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Wiskott–Aldrich syndrome protein (WASP) and WASP family verpr-
olin-homologous protein (WAVE) family proteins activate cells’
major actin nucleating machinery, the actin-related protein 2 ⁄ 3
(Arp2 ⁄ 3) complex, leading to the formation and remodeling of cor-
tical actin filament networks. Cortical actin regulation is critical in
many aspects of cell physiology including cell–cell adhesion and
cell motility, whose dysregulation is directly associated with can-
cer invasion and metastasis. In line with this association, the WASP
and WAVE family proteins have been reported to be involved in
cancer malignancies. What is puzzling, however, is that they can
act as either enhancers or suppressors of cancer malignancies
depending on the type of cancer and its pathological stage. We
are still far from understanding the roles of the WASP and WAVE
family proteins in cancer progression. Here, we summarize the
recent advances of studies of the WASP and WAVE family proteins
with respect to cancer invasion and we offer a model that can
account for the diverse outcomes originating from dysregulated
WASP and WAVE family proteins in cancer development. (Cancer
Sci 2010; 101: 2093–2104)

C ancer cells spread by infiltrating adjacent tissues (invasion)
and subsequently travelling to distant organs through the

blood or lymph vessels (metastasis). Metastatic progression is a
multistep process, known as a metastatic cascade. Although
various cellular activities are altered during these steps, tumor
cells, particularly those of epithelial origin, initially abrogate
cadherin-based cell–cell adhesion and become able to degrade
the underlying basement membrane. They then gradually
become motile within the stromal extracellular matrix (ECM)
by increasing cell motility coupled with intensive proteolytic
activities, resulting in the pathological state called local inva-
sion. As tumor mortality results primarily from progression to
the invasive and metastatic states, appreciating the mechanisms
of invasive progression, the initiating step for metastasis, is criti-
cal to understanding cancer death.(1,2) While tumor cells shift to
the invasive state, the actin cytoskeleton plays a crucial role: its
fundamental task is to provide mechanical underpinnings in
cell–cell adhesion and control cell shape. Some benign tumors
undergo epithelial-to-mesenchymal transition (EMT), in which
junctional actin networks at cell–cell contacts are actively
remodeled to loosen cell–cell adhesiveness,(3,4) and actin poly-
merization at the leading edge of migrating cells provides force
to push the plasma membrane forward.(5) Recent findings sug-
gest that invading cancer cells digest and rearrange the ECM at
the specialized and focalized actin-rich macrostructures called
podosomes or invadopodia, which are thought to serve as scaf-
folds where proteolytic enzymes cluster.(6)

Wiskott–Aldrich syndrome protein (WASP) superfamily pro-
teins are the major actin polymerizing factors in cells, and at
least one WASP superfamily homologue has been found in all
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eukaryotic organisms examined thus far. In humans, the WASP
superfamily consists of WASP, which is expressed exclusively
in hematopoietic lineages, and its ubiquitous homologue Neural-
(N-)WASP (WASP subfamily; WASPs in short hereafter);
brain-enriched WASP family verprolin-homologous protein
(WAVE)1 and WAVE3, and ubiquitous WAVE2 (WAVE ⁄
suppressor of cAR [SCAR] subfamily; WAVEs in short); and
newly characterized members WASP and SCAR homologue
(WASH), WASP homologue associated with actin, membranes,
and microtubules (WHAMM), and junction-mediating and regu-
latory protein (JMY).(7) There is little information available
regarding the biological roles of WASH, WHAMM, and JMY,
so they are not described in detail here. WASPs and WAVEs
commonly induce rapid actin polymerization beneath the bio-
logical membrane, which is necessary to carry out a broad spec-
trum of physiological and pathological processes including
immune response, tissue morphogenesis, synaptogenesis, and
pathogen infection, as well as cancer invasion and metastasis
(for details, see reference 8 and accompanying references).(8)

Accumulating evidence suggests WASPs and WAVEs are pro-
foundly involved in cancer progression.(9–11) It was initially
assumed WASPs and WAVEs would promote cancer invasion
and metastasis because they positively regulate cell motility
through actin polymerization; this was later revealed to be par-
tially true(10,12) but oversimplified. Recent reports indicate that
WASPs and WAVEs can act as a suppressor or an enhancer for
cancer malignancy, depending on the clinical or experimental
setting (Table 1). These dual functions of WASPs and WAVEs
in cancer likely arose from their multifaceted role in cells.(7,8)

To better understand invasive behavior and find more effective
targets for anticancer drugs, it is necessary to discuss WASP
superfamily proteins in an integrative context that covers their
positive and negative effects on cancer invasion.

In this review, we focus on changes in the actin cytoskeleton
during the stepwise invasive progression of cancer cells, with an
emphasis on WASPs and WAVEs, and we summarize the roles
of WASPs and WAVEs in different types of cancer and different
stages of progression. Then, we propose a model that would
account for the apparently inconsistent results for the roles of
WASPs and WAVEs in cancer progression.

Molecular characteristics of WASP and WAVE family
proteins

WASPs and WAVEs activate the actin-related protein 2 ⁄ 3
(Arp2 ⁄ 3) complex downstream of Rho family GTPases. The
WASP superfamily proteins can be defined by a characteristic
domain architecture: a proline-rich stretch followed by a
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Table 1. Aberrations of Wiskott–Aldrich syndrome proteins (WASPs) and WASP family verprolin-homologous proteins (WAVEs) in cancers

Gene Aberration Evidence Correlation Refs

WASPs

WASP Unknown — — —

N-WASP Up (colon) MA, RT Met [s1]

Up (esophagus) MA ND [s2]

Down (breast) RT, WB, IHC Met, bad prognosis [s3]

WIPs

WIPF1 ⁄ 2 ⁄ 3 Unknown — — —

WAVEs

WAVE1 Up (prostate) RT, IHC Inv [s4]

Up (leukemia) RT, WB Resistance to apoptosis [s5]

WAVE2 Up (melanoma) WB Inv, met (12)

Up (breast) RT, IHC Inv, bad prognosis [s6, s7]

Up (lung)† IHC Bad prognosis [s8]

Up (colon)† IHC Met [s9]

WAVE3 TL (ganglioneuroblastoma) MA, RT Tumorigenesis [s10]

Up (breast) MA, RT, IHC Inv (99, 100)

Up (prostate) RT Inv [s11]

ABIs

Abi1 Up (breast) WB Inv [s12]

Down (stomach) IHC Met, bad prognosis [s7]

Abi2 Unknown — — —

Abi3 Down (glioma) WB Met [s13]

HSPC300

HSPC300 Del (VHL kidney) MAP Suppression of tumorigenesis [s14–s16]

Up (lung) IHC Met [s17]

CYFIPs

CYFIP1 Down (breast, colon, etc.) IHC, RT Inv (95)

