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Despite their homology, the regulation of WASP and
WAVE, activators of Arp2/3-dependent actin polymerization,
has always been thought to be different. Several recent
studies have revealed new aspects of their regulation,
highlighting its complexity and the crucial role of post-
translational modifications. New data also suggest addi-
tional functions for WASP family proteins, pushing us to
reconsider existing models.

 

Actin dynamics play an essential role in cell biology. They
control cell morphology, cell shape change, cytokinesis, and
cell motility. These processes are regulated by members of
the Rho family of small GTPases and by the Arp2/3 com-
plex. Rho proteins, specifically Rac and Cdc42, are activated
in response to many extracellular signals and are thought to
orchestrate the proper spatio-temporal activation of the
Arp2/3 complex, the main regulator, described to date, of
actin polymerization. Once activated, Arp2/3 initiates the
growth of a branching network of actin filaments that gener-
ates a protruding force. Branching has been proposed to occur
by either polymerization from the sides of preexisting actin
filaments or from their barbed end (for reviews see Pollard
and Borisy, 2003; Millard et al., 2004). Activation of Rac
and Cdc42 is relayed to Arp2/3 via the Wiskott-Aldrich
syndrome proteins (WASPs) (Pollard and Borisy, 2003).
WASP, the prototype of this family, was initially identified
as the product of the gene mutated in patients with Wis-
kott-Aldrich syndrome, an X chromosome–linked disease
characterized by immune disorders and thrombocytopenia
(Thrasher, 2002). Five WASP family members exist in
mammals: WASP, N-WASP, and three WASP family ver-
prolin homologous (WAVE) proteins. WAVE proteins are
also known as suppressor of cAMP receptor (SCAR) pro-
teins. A recent flurry of exciting papers highlights how struc-
tural differences within the WASP family appears to result
in major differences in their modes of regulation, and hence

their effects on Arp 2/3 activation. In this paper we will
review this recent work.

WASP family proteins are 

 

�

 

500 amino acids long and
have a common molecular organization (see Figs. 1 and 2).
They are characterized by the presence of three independent
domains at the carboxy terminus: the verprolin homology
(V) (a.k.a., WASP homology 2/WH2 domain), central (C),
and acidic (A) regions. Together, these domains form the so-
called VCA module that is necessary and sufficient to acti-
vate Arp2/3-dependent actin polymerization in vitro. The V
and A regions bind actin monomers and Arp2/3, respec-
tively. The C region also binds Arp2/3 and induces crucial
changes in its tertiary and quaternary structure, thereby reg-
ulating its ability to induce actin polymerization (Panchal et
al., 2003). Another feature common to all WASP family
proteins is the presence upstream of the VCA module of a
basic region followed by a proline-rich stretch known to
bind SH3 and WW domains. In spite of these similarities,
the five mammalian WASP family members can be divided
into two categories based on primary sequence homology
and functional data: the WASP-like proteins, including
hematopoietic WASP and ubiquitous N-WASP, and the
WAVE proteins. WASP and N-WASP possess a central
GTPase binding domain (GBD) and an NH

 

2

 

-terminal
WASP homology domain 1 (WH1), also called an Ena-VASP
homology domain 1 (EVH1) (Callebaut et al., 1998). By
contrast, WAVE proteins lack these domains but possess a
highly specific WAVE homology domain (WHD), also
known as a SCAR homology domain (SHD). This structural
divergence translates to significant variation in the activity
and regulation of WASP family proteins.

