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WASP family proteins are nucleation promoting factors that bind to and activate the Arp2/3 complex in
order to stimulate nucleation of branched actin filaments. The WASP family consists of WASP, N-WASP,
WAVE1-3, WASH, and the novel family members WHAMM and JMY. Each of the family members con-
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Arp2/3 for them to be regulated in a spatiotemporal manner. Upon activation they reorganize the cytoskele-
w:\sli ton for different cellular functions depending on their subcellular localization and regulatory protein
WASH interactions. Emerging evidence indicates that WASH, WHAMM, and JMY have functions that require the
WHAMM coordination of both actin polymerization and microtubule dynamics. Here, we review the mechanisms
MY of regulation for each family member and their associated in vivo functions including cell migration,
vesicle trafficking, and neuronal development.
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1. Overview of WASP/WAVE signaling
1.1. Introduction

Actinreorganization in the cell is essential for muscle contractil-
ity and dynamic cell changes including endocytosis, migration, and
formation of protrusive structures such as filopodia and lamellipo-
dia. Actin monomers (G-actin) dynamically assemble into double
helices [1], forming filamentous actin (F-actin) that is further orga-
nized into bundled or branched arrays. The association of three
actin monomers is required for de novo actin polymerization, a
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critical step that is slow to occur with purified actin. In cells, this
process is potently accelerated by the regulated activation of cellu-
lar nucleation factors (e.g. the Arp2/3 complex, Spire, and formins).
This review focuses on recent advances in our understanding of
how the Arp2/3 complex is activated to potentiate new actin fila-
ment formation. The Arp2/3 complex binds to the sides of existing
actin filaments [2] and induces the nucleation of new filaments at
a70° angle [3]. This results in a dense meshwork of actin that accu-
mulates at the leading edge of migrating cells [4] and in dendritic
spines of neurons [5]. The Arp2/3 complex alone has low levels of
actin nucleation activity; however the addition of nucleation pro-
moting factors (NPFs), such as those of the WASP/WAVE family,
increases the rate of actin nucleation [6].

1.2. Domain architecture and regulation

WASP (or Wiskott-Aldrich syndrome protein) was originally
discovered as a mutated gene in Wiskott-Aldrich syndrome, a
recessive X-linked immunodeficiency disorder [7]. Since then, an
ever-increasing number of related proteins, categorized as class
I NPFs, have been discovered through sequence homology stud-
ies. Class I NPFs include WASP, N-WASP, WAVE1-3, WASH, and
the recently discovered WHAMM and JMY. Each of these proteins
is defined by a functionally important C-terminal domain that is
composed of a verprolin homology sequence, connecting sequence,
and acidic sequence (VCA domain, also called WA, WCA domains).
The verprolin homology sequence binds actin monomers, while
the acidic sequence binds to and induces a change in the confor-
mation of the Arp2/3 complex. This conformational switch results
in a rearrangement of two actin-related subunits in the hepta-
meric complex, Arp2 and Arp3 [8]. In combination with the actin
monomer(s) held by the verprolin homology sequence, these can
mimic the actin trimer that is needed to rapidly initiate cellular
actin polymerization.

There is debate over whether one or two VCA domains bind
to the Arp2/3 complex in order to induce activation, but evidence
appears to support a dimerization model. On one hand, reconstruc-
tion and crystallography studies have proposed that only one VCA
domain binds to the Arp2/3 complex, even in excess of VCA [9].
However, VCA dimerization appears to increase Arp2/3 dependent
actin polymerization [10]. While numerous cross-linking stud-
ies have shown that VCA does interact with the Arp2/3 complex
directly, variations on which subunits of the Arp2/3 complex are
responsible for VCA interaction have been reported (reviewed in
[10]). Modeling of a 2:1 VCA:Arp2/3 interaction addresses these
discrepancies [10]. Also, WASP VCA dimerization has been shown
to occur in vitro through sedimentation velocity analysis ultracen-
trifugation and light scattering experiments, as well as in vivo in
HEK293 cells [11]. Any of the aforementioned inconsistencies could
be due to variation between members of the WASP/WAVE family,
or could be contingent upon binding of other regulatory proteins.