CYFIP2 Unknown — — —

NckAPs

NckAP1 ⁄ 2 Unknown — — —

References prefixed with ‘‘s’’ are provided as Supplementary Information. Abi, Abl-interactor; Del, genomic deletion of HSPC300 accompanied
by genetic loss of von Hippel-Lindau (VHL) tumor suppressor. Loss of function of VHL gene is responsible for familial or sporadic VHL tumor
syndrome; CYFIP, cytoplasmic FMR1 interacting protein 2; Down, gene product downregulated as indicated cancer advances; HSPC300,
hematopoietic stem ⁄ progenitor cell protein 300; IHC, immunohistochemistry; Inv, invasion; MA, microarray; MAP, deletion mapping of
chromosomes; Met, metastasis; NckAP, Nck-associated protein; ND, not determined; N-WASP, WASP homologue; RT, RT-PCR; TL, genomic
translocation found at the locus of the indicated gene; Up, gene product upregulated as indicated cancer advances; WB, Western blotting.
—, not applicable; WIP, WASP-interacting protein. †WAVE2 upregulation is seen with actin-related protein 2 coexpression.
conserved C-terminal sequence called the VCA region (Fig. 1).
The VCA region acts as a platform to simultaneously bind to
both an actin monomer and the Arp2 ⁄ 3 complex, bringing them
into close proximity. This spatial configuration activates the
Arp2 ⁄ 3 complex to be an actin polymerization nucleus. The
Arp2 ⁄ 3 complex, when activated by binding to the VCA region,
binds mainly to the side of pre-existing actin filaments, thereby
creating a branch point and a new site for polymerization. Thus,
all WASP superfamily proteins evoke Arp2 ⁄ 3 complex-medi-
ated actin polymerization, leading to a net growth of branched
actin networks (see references 5, 13, and 14 for reviews).(5,13,14)

WASPs and WAVEs are known as effectors of Rho family
small GTPases. Well-characterized Rho family members Rac1
and Cdc42, when activated, induce characteristic actin-based
structures at the cell cortex, a flat sheet-like plasma membrane
extension known as the lamellipodium and a needle-like plasma
membrane protrusion known as the filopodium, respectively.
RhoA, the founding member of the Rho family, induces stress
fibers, contractile actin bundles formed on the ventral surface of
cultured cells. N-WASP was first identified to directly interact
with activated Cdc42 and send signals toward the Arp2 ⁄ 3 com-
plex, leading to the formation of filopodia (Fig. 1a), and later,
WAVEs were identified as downstream targets of Rac1 to
induce lamellipodia(8) (Fig. 1b). Follow-up studies showed that
filopodia can be induced not only by WASPs but also by other
actin modulators, such as enabled ⁄ vasodilator-stimulated phos-
phoprotein (Ena ⁄ VASP) family proteins and formins.(15) Apart
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from filopodia, early molecular and cell biological studies on
WASPs revealed another important N-WASP function, vesicle
trafficking. N-WASP is now known to mediate actin polymeri-
zation on endocytic vesicles and thereby mobilize them to be
pinched off from the plasma membrane.(8)

Multiprotein complexes of WASPs and WAVEs. Endogenous
WAVEs constitutively exist within a heterologous multiprotein
complex, namely, the WAVE complex. When biochemically
purified from bovine brain extracts, WAVE1 has been shown to
form a stable heteropentameric protein complex with 121F-spe-
cific p53 inducible RNA (PIR121; also known as cytoplasmic
FMR1 interacting protein 2 [CYFIP2]), Nck-associated protein
1 (NckAP1), Abl-interactor 2 (Abi2), and hematopoietic
stem ⁄ progenitor cell protein 300 (HSPC300; also known as
Brick1) in a 1:1:1:1:1 molar ratio(16) (Fig. 1b). This pioneering
work led to the understanding that all mammalian WAVE iso-
forms tightly form a WAVE complex with the other four sub-
units or their paralogues.(8,17) For a complete list of WAVE
complex genes, see references 14 and 17).(14,17) The N-terminal
WAVE-homology domain (WHD) ⁄ SCAR-homology domain
(SHD), which is characteristic of WAVEs, serves as a docking
site for Abi and HSPC300 to form a WAVE complex and is thus
highly homologous between WAVE isoforms.(7) Importantly,
gel filtration chromatography or sucrose gradient separation,
which were used to purify a WAVE complex, retrieved barely
detectable levels of monomeric WAVEs, suggesting that most
endogenous WAVEs are in the complexed state.(16,18,19)
doi: 10.1111/j.1349-7006.2010.01654.x
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(a)

(b)

Fig. 1. Activation mechanisms for Wiskott–Aldrich syndrome proteins
(WASPs) and WASP family verprolin-homologous proteins (WAVEs).
(a) Activation mechanisms for the WASP homologue, N-WASP. It
is proposed to be recruited to the plasma membrane through
independent binding of Cdc42 and phosphatidylinositol-(4,5)-
bisphosphate (PIP2) to the Cdc42 ⁄ Rac-interactive binding (CRIB ⁄ GBD)
domain and basic amino acid motif (B), respectively. These interactions,
as well as adaptor proteins (Nck or Grb2), cooperatively activate N-WASP
by stabilizing the VCA domain in an open conformation. Src family
kinases (SFKs) phosphorylate and activate WASPs, representing
another upstream input. (b) Activation mechanisms for WAVE2.
Phosphatidylinositol-(3,4,5)-triphosphate (PIP3) binding to basic amino
acids found in WAVEs and Rac-GTP binding to complex subunit 140 kDa
specifically Rac1-associated protein (Sra1) ⁄ 121F-specific p53 inducible
RNA (PIR121) are thought to recruit WAVEs to the membrane. For
WAVE2, the Src-homology 3 (SH3) domain of insulin receptor substrate
(IRS) p53 can bind to the polyproline stretch of WAVE2 and this
interaction is augmented in the presence of Rac-GTP, thus indirectly
contributing WAVE2 targeting to the membrane in a Rac-dependent
manner. All of these interactions seem to be involved in the activation of
WAVE2, similar to the case for N-WASP. Abi, Abl-interactor; Arp2 ⁄ 3,
actin-related protein 2 ⁄ 3; CR16, corticosteroids and regional expression-
16; EVH1, Ena-VASP homology 1; Hem1, hematopoietic protein 1, the
NckAP1 paralogue; HSPC300, hematopoietic stem ⁄ progenitor cell
protein 300; I-BAR, inverse BAR; NckAP1, Nck-associated protein 1;
P, proline; pY, phosphotyrosine; RTK, receptor tyrosine kinase; SHD,
SCAR-homology domain; WH1, WASP homology 1; WHD, WAVE-
homology domain; WICH, WIP-and CR 16-homologous protein; WIP,
WASP-interacting protein.
Wiskott–Aldrich syndrome proteins in turn are complexed
with WASP-interacting protein (WIP) family proteins, consist-
ing of WIP, corticosteroids and regional expression-16 (CR 16),
and WIP- and CR16-homologous protein ⁄ WIP-related protein
(WICH/WIRE) forming the WASP ⁄ N-WASP complex(20)

(Fig. 1a). WASPs share a characteristic domain located at their
N-terminus, the WASP homology 1 ⁄ Ena-VASP homology 1
domain, which directly interacts with conserved motifs found
near the C-terminus of WIPs. Similar to the WAVE complex,
most endogenous WASPs appear to form a heterodimer with
WIPs in a 1:1 molar ratio.(20,21)
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In both WAVEs and WASPs, forming a multiprotein com-
plex seems to protect each subunit from protease-dependent
degradation. For example, dsRNA-mediated knockdown of any
subunit in the WAVE complex in Drosophila S2 cells leads to
degradation of SCAR (Drosophila homologue of human
WAVEs) by way of the ubiquitin–proteasome pathway.(22) Like-
wise, WASP protein levels in T cells from WIP knockout mice
are dramatically decreased, and can be partially restored by
MG132 proteasome inhibitor treatment.(21)

Regulation of WASP and WAVE activity by oncogenic signals.
The activation mechanisms of WASPs and WAVEs have been
extensively reviewed in recent years.(8,14,17) Readers should
consult these reviews for comprehensive understanding of the
subject. Here we discuss how the activity of WASPs and
WAVEs is affected by various oncogenic signals.

