattractants in
WAVE2-deficient cells. Thus, WAVE2 is important for directional
movement in fibroblasts. WAVE2 also plays a role in the migration
of B16F10 melanoma cells, which undergo mesenchymal
migration in 3-D matrices.(24) Repression of WAVE2 expression
by RNAi methods reduces cancer cell migration and metastasis
into the lungs by B16F10 melanoma cells via regulation of
membrane protrusions (Fig. 4). Thus, WAVE2 is essential for
mesenchymal migration, and inhibition of WAVE2 function can
inhibit the migration and invasion of cancer cells.

Dorsal ruffles, podosomes and invadopodia. In some invasive
cells, characteristic protrusive membrane structures are involved
in ECM degradation, for example dorsal ruffles, podosomes, and

invadopodia.(44) Formation of these unique structures is also
regulated by WASP family proteins.

Dorsal ruffles. When fibroblasts and epithelial cells are stimulated
by growth factors, a drastic change in dorsal membrane structures
is observed. These protrusive membrane structures are known
as dorsal ruffles, but their physiological function is unknown.
Recently, analysis of WAVE1-deficient cells has shown that
dorsal ruffles are involved in degradation of the ECM.(41) When
mouse embryonic fibroblasts (MEF) are stimulated by PDGF,
formation of dorsal ruffles is induced, and the ECM-degrading
enzyme MMP-2 accumulates at the dorsal ruffles. The formation
of dorsal ruffles and of lamellipodial protrusions is dependent
on Rac. However, WAVE1, not WAVE2, is required for dorsal
ruffle formation. A WAVE1 deficiency decreases dorsal ruffle
formation and subsequent MMP secretion. WAVE1-deficient
MEF show normal chemotactic migration toward PDGF, but
chemotactic invasion into the ECM toward PDGF is decreased.
Dorsal ruffles are formed only when cells are cultured on 2-D
substrates, and it is unknown what form they take in 3-D
matrices. The relationship between dorsal ruffle structure and
chemotactic invasion remains to be determined. However, it is
clear that WAVE1-mediated protrusive membrane structures are
crucial for migration within the ECM.

Podosomes and invadopodia. Podosomes are cell-substrate adhe-
sion sites that differ from focal adhesions, which are usually observed
in adhesive cells.(45) These structures are observed in limited cell
types, for example osteoclasts and macrophages. WASP is involved

Fig. 5. Transition of migration in cancer cells. When cell–cell adhesions are lost by inhibition of cadherin function, cancer cells that undergo
collective migration begin to move separately (mesenchymal migration). When both cell–cell and cell–substrate adhesion are inhibited
simultaneously, collective migration changes to amoeboid. Inhibition of extracellular matrix degradation and integrin-dependent adhesion cause
mesenchymal-amoeboid transition (MAT). In HT1080 fibrosarcoma cells, which show both mesenchymal and amoeboid types of cell migration,
inhibition of Rac signaling induces MAT. In contrast, inhibition of Rho/Rho-kinase (ROCK) signaling induces an elongated morphology.
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in the formation of these structures,(46) which are also termed
invadopodia in oncogene-transformed cells. The distinction between
podosomes and invadopodia is obscure; because invadopodia
persist longer than podosomes, podosomes are thought to be precursor
structures of invadopodia. Podosomes consist of filamentous
actin-rich cores and surrounding ring structures containing adhesive
proteins such as vinculin and talin. Podosomes and invadopodia
are also involved in degradation of the ECM. When Src-transformed
cells are cultured on fibronectin (FN), an ECM protein, spot-like
degradation of FN is observed and these spots colocalize with
podosomes. N-WASP is recruited to podosome structures and is
essential for podosome formation. Expression of a dominant-
negative form of N-WASP, which cannot induce Arp2/3 complex-
dependent actin polymerization, inhibits podosome formation
and subsequent proteolysis of the ECM. Recent studies with the
use of RNA interference methods also show the importance of
N-WASP in invadopodia formation in metastatic carcinoma cells.(47)

Conclusions and future directions

Multiple genes involved in cell motility are deregulated in human
cancers,(48) and regulation of cancer cell migration is inhibited
by various signals.(49) Cancer cells show multiple types of cell
migration. Because each type of cell migration has distinct
molecular mechanisms, it is difficult to regulate the motility of all
cancer cells by using a single strategy (Fig. 5). Reorganization
of the actin cytoskeleton plays a central role in the migration of
cancer cells. Indeed, inhibition of actin polymerization
suppresses most types of cell migration. Rho family small
GTPase signaling is also activated in cancer cells and is a good
candidate for cancer therapy.(50) Recently, new regulators of
actin polymerization, in addition to the Arp2/3 complex, have
been identified.(51,52) To fully elucidate the details of cancer cell
migration, it will be important to investigate more precisely the
mechanisms underlying regulation of the actin cytoskeleton.
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