The primary difference in the activity of the WASP and
the WAVE proteins can be explained by their specificity
for small GTPases. WASP and N-WASP are direct, spe-
cific effectors of Cdc42 and are thought to mediate most
of the cytoskeletal effects of active Cdc42. By contrast,
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WAVE proteins play a major role in Rac-induced actin dy-
namics. WASP and N-WASP bind directly to GTP-bound
Cdc42, through their GBD, whereas WAVE proteins,
which do not contain a GBD, bind to Rac indirectly (for
reviews see Caron, 2003; Pollard and Borisy, 2003). Regu-
lation of WASP/N-WASP and WAVE protein activity is
also the result of structural variation. Under resting condi-
tions, WASP/N-WASP activity is autoinhibited via intra-
molecular interaction between the GBD and the VCA mod-
ules, preventing binding and/or activation of the Arp2/3
complex. Alternatively, when in a closed conformation, di-
rect binding of the basic-rich region to VCA bound Arp2/3
inhibits activation (Fig. 1, Prehoda et al., 2000). In either
scenario, relief from inhibition involves the cooperative
binding of active Cdc42 and phosphatidyl inositol 4,5-bis-
phosphate (PtdIns[4,5]P
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) to the GBD and the basic-rich
region, respectively (Fig. 1; Higgs and Pollard, 2001; Pol-
lard and Borisy, 2003). By striking contrast, WAVE pro-
teins, which lack a GBD domain, are constitutively active
in vitro and when overexpressed in cells (Machesky et al.,
1999; Miki et al., 1998). How then is WAVE activity reg-

ulated, both in resting conditions and upon activation of
Rac signaling?

The first protein thought to link WAVE2 specifically to
Rac was IRSp53 (Miki et al., 2000). However, IRSp53 was
found to have no major effect on WAVE2 activity in vitro
(Miki et al., 2000) but rather to be involved in the Cdc42-
induced, WAVE2-independent formation of filopodia (Krug-
mann et al., 2001; Suetsugu et al., 2003). Recently, WAVE1
purified from bovine brain extract was found to belong to a
pentameric complex, suggesting new models for its regula-
tion. The complex includes PIR121 (p53 inducible messen-
ger RNA), Nap1 (Nck-associated protein), Abi (Abl in-
teractor), and HSPC300 (Eden et al., 2002). Independent
studies have confirmed that in vivo

 

,

 

 WAVE1 and WAVE2
are engaged in a PIR121/Nap1/Abi/HSPC300 complex.
Moreover, both complexes can be reconstituted in vitro
(Gautreau et al., 2004; Innocenti et al., 2004; Steffen et al.,
2004). PIR121 is probably the link between the pentameric
complex and Rac, as it bears homology to p140Sra-1 (specif-
ically Rac1-associated protein), a Rac effector (Kobayashi et
al., 1998, Fig. 2). PIR121 is also likely to mediate the indi-

Figure 1. Model for N-WASP regulation. Under resting conditions, N-WASP is maintained in an inactive state in the cytosol. Autoinhibition 
is via interaction of the GBD and the C domain of the VCA module. Alternatively, direct interaction with the basic-rich region could inhibit 
the activity of a prebound Arp2/3 complex. In response to extracellular stimuli, N-WASP autoinhibition is relieved by the binding of GTP-bound 
Cdc42 and PtdIns(4,5)P2 (PIP2) or SH3 containing proteins (SH3). In the open conformation, N-WASP can be imported into the nucleus, 
where it may be retained by FBP11 and regulate gene expression. Alternatively, active N-WASP can stay in the cytosol. Phosphorylation by 
tyrosine kinases enhances the ability of N-WASP to activate the Arp2/3 complex in cooperation with F-actin, prevents its nuclear import, and 
may induce—in certain models—its degradation through the proteasome pathway.
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rect interaction between Nck and Nap1 (Kitamura et al.,
1996), which itself directly interacts with Abi (Gautreau
et al., 2004; Yamamoto et al., 2001). Finally, Abi links
PIR121/Nap1 to WAVE proteins through binding to their
WHD (Echarri et al., 2004; Gautreau et al., 2004; Inno-
centi et al., 2004). HSPC300 also interacts with Abi and
with the WHD of WAVE (Fig. 2; Gautreau et al., 2004).