The WASPs are autoinhibited in a resting state, which is
thought to preclude unintended actin polymerization deleterious
to normal cellular function. Intramolecular interactions between
Cdc42 ⁄ Rac-interactive binding domain (CRIB, also known as
the GTPase-binding domain [GBD]) and the VCA region medi-
ate this autoinhibition. This ‘‘masked’’ VCA is released by com-
petitive binding of various molecules to the CRIB ⁄ GBD domain
or to the region nearby, allowing the VCA region to interact
with and activate the Arp2 ⁄ 3 complex (Fig. 1a). Those mole-
cules that can directly bind to and serve as activation inputs for
N-WASP are: (i) a GTP-bound (active) form of Cdc42, which
specifically binds to the CRIB ⁄ GBD domain; (ii) a negatively
charged phospholipid species such as phosphatidylserine or
phosphatidylinositol-(4,5)-bisphosphate (PI(4,5)P2);(23) or (iii)
Src-homology 3 (SH3) domain-containing proteins, such as
SH2-SH3 adaptor proteins Grb2 and Nck.(24,25) Src family
kinase (SFK)-mediated phosphorylation at tyrosine 291 ⁄ 256 of
WASP ⁄ N-WASP also enhances their ability to induce Arp2 ⁄ 3-
dependent actin polymerization.(26,27) These inputs coopera-
tively act on WASPs for their full activation. As Cdc42 and
SFKs are membrane-anchored proteins and SH2-SH3 adaptor
proteins are recruited to the plasma membrane under receptor
tyrosine kinase (RTK) activation, WASPs are thought to be pri-
marily activated at the membrane. Overexpression of RTKs,
including the epidermal growth factor receptor family, is
reported in a number of human cancers.(28) Receptor tyrosine
kinases not only recruit SH2-SH3 adaptor proteins to the mem-
brane, but also increase local Cdc42 activity, suggesting that
WASPs are hyperactivated in cancers with enhanced RTK
signaling. Src family kinases are also known as oncoproteins.
Some cancerous phenotypes caused by aberrant SFK signals,
including invadopodium formation, are potentially caused by
hyperactivated WASPs (discussed later).

The WAVEs are activated downstream of Rac. However,
WAVEs, unlike WASPs, do not possess the CRIB ⁄ GBD domain
and thus cannot bind directly to Rac. Instead, insulin receptor
substrate (IRS) p53 has been identified as a linker molecule con-
necting Rac1 and WAVEs (Fig. 1b). The N-terminal domain of
IRSp53, which is currently known as the inverse BAR (I-BAR;
also known as the Rac-binding [RCB] or the IRSp53-MIM-
homology domain [IMD]) domain, has been shown to specifi-
cally bind to active forms of Rac1. The C-terminally located
SH3 domain of IRSp53 in turn binds to the proline-rich
sequence of WAVEs and thereby enhances WAVE activ-
ity.(19,29) In addition, IRSp53 recruits the WAVE2 complex to
the plasma membrane, presumably because the I-BAR domain
of IRSp53 electrostatically interacts with negatively charged
phosphoinositides including PI(4,5)P2 and phosphatidylinositol-
(3,4,5)-triphosphate (PI(3,4,5)P3).(19,30) Importantly, WAVE2
has much stronger affinity for IRSp53 than for WAVE1 or
WAVE3.(29) Therefore, the interaction with IRSp53 is likely
to contribute primarily to activity regulation of WAVE2. An
alternative, but not mutually exclusive, link between Rac
Cancer Sci | October 2010 | vol. 101 | no. 10 | 2095
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and WAVEs is that WAVE complex subunit 140 kDa specifi-
cally Rac 1-associated protein (Sra 1), the PIR121 paralogue,
can interact specifically with GTP-bound forms of Rac1.(31)

Although there has been a debate as to whether the WAVE com-
plex is autoinhibited in a resting state, as is the case for WASPs,
recent reports from two independent groups suggest a mecha-
nism whereby the VCA region of WAVE1 and WAVE2 is
inhibited by intracomplex interaction, probably between the
VCA region and the Sra1-NckAP1 subcomplex.(32,33) The VCA
region appears to be released through a conformational change
that is triggered by binding of activated Rac to Sra1.(32) Interest-
ingly, Lebensohn and Kirschner(33) provided evidence that a
native WAVE2 complex purified from cellular extracts cannot
be activated solely by Rac1 ⁄ 2-GTP but is activated in the pres-
ence of both active Rac and negatively charged phospholipids,
especially PI(3,4,5)P3. The activating mechanism of the
WAVE2 complex by binding to phospholipids is unclear, but
PI(3,4,5)P3 binding to the basic amino acid cluster found in
WAVE2, which we have previously shown to be important for
the recruitment of WAVE2 to the plasma membrane,(34) might
contribute to the activation of the WAVE2 complex. In a broad
range of cancer types, signals that increase cellular levels of
PI(3,4,5)P3 are aberrantly augmented by mutations in genes that
constitute the phosphoinositide 3-kinase (PI3K) pathway, such
as activating mutations in PIK3CA (encoding a catalytic subunit
of PI3K) and loss-of-function mutations in PTEN (encoding a
lipid phosphatase for PI(3,4,5)P3).(35) WAVEs can be directly
activated by PI(3,4,5)P3 as discussed above. In addition,
PI(3,4,5)P3 activates Rac through PI(3,4,5)P3-responsive guan-
ine-nucleotide exchange factors for Rac (RacGEFs).(36,37)

Therefore, WAVEs are presumably hyperactivated in cancers
with enhanced PI3K signaling and thus may contribute to cancer
pathogenesis. Phosphorylation has also been reported for
WAVE regulation: cyclin-dependent kinase 5 serine ⁄ threonine
kinase phosphorylates and inhibits WAVE1 activity,(38) and
conversely, c-Abl tyrosine kinase activates WAVE2 through
phosphorylation.(39) c-Abl is a proto-oncogene product best
studied in chronic myelogenous leukemia (CML), implicating
the association between WAVE2 and CML.(40)

WAVEs in 2D cancer cell motility

Signals that orchestrate the leading edge formation in 2D cell
motility. Although cancer cells in vivo migrate through three-
dimentional (3D) networks of ECM fibers and sometimes move
collectively as a tumor mass (Fig. 2a), fundamental aspects of
the molecular mechanism of cancer cell motility have been lar-
gely revealed in simple two-dimentional (2D) environments
such as a culture dish (Fig. 2b). We now know that cell migra-
tion is conceptualized as a cyclic process, as follows: (i) leading
edge extension propelled by rapid actin assembly in the direc-
tion of movement; (ii) establishment of cell–substrate adhesion
by integrins at the leading edge; and (iii) trailing edge contrac-
tion at the back, which is accomplished by myosin II motor
protein-driven contractile force generation (actomyosin contrac-
tion). Here we introduce a simplified view on the mechanism of
the leading edge formation, which will help readers understand
later discussion. More precise and global mechanisms of cell
motility are elegantly summarized in previous reviews.(5,11,13,41)