1.2.1. WASP

While each member of the WASP/WAVE family contains a
conserved carboxy terminal sequence that potently activates the
Arp2/3 complex, their amino termini specify their individuality,
which endows each member with a unique ability to spatially and
temporally regulate branched actin nucleation (Fig. 1). For exam-
ple, WASP contains several other regulatory domains including an
WASP homology domain (WH1), a basic region, a GTPase-binding
domain (GBD), and a proline-rich domain (PRD). These domains
allow for regulation of activity both by autoinhibition and external
signals.

Structural studies demonstrate that WASP is autoinhibited by
the binding of the GBD to the VCA domain. This interaction pre-
vents full length WASP from binding with and activating the Arp2/3

complex [12]. The GBD binds to the switch I and a5 regions of
active GTP-bound Cdc42, allowing for distinction between multi-
ple GTPases [13]. Accordingly, neither Rac nor Rho releases WASP
autoinhibition [14]. Binding of Cdc42 to the GBD releases the VCA
domain from the GBD and allows WASP to activate the Arp2/3
complex.

WASP autoinhibition is also modulated by phosphorylation of
the GBD at tyrosine 291 [15]. In the autoinhibited structure, Y291
is inaccessible to tyrosine kinases. However, upon Cdc42 bind-
ing, the GBD is opened, allowing for phosphorylation of Y291
by SH2-containing tyrosine kinases, such as Src. Phosphorylated
WASP is able to promote Arp2/3-dependent actin nucleation in
vitro, independent of Cdc42 binding, suggesting phosphorylation
converts WASP into a constitutively active form that may func-
tion to potentiate the duration and magnitude of its cellular
signaling in vivo. Consistent with this possibility, overexpression
of a phosphomimic mutant of WASP, Y291E, induces filopodium
formation in macrophages [16]. Phosphorylation at Y291 also pro-
motes WASP ubiquitination at lysine 76 and lysine 81, both within
the WH1 domain [17], providing a posttranslational mechanism
to negatively regulate WASP in vivo. In addition to tyrosine phos-
phorylation, two serines, S483 and S484, which lay between the C
and A domains, may also be subject to phosphoregulation. Serine
phosphorylation at these sites by casein kinase 2 results in a 7-fold
increase in binding affinity between WASP and the Arp2/3 complex
and significantly accelerates actin polymerization and nucleation
in vitro [18].

Due to the modular domain structure of WASP, our understand-
ing of WASP regulatory mechanisms continues to evolve and is
becoming increasingly multifaceted. WIP (WASP-interacting pro-
tein) was identified in a yeast two-hybrid screen to search for novel
WASP binding proteins and was confirmed to directly interact with
WASP both in vitro and in vivo [19]. WIP binds to the WH1 domain
and appears to functionally accelerate WASP-dependent actin poly-
merization, perhaps through its ability to also bind profilin, an actin
monomer binding protein. WIP also stabilizes WASP and protects
it from calpain-induced degradation both in vitro and in activated T
and B cells [20]. Moreover, WASP expression levels are decreased in
the lymphocytes of WAS patients with missense mutations in the
WH1 domain, indicating that the stabilizing effect of WIP binding
may be critically important for WASP expression levels in vivo.

1.2.2. N-WASP

Neural-WASP (N-WASP) shares high sequence homology and
domain organization with WASP, yet it is regulated by its own
specific binding partners within the N-terminus. N-WASP overex-
pression in COS7 cells results in formation of long spiky filopodia
dependent on Cdc42 activation, linking N-WASP to Cdc42 signaling
to Arp2/3 [21]. It also contains a slightly modified C-terminal tail
containing two verprolin homology sequences within its VCA tail
(VVCA) which increases its potency for Arp2/3 activation when
compared to WASP or WAVE [22]. This suggests that the dual ver-
prolin homology domains induce more potent changes in the actin
cytoskeleton than single verprolin homology domains. N-WASP is
ubiquitously expressed [23] and because of its more potent VVCA
domain it must be tightly regulated to prevent unwanted abnor-
malities in cell morphology and motility.