The incorporation of WAVE proteins into the PIR121/
Nap1/Abi/HSPC300 complex has been proposed to main-
tain their stability (Fig. 2). In 

 

Drosophila

 

 cells, RNAi-medi-
ated ablation of any member of the complex, except
HSPC300, correlates with the degradation of WAVE via
the proteasome pathway (Kunda et al., 2003). Similarly,
p140Sra-1, Nap1, and Abi1 knock-down induce WAVE2
degradation in mammalian cells (Innocenti et al., 2004;
Steffen et al., 2004). Furthermore, the WAVE1 level is re-
duced in mouse embryo fibroblasts null for Abi2 and het-
erozygous for Abi1 (Echarri et al., 2004). Knocking out
PIR121 in 

 

Dictyostelium discoideum

 

 also induces WAVE
degradation (Blagg et al., 2003). Surprisingly, however,
WAVE2 is not degraded when reexpressed at physiological
concentration in p140Sra-1 knock-down cells (Steffen et al.,
2004). Although this may result from an aberrant turn-over
of the tagged protein, validation of the degradation mecha-
nism in more physiological conditions will have to await fur-
ther studies.

It was originally reported that within the pentameric com-
plex WAVE1 cannot stimulate Arp2/3 nucleation activity in
vitro; actin polymerization only occurred in the presence
of Rac or of the adaptor protein Nck, whose binding re-
sulted in the dissociation of PIR121, Nap1, and Abi from
a WAVE1/HSPC300 subcomplex (Fig. 2; Eden et al.,

2002). However, new data strongly challenge this transinhi-
bition model. Two studies independently reported that the
WAVE-containing complexes remain stable in vivo

 

,

 

 even af-
ter Rac activation (Innocenti et al., 2004; Steffen et al.,
2004). Furthermore, the PIR121/Nap1/Abi complex did
not inhibit the ability of WAVE1 or WAVE2 to activate the
Arp2/3 complex in vitro. Abi1 binding to WAVE2 even in-
creased its basal activity, whereas Rac had no measurable ef-
fect (Innocenti et al., 2004). The apparent discrepancies
between these two possible mechanisms of activation, disso-
ciation versus stable association, could be due to the differ-
ent experimental set-ups used: the WAVE-associated com-
plex was purified from tissue in one case (Eden et al., 2002)
and reconstituted from recombinant proteins in the other
(Innocenti et al., 2004). Potential post-translational modifi-
cation of members of the complex, or additional molecules,
could be crucial for the regulation of WAVE function and
could be missed in the latter system (Fig. 2).

As mentioned above, lowering the expression of any mem-
ber of the pentameric complex induces WAVE degradation.
This was originally suggested by the fact that depletion of
Abi, Nap1, and PIR121 homologues in 

 

Drosophila

 

 S2 cells
by RNAi induced a phenotype similar to the loss of WAVE
(Kunda et al., 2003; Rogers et al., 2003). Similarly, de-
pletion of p140Sra-1, Nap1, or Abi1 in mammalian cells
strongly inhibited Rac-induced lamellipodia and ruffle
formation (Innocenti et al., 2004; Steffen et al., 2004).
However, reexpression of WAVE by inhibiting proteasomes
in Abi-depleted S2 cells, or by transfecting WAVE2 into
p140Sra-1-deficient cells, was not associated with aberrant
F-actin structures as usually observed in WAVE-overexpress-
ing cells (Kunda et al., 2003; Steffen et al., 2004). There-