Simply speaking, a signal to trigger actin polymerization at
the leading edge starts with cell polarization in which PI3K
asymmetrically accumulates toward the source of guidance cues,
such as chemokines and growth factors.(42) This PI3K accumula-
tion triggers local increase in PI(3,4,5)P3 levels at the plasma
membrane, leading to localized activation of Rac by Rac-
GEFs.(36,37) A positive feedback loop between Rac and
PI(3,4,5)P3 is thought to be important to maintain polarized
PI(3,4,5)P3 localization and persistent activation of Rac at
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the front of migrating cells.(43) Cdc42 is also reported to be
localized and activated at the leading edge of migrating
neutrophils.(44) The activated Rac and Cdc42 in turn recruit
WAVEs and WASPs to the plasma membrane where they are
activated, leading to the formation of lamellipodia and filopodia,
respectively. Actin polymerization at the leading edge is
prompted not only by WASPs and WAVEs, but also by actin
depolymerizing factor (ADF) ⁄ cofilin that binds to and severs
pre-existing lamellipodial actin filaments, and thereby creates
new filament ends that are compatible for polymerization. Actin
depolymerizing factor ⁄ cofilin is inhibited when bound to
PI(4,5)P2. Phospholipase C-mediated hydrolysis of PI(4,5)P2 is
thought to release ADF ⁄ cofilin from this inhibition, which is
proposed to be an activating mechanism of ADF ⁄ cofilin at the
leading edge in response to epidermal growth factor.(45) How-
ever, cell motility, in practice, requires spatially and temporarily
controlled cytoskeletal remodeling at the leading edge, which is
coupled with cell polarization and cell–substrate adhesion. Thus,
there should be a mechanism that coordinates the activities of
Arp2 ⁄ 3 and ADF ⁄ cofilin. Coronin 1B has been proposed as a
candidate molecule that links these two activities. Coronin 1B
suppresses Arp2 ⁄ 3 activity by directly binding to the Arp2 ⁄ 3
complex, and at the same time, it dephosphorylates and thereby
activates ADF ⁄ cofilin by recruiting the ADF ⁄ cofilin phospha-
tase Slingshot to the plasma membrane.(46) In reality, there are
hundreds of molecules other than the aforementioned proteins
that orchestrate actin dynamics at the leading edge, and we need
to continually refine our understanding of the mechanisms of
leading edge formation.

WAVE2 regulates lamellipodium-driven 2D cell motility. So,
how much importance do WASPs and WAVEs have in 2D cell
motility? It has been shown that WASPs have relatively com-
promised effects (when compared to those of WAVEs; see later)
on protrusion formation and cell motility itself on 2D substrates
in several cell types.(47–49) Rather, it has been suggested that
WASP and N-WASP are required to control directionality of
movement in macrophages(47) and mammary carcinoma
cells,(49) respectively. This does not mean that filopodia are
dispensable for cell motility, as filopodia are formed through
several redundant signaling pathways, as described above.
Recent evidence suggests that the filopodium serves as a precur-
sor of integrin-based adhesion by which cells sense mechanical
properties of their exterior environment.(50,51) Some of these
filopodia grow to become mature focal adhesions, and in this
sense, the filopodium affects cell motility. In contrast, it has
been traditionally believed that the lamellipodium is the driving
force in cell motility, and hence that cells’ ability to form lamel-
lipodia critically influences cell motility. This notion is not
merely an assumption, but was exemplified by a simple but
thought-provoking experiment carried out in 1984, in which a
tiny fragment was excised from a broad lamellipodium that
a fish keratinocyte usually forms when it randomly migrates on
a culture dish. When it was observed under a video microscope,
the fragment by itself was, surprisingly, found to migrate at a
similar speed and persistence to an intact cell.(52) This experi-
ment strongly indicated that the lamellipodium per se is likely
to give the protrusive force for cell motility, and that elementary
units of cell motility correspond to the local chemical reactions
within a restricted compartment of a lamellipodium. As
described above, lamellipodial actin polymerization is regulated
by WAVEs. In fact, lamellipodia are severely disrupted by
genetic loss-of-function of WAVE2 in mouse endothelial
cells(53) and in mouse embryonic fibroblasts,(54) or by RNAi-
mediated depletion of WAVE2 in B16F10 mouse melanoma
cells(12) and in mouse macrophages,(55) all of which result in
decreased 2D cell motility. Unexpectedly, however, in mam-
mals, WAVE2 depletion predominantly prevents actin polymeri-
zation in the lamellipodium, suggesting non-redundant functions
doi: 10.1111/j.1349-7006.2010.01654.x
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Fig. 2. Multiple modes of cancer cell motility in 3D. (a) Cancer progression is illustrated from the standpoint of cell motility mode. A primary
tumor initially invades in a mode called collective migration. If cancer cells are released from a primary tumor mass and move as single cells, the
cells can adopt two modes of invasion, round-shape motility or elongated motility. EMT, epithelial-to-mesenchymal transition. (b) The actin
cytoskeleton of a two-dimensionally migrating cell. In 2D circumstances, characteristic actin structures (colored in red) are commonly seen in
many cell types. They generally form lamellipodia, filopodia, and stress fibers. In malignant cancer cells, invadopodia are sometimes evident as
large actin dots that show proteolytic activity around them. (c) The actin cytoskeleton in cells migrating in the elongated motility mode. The tip
contains dense actin networks and its biogenesis is dependent on Wiskott–Aldrich syndrome protein family verprolin-homologous protein and
actin-related protein 2 ⁄ 3 activities. (d) The actin cytoskeleton in cells migrating in the round-shape motility mode. Protrusions used for
migration are, in this case, membrane blebs. Both the formation and retraction of membrane blebs rely on actomyosin contractility.
between WAVE isoforms in lamellipodial actin regulation
(Kurisu S, 2005, unpublished observations).(12,54) This may be
simply due to higher expression levels of WAVE2, compared to
those of WAVE1 and WAVE3. Alternatively, it may be caused
by the higher affinity of WAVE2 for IRSp53, which preferen-
tially localizes and activates WAVE2 at the lamellipodial tips
(Fig. 3a). Therefore, inhibiting WAVE2 activity can discourage
cancer cells from showing a motile phenotype. Drugs that inter-
fere with WAVE2 activation may be promising therapy against
invasion and metastasis in cancer patients. Indeed, we have
shown that invasion and metastasis are effectively suppressed
when WAVE2 activity is inhibited in highly metastatic B16F10
cells.(12)

WASPs and WAVEs in 3D cancer cell invasion

Plasticity of cancer cell motility within the 3D ECM. Recently,
researchers have examined cancer motility in the 3D environ-
ment, which more closely mimics the in vivo cancer microenvi-
ronment than the 2D environment. One 3D observation strategy
is to implant cancer cells in live animals and directly observe
the cells under a microscope, which is sometimes called ‘‘intra-
vital imaging’’. Another technique is organotypic culture, in
which cancer cells are usually embedded in type I collagen gel
or in Matrigel, a mixture of ECM with similar constituents to
those of the basement membrane. Using these techniques, com-
bined with time-lapse fluorescent confocal microscopy, it has
been revealed that cancer cells show multiple ‘‘modes’’ of cell
migration in 3D.(56,57) There are at least three different modes
of migration: collective motility; elongated motility; and round-
shape motility (Fig. 2a,c,d). Collective motility, which refers to
cells moving in a group, is reported in organotypic cultures of
breast cancer, fibrosarcoma, melanoma, and squamous cell car-
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cinoma cells.(58,59) From the histopathological resemblance
between human tumor samples and cultured cancer cells in 3D,
it is speculated that collective motility mimics the invasive
front of human tumors, although direct evidence of this is miss-
ing. The elongated and round-shape modes of motility describe
solitary cells that have departed from the primary tumor mass
through EMT or as a result of spontaneous cell–cell dissocia-
tion. Elongated motility is characterized by a bipolar spindle-
shaped morphology and dependence on protease activity for
migration. This type of motility is usually seen in cancers of
mesenchymal origin, such as glioma, fibrosarcoma, and mela-
noma, and in some aggressive carcinomas.(57,60,61) Round-
shape motility, which is in contrast characterized by a short
ellipsoid shape during cell movement and a relatively compro-
mised dependence on protease activity for migration, is
reported in some colon carcinoma and melanoma cells as well
as in non-neoplastic hematopoietic cells like lymphocytes and
neutrophils.(9,60,62) Importantly, some cancer cells can switch
their migration mode, and this plasticity is proposed to explain
why cancer cells continue to move even when one mode of
motility has been suppressed by pharmacological intervention.
Wolf et al.(57) first reported that a cocktail of protease inhibi-
tors triggers mode-shift from elongated to round-shape motility
in fibrosarcoma cells and in breast cancer cells, and they
assumed this switching mechanism might underlie the escape
pathway for cancers refractory to protease inhibitor-based
therapies.