Like WASP, N-WASP is autoinhibited through interactions
between the GBD and the VCA domain (Fig. 2a). This regulation,
however, appears to be modified by phosphatidyl-inositol (4,5)-
bisphosphate (PIP, ), which binds the basic domain of N-WASP in a
synergistic fashion with Cdc42 [24,25] (Fig. 2b). Alone, N-WASP is
in a tight autoinhibitory conformation in which both the GBD and
the basic domains are partially occluded. Binding of either Cdc42
or PIP; results in a loosening of the inhibited conformation and
allows the other to bind cooperatively, amplifying and coordinating
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Fig. 1. Domain structures of WASP family proteins. All of the WASP family members exhibit a proline rich region and a VCA tail in the C-terminus, but contain unique N-
termini. WH1: WASP Homology domain, B: Basic domain, GBD: GTPase binding domain, PRD: Proline rich domain, V: Verprolin homology, C: Connecting sequence, A: Acidic
sequence, WHD: WAVE homology domain, WAHD1: WASH Homology domain, TBR: Tubulin binding region, WMD: WHAMM membrane-interacting domain, N: N-terminal

region.

membrane and GTPase signals involved in N-WASP regulation [24].
Furthermore, in vitro cross-linking and sedimentation studies have
provided evidence that, at high concentrations, N-WASP forms self-
assembled dimers that can inhibit its activity in trans [26].
N-WASP and WASP are also alike in that N-WASP is phospho-
rylated by Src family kinases [27]. Fyn phosphorylates N-WASP on
tyrosine 253 (Y253), resulting in a PIP,- and Cdc42-independent
activation mechanism. Phosphorylated N-WASP is, however, sus-
ceptible to ubiquitin-dependent proteasomal degradation. Thus,
depending on the conditions of the cell, regulation of N-WASP can
be both positively and negatively controlled by phosphorylation.
In addition to activation by PIP,, Cdc42, and Src family kinases,
N-WASP can also be activated by WASP interacting SH3 protein
(WISH) and the adaptor protein GRB2 via their SH3 domains. WISH
contains a proline rich sequence that is also bound by GRB2 (which
is possesses two SH3 domains), strengthening these interactions
within an N-WASP complex. WISH binds to N-WASPs proline rich
domain and enhances Arp2/3 complex activation, even when coex-
pressed with an N-WASP mutant lacking the ability to bind to Cdc42
[28]. Surprisingly, WISH retains the ability to activate the Arp2/3
complex independent of N-WASP, indicating WISH may stimulate

A. B.
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Arp2/3 by regulating other NPFs as well. GRB2 appears to also
potentiate the activation of Arp2/3-dependent actin polymeriza-
tion by preferentially binding to N-WASP in its monomeric and
active form, preventing the trans inhibition of N-WASP activity [26].

1.2.3. WAVE

WAVE was simultaneously discovered as a Dictyostelium dis-
coideum homolog to WASP that acted as a suppressor of cAMP
receptor signaling (termed Scar in this paper) [29] as well as a human
homolog of WASP and N-WASP (WASP family Verprolin homol-
ogous protein-WAVE) that reorganized actin downstream of Rac
[30]. Three isoforms of WAVE, WAVE1-3, exist that all contain a
basic domain, a proline rich region, and a VCA domain as found
in WASP and N-WASP. Importantly, WAVE proteins, unlike WASP,
have basal actin nucleation activity [31] and possess an N-terminal
WAVE homology domain (WHD) instead of the GBD [29]. There-
fore, WAVE proteins are regulated in a manner that is quite distinct
from WASP and N-WASP.