Figure 2. Model for WAVE regulation. In this model, WAVE constitutively interacts with the Arp2/3 complex. However, in resting conditions 
Arp2/3 is not activated, either because binding of WAVE to the PIR121-Nap1-Abi-HSPC300 complex prevents the interaction of WAVE-Arp2/3 
with an essential coactivator (e.g., F-actin) or because it is mislocalized. The involvement of an inhibitory protein, similar to Sla1 and Bbc1 
(indicated by ?, see text for details), has not been ruled out. Extracellular stimuli, through the activation or Rac or the mobilization of Nck, 
recruit the pentameric complex to the plasma membrane. WAVE activation requires its proper localization plus, in this model, the presence 
of F-actin and/or the release of the additional protein(s). Alternatively, a complex composed of WAVE, HSPC300, and Arp2/3 is released first, 
and then activation takes place in the presence of F-actin and the signal is terminated by the degradation of free WAVE proteins.
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fore, the integrity of the pentameric complex appears to be
required for the stimulus-induced, localized activation of the
Arp2/3 complex by WAVE proteins. This notion of integ-
rity is also supported by the fact that Abi1 knock-down not
only induces the degradation of WAVE2 but also PIR121
and Nap1 (Innocenti et al., 2004).

Crucially, in cells depleted for one constituent of the com-
plex, the remaining proteins (and particularly PIR121 in
Nap1 or Abi1 depleted cells) are not recruited to the cell
cortex upon Rac activation (Innocenti et al., 2004; Steffen et
al., 2004). This strongly suggests that WAVE-containing
complex is intrinsically active and that its recruitment is the
major regulatory step in WAVE-induced actin polymeriza-
tion in vivo. Surprisingly, despite a clear decrease in WAVE
protein levels, uncontrolled actin polymerization has been
associated with a PIR121 knock-out and Nap1 mutant cells,
respectively in 

 

Dictyostelium

 

 and 

 

Drosophila

 

 (Hummel et al.,
2000; Blagg et al., 2003). These contradictory results could
be the result of cellular context, for example the nature or
potency of the WAVE-activating stimuli or varying avail-
abilities of coregulators, e.g., actin filaments, in the various
systems. Certainly, much more work still needs to be done
in order to understand fully the function and regulation of
this complex.

Additional WAVE-binding partners that may well con-
tribute to the regulation of WAVE activity in cells have been
described. The basic-rich region of WAVE2 was recently
shown to bind PtdIns (3,4,5)P

 

3

 

 (Oikawa et al., 2004).
Mutagenesis of this region or Wortmannin treatment abol-
ished WAVE translocation to the leading edge and Rac-
induced ruffling suggesting that this could be a physiological
regulator. However, pharmacological inhibition of PtdIns
(3,4,5)P

 

3

 

 production should be interpreted with care since it
may affect the recruitment of additional proteins involved in
lamellipodia formation (e.g., Rac guanine nucleotide ex-
change factors [GEF] and cytoskeletal proteins). Further-
more, these experiments did not test the effect of mutagene-
sis or PtdIns (3,4,5)P

 

3

 

 binding on the integrity or activity of
the WAVE-containing complex. A WAVE-associated Rac-
specific GTPase activating protein (GAP) that binds to the
proline-rich region of WAVE1 has been identified and pro-
posed to be a signal termination factor for Rac, and thus
WAVE1, signaling (Soderling et al., 2002). The regulatory
subunit (RII) of cAMP-dependent kinase (PKA) interacts
with the V domain of WAVE1 in an isoform-specific man-
ner (Westphal et al., 2000). As binding of G-actin and RII
are mutually exclusive, this interaction could also inhibit
WAVE1 activity locally. Lastly, it is interesting to note that
Las17/Bee1, the budding yeast WASP homologue that, like
WAVE proteins, lacks a GBD and the autoinhibition mech-
anism, is inhibited through binding of two SH3-domain
containing proteins, Sla1 and Bbc1 (Rodal et al., 2003). Al-
together, these data indicate that intermolecular interactions
play a major, role in regulating the activity of WASP family
proteins toward the Arp2/3 complex.