Elongated motility versus round-shape motility from an actin
perspective. The actin morphology of migrating cells in 3D dif-
fers strikingly from that in 2D. Cells that have resumed elon-
gated motility no longer form broad lamellipodia at the leading
edge. Instead, they usually extend long finger-like protrusions
rich in F-actin, which here we call ‘‘pseudopodia’’ (Figs 2c).
Cancer Sci | October 2010 | vol. 101 | no. 10 | 2097
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The pseudopodium can be structurally divided into two com-
partments: a shaft, which is supported by cortical thick actin
bundles, and a tip, which shows dense phalloidin staining with
filopodium-like spikes inserted into the pericellular ECM. The
tip seemingly contains a miniature of the lamellipodium found
in 2D, implied by the shape of the dense actin in the tip. The tip
is formed by the activities of WAVE2 and Arp2 ⁄ 3 (Fig. 4d,e),
and its oscillatory motion of extension and retraction resembles
the motion of lamellipodia when the tip is observed under a
video microscope.(12,61) The tip contains a substratum anchorage
site where b1-integrin concentrates and constitutes a functional
adhesive receptor for the ECM.(62,63) Thus, the force required
for membrane extension at the tip is likely to be provided by
Arp2 ⁄ 3-dependent actin polymerization, similar to the case of
lamellipodium in 2D. A striking difference between 2D and 3D,
however, is that focal adhesions, characteristic of cell–ECM
B16 mouse melanoma cells
(a) (a′) (a

(c) (c′) (d
Src-transformed NI

Fig. 3. Characteristic subcellular localization of Wiskott–Aldrich syndrom
WASP homologue, N-WASP. (a–a¢¢) B16 mouse melanoma cells form broad
localizes in the tip of the lamellipodia. (b) In MDCK kidney epithelial cells
the cell–cell junction. (c,d) Src-transformed NIH fibroblasts form invado
WAVE2 (c), whereas N-WASP is strongly concentrated in invadopodia (d
staining, respectively. Green in (a–c) and in (d) shows immunostaining for

(a) (b) (c)

Fig. 4. Pseudopodial F-actin in cells showing elongated motility in 3D.
(b–e) HT1080 cells treated with Rac1, RhoA, actin-related protein (Arp)2
protein (WAVE)2 siRNA, respectively. Note that the tip structures are lost
type I collagen gels. F-actin is visualized by staining with fluorescently lab
are described in reference(61). Bar, 20 lm.
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interaction in 2D cell culture, are not evident in the 3D environ-
ment. Accordingly, stress fibers in 2D, contractile actin bundles
with each side anchored to the ECM by the focal adhesions, are
not detectable in 3D.(64) Stress fibers in 2D are bundled by non-
muscle myosin II motor proteins and generate actomyosin-based
traction force to pull the rear of migrating cells. In 3D, migrating
cells form longitudinal (i.e. parallel to the direction of move-
ment) actin bundles at the cell cortex, as seen in the shaft of
pseudopodia. These cortical bundles are also colocalized with
myosin II and thus are likely to generate traction force, suggest-
ing that they could be the 3D analogues of stress fibers. It is not
known whether cortical bundles are connected to the ECM at
their ends, as is the case in 2D stress fibers, as focal adhesions
in 3D are not clearly visible. As a whole, the mechanism of
3D elongated motility is similar to that of 2D motility, in that
cells use WAVE2- and Arp2 ⁄ 3-dependent protrusive forces,
MDCK kidney epithelial cells
′′) (b)

) (d′)
H 3T3 fibroblasts

e protein (WASP) family verprolin-homologous protein (WAVE)2 and
lamellipodia in the direction of movement. WAVE2 (shown in green)
cultured on the surface of type I collagen gel, WAVE2 accumulates at

podial rosettes (magnified in insets of c and d). They are devoid of
). Red and blue show phalloidin staining and Hoechst 34580 nuclear
endogenous WAVE2 and N-WASP, respectively. Bars, 10 lm.

(d) (e)

(a) Control HT1080 cells form well-developed tip and shaft structures.
, and Wiskott–Aldrich syndrome protein family verprolin-homologous
in Rac1, Arp2, and WAVE2 siRNA treated cells. Cells are embedded in
eled phalloidin. Insets show magnification of the tip structure. Details
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despite cell morphologies of 2D and 3D motility appearing quite
different.

Round-shape motility uses completely different mechanisms.
Cells rapidly inflate their plasma membrane in the direction of
movement in a balloon-like shape called a membrane bleb, and
actin networks gradually fill the cortex of the bleb (Fig. 2d).
How actin is supplied to the bleb cortex is unknown, but Gadea
et al.(65) raises the hypothesis that N-WASP is responsible for
actin nucleation at the bleb cortex from the fact that N-WASP
knockdown suppresses round-shape motility. The newly formed
cortical actin mesh within a bleb then generates contractile
force by way of myosin II activity, by which the bleb retracts
to the cell body.(66) This traction is one of the candidates that
generate the force required to move forward, although contro-
versy still exists on the issue of force generation in round-shape
motility.(67) It has been proposed that membrane blebs form
from a local rise in hydrostatic pressure beneath the plasma
membrane, leading to either a rupture in cortical actin networks
or a local detachment of the plasma membrane from the corti-
cal cytoskeleton.(68) In both cases, the hydrostatic pressure gra-
dient gives rise to a cytoplasmic flow, resulting in inflation of
the membrane to form a bleb. Local rise in hydrostatic pressure
is somehow caused by the local increase in myosin II activity,
and thus both protrusive and contractile forces of round-shape
motility are myosin II-dependent. In concordance with this,
invasive migration of colon carcinoma cells that show round-
shape motility is strongly suppressed by inhibition of Rho
kinase I ⁄ II (ROCKI ⁄ II), a direct kinase that phosphorylates the
myosin regulatory light chain (MLC) leading to actomyosin
contraction.(61)

The mechanisms of collective migration have recently been
excellently reviewed,(58) so we will not describe them in detail.
Briefly, in many cases of collective migration seen in cancer
invasion, as well as in morphogenic movement during develop-
ment, a group of cells that jointly moves within the ECM is
frequently guided by a subpopulation of ‘‘tip’’ or ‘‘leader’’
cells. In the majority of described cases of collective migration,
leader cells assume elongated morphology, and thus we specu-
late that collective migration is basically governed by similar
mechanisms in the leader cells as those mechanisms governing
elongated motility.

WAVE2 controls conversion between elongated and round-
shape modes of motility. Both elongated and round-shape
modes of motility can be seen even in a clonal population of a
cultured cancer cell line. Many cancer cell lines have a unique
population bias toward one of these motility traits, by which we
categorize them simply as elongated or round-shaped. Which
mode each cell in the population adopts seems to be stochasti-
cally decided by a combination of genetic matters of the cell line
and epigenetic variations stemming from the extracellular
microenvironment in which each cell is deposited. Environmen-
tal control of motility has been implicated by several previous
studies that showed cancer cells treated with protease inhibitors
convert their shape from elongated to rounded and keep moving
within the ECM.(57,60,61) More direct evidence is that ECM
mechanical rigidity strongly influences motility modes of glioma
cells.(69) Genetic and cell-intrinsic attributes that affect mode
control of motility are still unclear, but Rac and Rho signals are
key to understanding the mechanism.