It is now known that WAVE is sequestered in a pro-
tein complex, the WAVE Regulatory Complex (WRC), composed
of Sral (Specifically Rac binding protein 1, also known as

Buipuig
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Fig. 2. Regulation of WASP family proteins. (a) WASP and N-WASP are autoinhibited through intramolecular interactions between the GBD and VCA domain. (b) This
autoinhibition can be released upon Cdc42 or PIP, binding, or upon phosphorylation (phosphorylation sites marked with stars). Dimerization of VCA domains and interactions
with the Arp2/3 complex leads to robust activation of branched actin nucleation. WASP can also self-dimerize in an inhibitory manner (not shown for clarity). GRB2 binds
to the PRD and stabilizes the active WASP proteins. (c) WAVE and WASH proteins are sequestered in regulatory complexes, termed WRC and SHRC respectively. The VCA
domain of WAVE is sequestered in a complex with Sral. Rac1 binds to Sral to induce a conformational change that releases the VCA domain to allow for Arp2/3 activation.
The SHRC makes up a structurally related inhibitory complex that is thought to behave in a similar manner.
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CYFIP1), Nap1 (Nck-associated protein 1), HSPC300 (hematopoi-
etic stem/progenitor cell protein 300), and Abi-1 (Abl interactor 1,
also known as e3B1) [32] (Fig. 2c). Whereas WASP and N-WASP
are activated by Cdc42 through the GBD, WAVE is activated by
Rac in an indirect mechanism through the WRC. Constitutively
active Rac promotes translocation of WAVE from the cytosol to
the plasma membrane in cells [30] and Sra-1 is a direct Rac
effector linking active Rac and WAVE proteins. Sra-1, a 140kDa
protein, was initially identified in a screen using affinity chro-
matography to isolate proteins bound to Rac-GTPyS [33]. In a
similar but independent screen for Rac effectors, Nap1 was iso-
lated along with multiple other proteins including Sra-1 [34].
Both Sra-1 and Nap1 are essential in Rac-dependent lamellipodia
outgrowth [35].

Sra-1, Nap1, and Abi-1 associate with WAVE in both resting and
Rac-activated melanoma cells [35]. These proteins were identified
in a tandem mass spectrometry identification assay of proteins
associated of WAVE2, further supporting the formation of these
proteins into a stable complex [36]. WAVE1 was also found to inter-
act with Sra-1 and Nap1, along with HSPC300 [32], and evidence
suggests that all three WAVE isoforms behave in a similar manner
within the WRC [37]. Structurally, Nap1 and Abi-1 provide the core
of the complex [38], with Abi-1 binding to the WHD of WAVE1
[36]. Sra-1 binds directly to Nap1 and HSPC300 binds to Abi-1
[38]. Rac appears to activate WAVE through the indirect interac-
tion with WRC members, in contrast to WASP and N-WASP which
directly bind Cdc42. In addition, recent evidence demonstrates
that WRC is activated by Rac and Arf GTPases in a cooperative
manner in vitro [39], with Arf being able to bind both Sra-1 and
Nap1. Cooperative activation of WAVE proteins by Arf and Rac
isoforms could be important since several lines of evidence indi-
cate that cell migration and membrane ruffling require coordinated
Arf and Rac signaling [40,41]. Additional indirect mechanisms
may also exist to regulate WAVE proteins. For example, WAVE2
can indirectly bind with Rac through insulin receptor substrate
p53 (IRSp53), possibly providing a supplementary regulation
mechanism [42].

The molecular mechanism by which active Rac releases WAVE
inhibition by the WRC has been a topic of active research. In vitro,
the WRC diminishes the ability of WAVE1 to promote actin nuclea-
tion [32], suggesting that the complex has an inhibitory effect.
However, in 293T cells, expression of either constitutively active
or dominant negative Rac1 does not disrupt the WRC [36], provid-
ing in vivo evidence that the complex does not dissociate upon Rac
activation. In addition, experiments in Drosophila cell lines show
that the complex is involved localization of WAVE within the cell
and protects WAVE from degradation from the proteasome [43].
Structural analysis shows that the V and C regions of the VCA bind
to Sral, preventing WAVE from binding to actin monomers. Upon
Rac activation, the complex undergoes a conformational change,
releasing the VCA domain from the WRC such that it can interact
with actin monomers and the Arp2/3 complex [44]. This model of
WAVE regulation is supported by evidence that the WRC pentamer
is inactive in vitro, but a WAVE:Abi-1:HSPC300 complex that lacks
Sra-1 and Nap-1 is active [11].