Phosphorylation, another post-translational modification,
also regulates the activity of WASP-like proteins (for re-
view see Caron 2003). WASP is constitutively phosphory-
lated by caseine kinase 2 at the junction of the C and A
domains of the VCA module (Ser 483 and 484). Serine

phosphorylation strongly increases the affinity of the VCA
module for the Arp2/3 complex in vitro; it is also necessary
for the Cdc42-dependent induction of actin polymerization
by full-length WASP (Cory et al., 2003). Interestingly, these
serine residues are partially conserved in WAVE proteins
and, indeed, WAVE1 is constitutively phosphorylated on
serine/threonine residues in mouse fibroblasts (Miki et al.,
1999). Moreover, PDGF treatment induces WAVE1 phos-
phorylation on uncharacterized serine/threonine residue(s)
in a MAP kinase–dependent manner. The impact of such an
inducible phosphorylation on WAVE1 activity is unknown,
although it inhibits binding of the SH3 domain of Grb2,
suggesting that the phosphorylated residue(s) may lie within
the proline-rich region of WAVE1 and therefore outside the
VCA module (Miki et al., 1999). WASP and N-WASP (but
not WAVE proteins so far) are also phosphorylated on a ty-
rosine residue (Y291 and Y256, respectively) located within
the GBD region in response to a large number of different
extracellular signals (Fig. 1). Tyrosine phosphorylation re-
quires that relief of autoinhibition (e.g., through Cdc42
binding) has taken place and it is predicted to stabilize the
open conformation of WASP and N-WASP, significantly
enhancing their activity toward the Arp2/3 complex (Caron,
2003). Indeed, when overexpressed, a Y256E N-WASP mu-
tant is able to induce microspikes in COS-7 cells and neu-
rites in primary neurons (Suetsugu et al., 2002). Addition-
ally, phosphorylation on Y256/Y291, by Src, Btk, or focal
adhesion kinase (Wu et al., 2003), provides a docking
site for SH2 domain–containing proteins. This binding is
sufficient for WASP-induced actin polymerization in vitro
(Torres and Rosen, 2003). Several recent reports have sug-
gested additional roles for this post-translational modifica-
tion in the regulation of N-WASP stability and subcellular
distribution (Fig. 1). In neuronal cells, pharmacological in-
hibitors of the proteasome induce the accumulation of
Y256-phosphorylated N-WASP. Parallel experiments show
the Src kinase-dependent ubiquitination of N-WASP, sug-
gesting that tyrosine-phosphorylated N-WASP is degraded
by the proteasome pathway. However, this seemingly simple
regulation is complicated by the observation that phosphor-
ylated, ubiquitinated N-WASP is only degraded slowly in
cells growing neurites (Suetsugu et al., 2002). Additional ex-
periments should clarify the relationship between tyrosine
phosphorylation, ubiquitination and degradation of WASP
proteins. Phosphorylation of Y256 has also been claimed to
regulate exclusion of N-WASP from the nucleus (Suetsugu
and Takenawa, 2003). N-WASP is normally found both in
the cytosol and the nucleus, whereras the Y256E mutant is
essentially cytosolic (Suetsugu et al., 2002). Why cytosolic
mutants would be as active as physiologically activated,
membrane-localized N-WASP is puzzling. As phosphoryla-
tion potentiates the activity of open WASP/N-WASP mole-
cules (Cory et al., 2002; Suetsugu et al., 2002), it is possible
that only a small, undetectable fraction of the Y256E mutants
reaches the plasma membrane in resting conditions, whereas
the majority remains as an inactive, cytosolic pool capable of
mobilization upon stimulation. Nuclear localization and ex-
port sequences (NLSs and NESs, respectively) have been
identified immediately upstream of N-WASP Y256 and both
have been shown to be functional through mutagenesis ex-



 

Regulating WASP/WAVE |

 

 Bompard and Caron 961

 

periments (Suetsugu and Takenawa, 2003). NESs are con-
served in WASP, although their role has not been studied yet.
As expected from structural studies, exposure of the NLS/
NES sequences and localization of N-WASP to the nucleus
requires relief from autoinhibition. This exposes a putative
importin 

 

�

 

 NPI-1 binding site (Wu et al., 2003). Phosphory-
lation of tyrosine 256 would weaken the interaction between
open N-WASP and NPI-1 (Wu et al., 2003); it would also
expose the NES (Suetsugu and Takenawa, 2003), preventing
N-WASP accumulation in the nucleus.