As mentioned above, depletion of WAVE2, a Rac effector,
suppressed elongated motility by inhibiting Arp2 ⁄ 3-mediated
actin polymerization at the tip of pseudopodia, but unexpectedly
it also increased the population of cells showing round-shape
motility in some cell types, such as HT1080 cells(61) and
A375M2 melanoma cells.(60,70) Thus, WAVE2 not only pro-
motes pseudopod extension, but also seems to suppress actomy-
osin contractility. Sanz-Moreno et al.(70) showed that MLC2
phosphorylation, a measure of myosin contractility, is enhanced
Kurisu and Takenawa
in Rac1- or WAVE2-depleted melanoma cells. Also, we quanti-
fied active RhoA levels in WAVE2- or Arp3-depleted HT1080
cells, but could not detect any change in RhoA activity com-
pared to non-depleted cells.(61) Therefore, WAVE2 is likely to
somehow suppress actomyosin contraction through formation of
Arp2 ⁄ 3-dependent actin mesh without affecting RhoA activity.
How Rac1-WAVE2-Arp2 ⁄ 3 signals suppress MLC2 phosphory-
lation remains to be determined, although a mutual antagonism
between Rac and Rho activities has been reported in a number
of studies. The molecules mediating this antagonism are
currently supposed to be GTPase activating proteins for Rho
family (RhoGAPs). The human genome encodes more than 70
RhoGAPs, but their functions in cells are largely unknown.
Among them, p190RhoGAP, which is activated by active Rac,
has been shown to inactivate Rho in a Rac-dependent manner,
although its association with elongated motility is yet to be
investigated.(71) In a reciprocal way, suppressing the activities
of Rho or its downstream targets such as ROCK and myosins
reduces the proportion of cells of round-shape motility and
simultaneously increases the proportion of cells of elongated
motility.(60,61,70) This conversion from round-shape to elongated
mode seems to be regulated by RhoGAPs, as evidenced in the
study of melanoma cells by Sanz-Moreno et al. that showed
GTPase activating protein for Aplysia Ras-related homologue
(ARHGAP)22 downregulates Rac1 activity and suppresses
elongated motility.(70) However, we cannot predict which mode
a given case of cancer prefers, and how cancer cells make the
initial decision of which motility mode to use remains an open
question.

N-WASP is essential to form podosomes ⁄ invadopodia, centers
of ECM degradation. To invade 3D ECM, cancer cells need to
not only change their shape for movement (i.e. cell elongation
or bleb formation), but also enzymatically degrade and sever
ECM fibers to remodel the surrounding matrix. Pseudopodia of
cells invading in an elongated shape are active zones for ECM
proteolysis where proteolytic enzymes, such as matrix metallo-
proteases, are concentrated.(72) In recent years, another class of
actin-based cellular protrusion specialized for ECM proteolysis
has been the subject of intense 3D cell motility studies. This
class is called podosomes or invadopodia, and they are usually
found on the ventral surface of 2D cultured cells (Fig. 2b).
Monocyte-derived lineages, including macrophages, lympho-
cytes, and osteoclasts, form these protrusions under physiologi-
cal conditions, and the name ‘‘podosome’’ is preferentially used
in this situation. In contrast, the ‘‘invadopodium’’ usually refers
to the protrusions that resemble podosomes but are abused by
cancer cells for invasion.(10) We can easily observe invadopodia
in Src-transformed fibroblasts and in some malignant cancer
cells.(6,10,73) On 2D substrates, podosomes ⁄ invadopodia appear
as microscopically discernible actin dots; in some cases, these
dots coagulate to form ring-like structures (called rosettes) at
cell–substrate contact sites (Fig. 3c,d). Importantly, there is
experimental evidence of extensive ECM proteolysis by podo-
somes ⁄ invadopodia.(74,75) Various proteases, including matrix
metalloproteases,(76) cathepsins,(77) and ADAM (a disintegrin
and metalloprotease) family proteases,(78) are known to be con-
centrated in podosomes ⁄ invadopodia. This proteolytic activity
of podosomes ⁄ invadopodia plays an important role for some cell
types’ migration in 3D; for example, inhibiting the formation of
podosomes impairs macrophage migration in 3D ECM but not
on 2D glass surfaces.(79)

The actin-rich core structure of podosomes ⁄ invadopodia is
essential for their maintenance. This structure contains a variety
of actin regulatory proteins involved in actin polymerization,
cross-linking, and filament turnover. Filamentous actin at the
core is mainly supplied by (N-)WASP ⁄ WIP and Arp2 ⁄ 3 actin
polymerization machinery but not by WAVE complexes.(73,80–82)

N-WASP knockdown almost completely disrupts podosome ⁄
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invadopodium formation(73,82) and N-WASP, but not WAVEs,
intensely localizes in podosomes ⁄ invadopodia (Fig. 3c,d).
Cross-linking proteins such as a-actinin(81) and fascin(83) are
thought to strengthen the actin core structure, and proteins
that affect filament elongation and stability, such as formins,
Ena ⁄ VASP family, and ADF ⁄ Cofilin, induce rapid turnover of
actin in podosomes ⁄ invadopodia(10,84) Interestingly, the list
of molecules involved in the development of podosomes ⁄ invado-
podia is like that of focal adhesions. However, podosomes ⁄
invadopodia are believed to be distinct from what we call focal
adhesions. A striking difference is that podosomes ⁄ invadopodia
stably contain actin polymerizing factors, (N-)WASP and
the Arp2 ⁄ 3 complex, whereas focal adhesions do not.(73,81) This
difference has an important implication for the functionality
of podosomes ⁄ invadopodia: locally restricted rapid actin
polymerization generates protrusive force at the cell–substrate
interface causing cells to form a unique protrusive structure
that is different from the above-mentioned pseudopodia or
membrane blebs. Some cancer cells use invadopodia to invade
3D ECM, but how invadopodia are used (or not used) in conjunc-
tion with elongated and round-shape motility needs to be
clarified. Intriguingly, recent evidence suggests that invadopodia
are likely to facilitate elongated motility but not round-shape
motility.(83)

We previously found that PI(3,4)P2 accumulation at the
plasma membrane triggers localization signals where podo-
somes ⁄ invadopodia will form. Usually restricted to extremely
low levels of abundance at the plasma membrane, PI(3,4)P2 was
found to be enriched in podosomes ⁄ invadopodia, and PI(3,4)P2

production was revealed to be essential for their formation.(73)

Surprisingly, even after blocking actin polymerization by treat-
ing cells with latrunculin A, rosette-like plasma membrane struc-
tures rich in PI(3,4)P2 were still seen, indicating that PI(3,4)P2

production precedes actin assembly in podosome ⁄ invadopodium
formation. Phosphatidylinositol-(3,4)-bisphosphate recruits a
scaffolding protein, tyrosine kinase substrate 5 ⁄ five SH3
domains (Tks5 ⁄ FISH), which has a PI(3,4)P2-binding domain,
along with its binding proteins, such as N-WASP, adaptor pro-
tein Grb2,(73) and ADAM family proteases.(78) These molecular
interactions seem to be responsible for organizing the functional
podosome/invadopodium macrostructure. Originally found as an
Src-family kinase substrate, Tks5 ⁄ FISH has been shown to be
essential for podosome formation.(85) It is a unique molecule in
that it has five consecutive SH3 domains, all of which can bind
to N-WASP.(73) Since many SH3 domain-containing proteins,
when bound to the N-WASP proline-rich region, are known to
activate N-WASP,(8) Tks5 ⁄ FISH presumably unlocks and boosts
N-WASP activities just at the site podosomes ⁄ invadopodia are
formed, and evokes actin polymerization through Arp2 ⁄ 3 com-
plex activation, leading to the formation of mature podo-
somes ⁄ invadopodia. This sequential event emanating from
PI(3,4)P2 production may differentiate focal adhesions into
podosomes ⁄ invadopodia, as the PI(3,4)P2-rich plasma mem-
brane rings always preferentially appear near focal adhesions.(73)