The mechanism of activation of WAVE1 by Rac via the WRC
is subject to an additional layer of regulation by WRP (WAVE-
associated Rac-GAP protein) [45]. WRP contains a C-terminal
SH3 domain that binds to the proline-rich region of WAVE1. It
also contains a central Rho-family GAP domain that selectively
promotes the intrinsic GTPase activity in Rac, causing Rac to
hydrolyze GTP and become inactive [45]. WRP exhibits an IF-
BAR domain as well [46], a phosphoinositide lipid-binding domain
that remodels membrane morphology to promote outward protru-
sions. Thus, WRP appears directly link the regulation of signaling
to WAVE1 with changes in membrane topology, allowing for

tighter control of WAVE1 activation of Arp2/3 at the plasma
membrane.

1.2.4. WASH

WASH (WASP and Scar Homolog) is a recently characterized
addition to the family that contains a C-terminal VCA domain that
also functions to activate the Arp2/3 complex. WASH also has a
proline-rich region, but exhibits two N-terminal WASH homology
domains that are evolutionarily conserved within WASH orthologs
of other species [47]. WASH may exist in multiple subcellular sites
within cells. For example, WASH colocalizes with actin in filopodia
and lamellipodia in Cos7 cells [47] and interacts with the Arp2/3
complex [48,49]. Additionally, other studies show that WASH exists
in cytoplasmic puncta that colocalize with transferrin and EAAT,
markers for sorting and recycling endosomes, suggesting it may
modulate Arp2/3 during receptor trafficking.

Like the WAVE proteins, WASH does not appear to be regu-
lated by an autoinhibitory mechanism. Instead it functions in a
pentameric complex (the WASH Regulatory Complex, or SHRC)
containing Strumpellin, FAM21, SWIP, and CCDC53 that appears
to be functionally very similar to the WRC that mediates WAVE
protein inhibition and activation [50] (Fig. 2c). Proteomic studies
also suggest that CapZ, an actin capping protein, is included in the
SHRC complex, and this may be important to regulate the stability
of WASH as siRNA to a CapZ subunit results in WASH degradation
[51]. However, other studies suggest that the FAB21 subunit of the
SHRC binds to and inhibits the actin capping property of CapZ, but
that CapZ itself is dispensable for WASH regulation [30,32]. FAM21
may be an important complex member for regulating WASH activ-
ity in cells since it affects SHRC localization through its C-terminus,
potentially through interactions with phospholipids in endosomes
[52].

Although the SHRCis composed of proteins that are distinct from
those of the WRC, the functional and structural similarities between
the two are quite remarkable. For example, electron microscopy
of purified SHRC suggests the overall structural topology of the
complex is quite similar to the organization of the WRC. Biochem-
ically, SWIP and Strumpellin share a degree of sequence identity
to Sra-1 and Nap1, respectively. All four of these proteins are also
predicted to form helical structures, which are thought to interact
with the predicted N-terminal coil-coiled structures of WASH and
WAVE. In support of this notion, a WASH mutant lacking the WASH
homology domains was unable to form a complex with any of the
aforementioned proteins in vitro. Additionally, WASH has intrinsic
actin nucleation activity that is inhibited in the SHRC in vitro [50].
This strongly suggests the SHRC may inhibit WASH until activated,
much like the case for the WRC and Rac regulation of the WAVE pro-
teins. However, more evidence is needed to confirm this function
for the SHRC in vivo.