What could be the role of N-WASP in the nucleus? Nu-
clear sequestration of N-WASP would clearly hinder its ac-
tivity toward the actin cytoskeleton. However actin, actin-
binding proteins, and Arp-related proteins have been found
in the nucleus and proposed to regulate chromatin remodel-
ling and RNA processing (Shumaker et al., 2003). It is thus
conceivable that nuclear WASP proteins could affect gene
expression by regulating the activity of these proteins. In line
with the latter, N-WASP has recently been shown to inter-
act with FBP11, a nuclear formin-binding protein involved
in spliceosome function (Mizutani et al., 2004). Nuclear
N-WASP has also been proposed to regulate gene expression
through interaction with the transcription factor HSTF1,
but the underlying mechanisms remain unclear (Suetsugu
and Takenawa, 2003).

Over the past few years, four major, partly overlapping,
levels of regulation of the activity of WASP family proteins
have been uncovered: interaction with binding partners; sta-
bility/degradation; phosphorylation; and subcellular distri-
bution. We now have a better understanding of how these
regulatory mechanisms are integrated to control the local-
ized activation of Arp2/3. Importantly, major progress has
been made in the understanding of WAVE regulation.
WAVE belongs to a conserved, multiprotein complex that
needs to be recruited to the cell cortex to mediate Rac-
induced, Arp2/3-dependent actin polymerization. The debate
currently focuses on whether the WAVE-containing com-
plex can intrinsically activate Arp2/3 in vivo. The pentam-
eric complex clearly plays a crucial role in the activation of
WAVE proteins in response to stimuli. However, this same
complex could inhibit WAVE activity in resting conditions,
by sequestering WAVE proteins from coactivators (e.g.,
F-actin). The exact function of individual WAVE isoforms re-
mains another unresolved issue. Isoform-specific differences
must exist, as WAVE1 and WAVE2 are involved in dorsal
and peripheral ruffle formation, respectively (Suetsugu et al.,
2003; Yamazaki et al., 2003; Yan et al., 2003). Future work
on the mechanisms controlling the localization and compo-
sition of the WAVE-associated complexes should clarify
these differences. In addition, investigating the role played
by each member of the complex on the activity of WAVE
proteins should help clarify isoform-specific differences and
may reveal exciting new aspects of WAVE regulation. Fi-
nally, study of the function and regulation of WAVE3 could
also help establish the common regulatory features of the
three WAVE isoforms.

In parallel, additional functions have been proposed for
WASP/WAVE proteins, which may or may not prove to be
related to Arp2/3 and actin polymerization. Both N-WASP,
WAVE, and Abi-1 can accumulate in the nucleus in certain

conditions, possibly to regulate nucleocytoskeleton dynam-
ics and thus gene expression (Echarri et al., 2004; Suetsugu
and Takenawa, 2003; Westphal et al., 2000). Interest-
ingly, kinases involved in the tyrosine phosphorylation of
N-WASP—and thus in its retention in the cytosol—are
mostly proto-oncogenes. Prevention of nuclear accumula-
tion of N-WASP could potentially be important for cell
transformation induced by these kinases. Nonetheless, un-
derstanding both the mechanisms underlying the shuttling
of WASP/WAVE proteins between nucleus and cytosplasm
and their nuclear function will be a major task.

Despite many differences regarding the regulation of
WASP and WAVE proteins, both categories of proteins
effect the localized activation of the Arp2/3 complex by
Cdc42 and Rac, respectively. Nonetheless, the number of
proteins that WASP/N-WASP and WAVE interact with
suggests multiple levels of regulation. The new data regard-
ing the regulation of WASP family proteins, the involve-
ment of post-translational modifications, and the possible
existence of Arp2/3-independent functions for these pro-
teins not only challenge many of our thoughts, they also
open up new fields of challenging research.
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