WAVEs regulate actin dynamics at cell–cell junctions

Dynamic actin turnover at cell–cell junctions. Tight control of
cell–cell adhesion is instrumental to normal development and
maintenance of the shape of multicellular organs. Cancer cells
that originate from epithelia often weaken or abrogate cell–cell
adhesion prior to being locomotive as a single cell, and it has been
established that loss of cell–cell adhesion is one of the hallmarks
of cancer progression.(1,3,4) The epithelial cell–cell junction is a
polarized structure, in which cells are connected to each other
near the apical end of the lateral cell interface through specialized
adhesive structures called adherens junctions (AJs). The core
component of the AJ is the transmembrane adhesive receptor E-
2100
cadherin, whose ectodomain homophilically binds to other E-
cadherin ectodomains, and whose cytoplasmic tail is indirectly
connected to the perijunctional actin cytoskeleton. These linkages
are believed to be the central mechanism for generating an adhe-
sive force and the mechanical strength of AJs. The cytoplasmic
tail of E-cadherin binds to b-catenin, and b-catenin in turn associ-
ates with a-catenin. a-Catenin can directly bind to F-actin, sug-
gesting that a-catenin functions as a molecular bridge that
physically connects E-cadherin and F-actin. Thus, it had been tra-
ditionally believed that E-cadherin at mature AJs maintains sta-
tionary connection to perijunctional actin cytoskeletons through
a ⁄ b-catenins.(86) However, this view was challenged in 2005 by
the finding that reconstituted E-cadherin–catenin complex cannot
bind directly to F-actin.(87,88) Instead, these studies suggested that
F-actin shows a steady-state turnover at the junctions, and that E-
cadherin is likely to keep continuous but transient contact with
this dynamic actin network. Which molecule and what mecha-
nism coordinate these dynamic cadherin–actin interactions are
still unclear and under investigation.

WAVE2 dysfunction leads to loss of cell–cell adhesion
integrity. Perijunctional actin should be continuously polymer-
ized to sustain its steady-state turnover. The Rac-WAVE-Arp2 ⁄ 3
pathway(89) and the Rho-formin pathway(90) are proposed to
mediate the actin nucleation at cell–cell contacts. We previously
showed that the development of AJs is markedly delayed by
knockdown of WAVE2 (and, to a lesser extent, WAVE1) in
canine kidney epithelial cells.(89) A previous study showed
that E-cadherin ligation triggers Arp2 ⁄ 3-dependent actin poly-
merization at nascent adhesions.(91) Thus, the WAVE2-Arp2 ⁄ 3
pathway represents important signaling branches for de novo
actin polymerization at developing cell–cell contacts. Of course,
it should be realized that the development and maturation process
of cell–cell contacts might rely on mechanisms distinct from
those for maintenance and ⁄ or remodeling of cell–cell adhesion.
However, we speculate that WAVE2 is also involved in the
maintenance and remodeling of AJs for several reasons. First,
WAVE2 strongly localizes to the lateral wall of contacting
epithelial cells even after they form mature AJs (Fig. 3b). Second,
Tiam1, a Rac-specific RhoGEF, localizes to a similar area as
WAVE2, and Tiam1 is required for maintenance of cell–cell
adhesion.(92) Finally, constitutively active Rac1 can drastically
increase the number of actin filaments at mature cell–cell
junctions.(93) These observations suggest that activated Rac and
high concentrations of WAVE2 coexist at mature cell–cell
junctions, thereby continuously stimulating Arp2 ⁄ 3 complex-
mediated actin polymerization at the junction. In contrast to the
Arp2 ⁄ 3 complex, formins can induce unbranched actin fibers.
Thus, branched and unbranched actin populations are likely to
intermingle and constitute dense actin networks at cell–cell
contacts. Although the relative contribution of the Arp2 ⁄ 3
complex and formins for actin supply at AJs is unclear, these
two different actin nucleators seem to cooperatively maintain
steady-state actin turnover for cell–cell adhesion.

Actin regulation at AJs has significant impacts for cancer
dissemination. Of note, while homophilic cadherin ligation can
induce actin assembly at the perijunctional space,(91) the integ-
rity of the actin cytoskeleton is also required to establish proper
cadherin-based cell–cell adhesion.(94) Thus, not only loss-of-
function of E-cadherin, but also dysfunction in actin regulators
at AJs, could potentially accelerate metastatic progression.
Recently, Silva and colleagues(95) found that reduced expression
of the WAVE complex subunit Sra1 ⁄ CYFIP1 causes loss of
epithelial cell adhesion and promotes tumor progression, which
implicates Sra1 as a suppressor of invasion in epithelial cancers.
Silencing other WAVE complex components causes the same
phenotype as Sra1 knockdown in MCF10A mammary epithelial
cells, suggesting that Sra1 regulates epithelial morphology as
part of the WAVE complex. Thus, WAVE dysfunction is likely
doi: 10.1111/j.1349-7006.2010.01654.x
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to underlie the reduced cell adhesiveness, which contributes to
abnormal epithelial cell morphology and promotes the invasive
potential of epithelial cells.

Multiple levels of regulation of cancer invasion by WASPs
and WAVEs

As discussed above, WASPs are required for actin assembly in
invadopodium formation and possibly for bleb formation in
round-shape movement in 3D ECM. Invadopodia act not just as
protrusive cellular structures, but also as storage of proteases
and their secreting machinery for cancer cell invasion into the
ECM, suggesting that WASPs are multimodal promoters in can-
cer cell invasion. However, WAVE2 is required for formation
and stabilization of cell–cell adhesion in epithelial cells, pre-
sumably blocking the transition from epithelial to mesenchymal
phenotype. Thus, WAVE2 appears to act as a tumor suppressor
in epithelial-like benign tumors. However, WAVEs, especially
WAVE2, induce actin meshwork at the leading edge in single
elongated cells and enhance the invasive capacity of cancer
cells. Therefore, WAVE2 works as an invasion promoter once
cancer cells start to invade as a single elongated cell in a later
stage of cancer progression.

How can we reconcile these opposing effects of WAVE2 in
cancer invasion? It is generally believed that invasion and
metastasis of carcinoma are prompted by EMT, in which
specialized transcription factors known as EMT inducers down-
regulate epithelial genes, such as E-cadherin, and at the same
time upregulate mesenchymal genes to enhance single cell
motility and subsequent dissemination of tumor cells.(3) Recent
reports showed that the EMT-inducer zinc finger E-box binding
homeobox1 (ZEB1) is a crucial promoter of metastasis and
inhibits expression of the microRNA-200 (miR-200) family,
whose members are strong inducers of the epithelial pheno-
type.(96) Interestingly, ZEB1 not only represses epithelial
(a) (a′)

(b) (b′)