If the SHRC inhibits WASH, then how is it activated? At least in
the case of Drosophila WASH, it may be activated downstream of
the small GTPase Rho [48]. This interesting because it suggests the
possibility that the Arp2/3 complex can be activated downstream of
Cdc42 (WASP and N-WASP), Rac (WAVE1-3), and Rho (WASH), all
of which are intricately involved in cytoskeletal signaling. In addi-
tion to inducing branched actin nucleation via Arp2/3 activation,
Drosophila WASH can also bundle F-actin and microtubules in vitro.
In vivo, Drosophila WASH appears to play a role in oogenesis and
deficiencies in WASH lead to smaller eggs and sterile females. More
work is needed to understand how the loss of WASH leads to these
abnormalities via its effects on actin or microtubules. Additionally,
it is unclear whether mammalian WASH is activated downstream
of RhoA, or other as of yet unidentified GTPases [50]. Given the
potential role of WASH in regulating vesicle trafficking (Section 2.2)
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it seems possible that it will be regulated by GTPases other than the
canonical Rho/Rac/Cdc42.

1.2.5. Novel WASP family members WHAMM and JMY

WHAMM (WASP homology associated with actin, membranes,
and microtubules) was initially categorized as a WASP family pro-
tein through sequence homology searches for the VCA domain [53].
It is present in vertebrates, but not in C. elegans or Drosophila orga-
nisms, indicating it has evolved more recently than other family
members. Interestingly, like N-WASP, WHAMM encodes two ver-
prolin homology sequences (VVCA) as well as a proline rich domain
that likely serves as a docking site for other proteins that con-
tain proline-binding domains such as the SH3 domain. However,
WHAMM also has an N-terminal domain that bears no sequence
homology to any other WASP family proteins. This N-terminal
domain targets WHAMM to the Golgi apparatus and is thus termed
the WHAMM membrane-interacting domain (WMD). WHAMM
also possess a coiled coil region that binds to microtubules and upon
binding to microtubules, the C-terminal VVCA domain is hidden,
preventing WHAMM from interacting with the Arp2/3 complex
[54]. This suggests that WHAMM activity is directly controlled by
the microtubule cytoskeleton and implicates crosstalk between the
microtubule and actin cytoskeletons.

JMY (junction-mediating and -regulatory protein) was not orig-
inally identified as a potential regulator of the actin cytoskeleton;
rather it was initially found as a transcriptional cofactor for p53
[55]. However it was subsequently realized to also contain a VCA
domain containing three verprolin homology sequences (VVVCA)
and a proline rich domain [56], as well as two unexpected nuclear
localization signals (NLS), one of which is within the VVVCA
domain. Similar to WHAMM, it contains a coiled-coil domain and
a unique N-terminal region. In vitro J]MY assembles unbranched
actin filaments, most likely by using its three verprolin homol-
ogy domains to sequester actin monomers in a nucleation type
organization to spur new actin filament polymerization. It can also
activate the Arp2/3 complex and induce the formation of branched
actin filaments [56], suggesting that JMY may either act as a mul-
tifunctional organizer of different actin structures, or be regulated
in a way that would allow JMY to create branched or unbranched
filaments depending on its localization and cellular conditions. JMY
localization may be regulated by G-actin concentration within the
cytoplasm. When cells are more motile and actin monomers are
plentiful, the VVVCA domain binds actin monomers, masking the
second NLS and preventing importin binding [57]. This allows JMY
to become highly localized to the leading edge where its effects
on actin may be mediated [56]. However, upon DNA damage,
monomeric actin is sequestered in filamentous form, preventing
their binding to JMY and defaulting JMY to the nucleus by importins
[57].