Fig. 5. Forced expression of Wiskott–Aldrich syndrome protein family ve
to disruption of E-cadherin-based cell–cell adhesion, indicating that WA
tumors. Enhanced green fluorescent protein (EGFP)-tagged WAVE2 (a) o
48 h after transfection, immunostained with anti-WAVE2 antibody (a¢
confocal microscopy. Cells expressing EGFP-WAVEs (green) are denoted
neighboring EGFP-WAVE3 overexpressing cells is disrupted, judged fro
concordance, WAVE2 is no longer accumulated at the dissociating cell–
WAVE2 expression (red in b¢). Bars, 10 lm.
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genes but also increases the expression of stem cell factors such
as Sox2 and Klf4 by downregulating the stemness-inhibiting
miR-203.(97) As described above, there are three WAVE
isoforms, WAVE1, WAVE2, and WAVE3. A role for WAVE3
is as yet unclear. However, it has been reported that there is a
significant correlation between the expression levels of WAVE3
and advanced stages of breast cancer, suggesting the function of
WAVE3 is a metastasis-promoting protein.(98,99) Surprisingly, it
was found that expression of WAVE3, but not of WAVE1 or
WAVE2, is controlled under the miR-200 family as is the case
for other EMT regulating factors.(100) The miR-200-mediated
downregulation of WAVE3 leads to a significant reduction in
the invasive potential of breast cancer cells. Loss of WAVE3
expression downstream of miR-200 also results in a dramatic
change in cell morphology resembling that seen in the mesen-
chymal-to-epithelial transition, a reverse process of EMT.(100)

These data indicate that EMT inducers, by repressing specific
classes of miRNAs (miR-200 family and miR-203), convert can-
cer cells to the the undifferentiated and stem cell-like state, and
WAVE3 may participate in increasing the mobility of those
stem cell-like cancer cells. We hypothesize that during EMT,
WAVE3, whose expression is repressed by the miR-200 family,
will be transiently expressed to antagonize WAVE2 at cell–cell
junctions and counteract cell–cell junction maintenance. We
postulate that the activities of WAVE isoforms are not equal in
lamellipodium induction and cell–cell adhesion formation,
which may be corroborated by the existence of isoform-specific
regulatory proteins, such as IRSp53 and cyclin-dependent kinase
5 (see above). Indeed, ectopic expression of WAVE3 in
T47D breast cancer cells induces EMT-like changes, as seen
in Figure 5, showing disintegrating E-cadherin-based adhesion
in WAVE3-expressing cells (Fig. 5b, arrowheads). This antago-
nism between WAVE2 and WAVE3 can be accomplished
by the following mechanism. Because WAVE isoforms share
components of the WAVE complex, WAVE3 overexpression
(a′′) (a′′′)

(b′′) (b′′′)

rprolin-homologous protein (WAVE)3 in T47D breast cancer cells leads
VE3 may function as an invasion promoter in some primary benign
r WAVE3 (b) are ectopically expressed in T47D cells. Cells were fixed
and b¢) and anti-E-cadherin antibody (a¢¢ and b¢¢), and observed by
by asterisks (*) in a¢ and b¢. Note that the cell–cell junction between
m the disappearance of E-cadherin staining (arrowheads in b¢¢). In
cell junction. These cells also show decreased endogenous levels of

Cancer Sci | October 2010 | vol. 101 | no. 10 | 2101
ªª 2010 Japanese Cancer Association



would lead to a reduction in the amount of WAVE2 and a
change in the ratio of WAVE isoforms expressed. The expres-
sion level of total WAVEs is adjusted or ‘‘capped’’ by the level
of the least expressed WAVE complex component, and excess
WAVEs that fail to form a complex are degraded in protea-
somes. We call this mutual relation the ‘‘isoform sequestration
model’’ (Fig. 6a). If Abi is least expressed and is later overex-
pressed, the expression level of total WAVEs is increased to that
of the second least expressed HSPC300 (far right panel in
Fig. 6a). Depletion of Sra1, as reported in some carcinomas,(95)

results in reduction of the expression level of total WAVE iso-
forms to that of the Sra1 homologue PIR121 ⁄ CYFIP2. Again,
when WAVE3 expression is increased, WAVE1 and WAVE2
are reduced to meet the levels of other proteins that comprise
the complex. This quantitative regulation of WAVE expression
levels may underlie the dual function of WAVE2 in invasion. In
the earlier stage of cancer progression, cancer cells inhibit
WAVE2 (possibly through WAVE3 overproduction or through
(b)

(a)

Fig. 6. (a) The isoform sequestration model. Wiskott-Aldrich syndrome
expression levels can be altered by three possible mechanisms. If WAVE3
successfully form the WAVE complex is decreased, and thus expression
from the genome (centre), the absolute amount of WAVEs is capped to
for example via chromosomal amplification, the total amount of WAVE
WAVE complex. Y-axis of bar charts corresponds to the amount of the i
cancer progression. The WASP homologue N-WASP affects 3D cell mo
cancer invasion: in the early phase of cancer progression, WAVE2 helps
However, at the later stage of progression, WAVE2 enhances elongated
WAVE2 activity in cancer cells invading in the elongated motility fashio
Abl-interactor; ARHGAP22, GTPase activating protein for Aplysia Ras
HSPC300, hematopoietic stem ⁄ progenitor cell protein 300; MMP,
phosphatidylinositol-(3,4)-bisphosphate; PIR121, 121F-specific p53 inducib
protein; Tks5 ⁄ FISH, tyrosine kinase substrate 5 ⁄ five SH3 domains. [Correc
motility RhoA activity is corrected to high, Rac1 activity is corrected to lo
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deletion of Sra1 ⁄ CYFIP1) to acquire dissociating abilities from
E-cadherin-mediated cell–cell adhesion. Later, some cancer
cells may restore WAVE2 activity (possibly through re-repres-
sion of WAVE3 or through overexpression of Abi) to increase
cancer cell motility, which leads to metastatic progression. We
summarize the inter-relation of WASP and WAVE family
proteins in cancer cell invasion and metastasis in Figure 6b.

Concluding remarks

During the last decade, we have seen dramatic advancements
in our understanding of WASPs and WAVEs in cancer cells.
However, we still do not have a clear-cut answer to the
question of which molecule in WASP and WAVE signaling
pathways could be targeted for anticancer drug development. It
is of note that ROCK inhibitor treatment shifts single dissemi-
nating cancer cells toward the WAVE2-dependent motility
mode (Fig. 6b), suggesting that WAVE2 and its associated
protein (WASP) family verprolin-homologous protein (WAVE) isoform
is overexpressed (left), the amounts of WAVE1 and WAVE2 that can

levels of WAVE1 and WAVE2 are reduced. If CYFIP1 ⁄ Sra1 is deleted
the level of CYFIP2 ⁄ PIR121. If least-expressed Abi is increased (right),
isoforms will be increased to the level of another component of the
ndicated protein. (b) Functional associations of WASPs and WAVEs in
tility through invadopodium formation. WAVE2 has dual effects on

to form cell–cell adhesion and thus suppresses cancer cell invasion.
cell motility and acts as an invasion ⁄ metastasis promoter. Inhibiting

n induces a mode-shift from elongated to round-shape motility. Abi,
-related homologue 22; EMT, epithelial-to-mesenchymal transition;
matrix metalloproteases; NckAP, Nck-associated protein; PI(3,4)P2,
le RNA; ROCK, Rho kinase; Sra1, 140 kDa specifically Rac1-associated
tion added after online publication 27 September 2010: Round-shape
w.]
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molecules, such as IRSp53, would be an attractive target for
anti-invasion drug development. The combined use of ROCK
inhibitors and drugs that block WAVE2 activity would be
effective against invasion of a broad spectrum of cancer cell
types. Alternatively, N-WASP inhibitors may block invasion of
some cancer types that rely mostly on invadopodia to invade.
However, to further validate WASP and WAVE family proteins
as anticancer targets, it is urgent to determine exactly what
contribution WASPs and WAVEs make in the various modes
of cancer invasion.
Kurisu and Takenawa
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