2. Biological effects
2.1. Dynamic membrane protrusion

Probably the most well studied role of endogenous WAVE
proteins is the formation of lamellipodia and Rac-induced ruf-
fling around the leading edge of fibroblasts [30]. According to
the dendritic nucleation model, WAVE is recruited and activated
at the membrane, resulting in the growth of the actin mesh-
work that extends the membrane. This dynamic actin regulation is
important in the motility of migrating cells. Chronically wounded
tissue, for example, has decreased WAVE protein expression com-
pared to cells surrounding acute wounds, presumably leaving cells
unable to migrate and promote healing properly [58]. Furthermore,
WASP and WAVE proteins, as well as their interactors, have been

implicated in various cancers in various stages [59]. For example, in
early cancer stages WAVE2 suppresses cell invasion by promoting
cell-cell adhesion. However, in later cancer stages, WAVE2 pro-
motes elongated cell morphology and motility, corresponding to
an increase in metastasis.

Consistent with the deficiencies in WAVE leading to migratory
defects, upsetting the balance of WAVE regulators results in sim-
ilar repercussions. WRP, the WAVE-associated Rac-GAP protein,
has recently been tied to proper migration of neuronal precur-
sor cells from the ventricular region into the rostral migratory
stream and olfactory bulb. Mismigration of these precursors due
to genetic knockout of WRP leads to blockage of the cerebral aque-
duct and, in most cases, obstructive hydrocephalus [60]. Therefore,
it is likely that proper regulation of WAVE and WASP proteins may
be important in migration rates and also accurate responsiveness
to environmental factors that guide their directionality.

External cues can lead to other dynamic cell morphology dif-
ferences. N-WASP, for example, is involved in phagocytosis that is
marked by increased actin dynamics. N-WASP is recruited to the
plasma membrane by Nck and, upon activation by Cdc42, induces
actin polymerization so engulfment of foreign particles can occur
[61]. Interestingly, N-WASP mediated signaling may continue to
guide the engulfed vesicle (see Section 2.2) after phagocytosis and
internalization has occurred.

2.2. Internalization, endosomes, and vesicle trafficking

WASH, N-WASP, and WHAMM appear to coordinate actin poly-
merization with vesicle trafficking (Fig. 3a). WASH, for example,
is thought to play an important role in recycling and sorting
endosomes. FAM21, one of the SHRC complex members, interacts
with phospholipids and VPS35, a cargo-selective protein associ-
ated with retromers, and may be responsible for recruiting the
SHRC to endosomes [62]. WASH associates with endosomes con-
taining transferrin receptor and EAA1, which marks recycling and
early endosomes, respectively. In addition, it colocalizes with Rab4,
Rab11, and Rab5, corresponding to fast and slow recycling vesicles,
and early endosomes respectively. WASH also promotes Arp2/3
dependent actin polymerization at endosomes in a microtubule
binding dependent manner. When WASH is abrogated, transferrin
collects in long tube-like membrane projections emanating from
the endosomes. These projections are associated with microtubules
and their presence delays EGF transport to late endosomes [49],
suggesting that WASH may play a role in fission of recycling vesi-
cles off of endosomes [51]. This may play a critical role in regulating
important cell functions as recently, WASH and the Arp2/3 complex
were found to play a positive role in trafficking of integrins to the
membrane. Interestingly, WASH deficient cells showed decreased
adhesion and a corresponding increased cell motility in wound
healing assays [63].

Interestingly, N-WASP appears to enhance clathrin-mediated
endocytosis in addition to also regulating endosome trafficking. In
yeast there is good evidence that actin polymerization is required
for endocytosis, yet the role of actin in mammalian cells is less clear
[64]. Despite this, actin and Arp2/3 localize to clathrin-coated pits
in mammalian cells, and loss of N-WASP impairs the endocytosis of
receptors such as epidermal growth factor receptor [65]. Addition-
ally, like WASH, N-WASP colocalizes with motile endosomes in vivo.
However, instead of affecting endosome shape in a microtubule-
dependent manner, N-WASP activates Arp2/3 dependent actin
nucleation in conjunction with adaptor proteins Nck and Grb2
and creates an actin comet tail that “rockets” endosome vesicles
through the cytoplasm. This activity is induced by elevated levels
of PIP, at the endosome membrane that may bind the basic region
of N-WASP, but the function (if any) of Cdc42 at the endosome is
unclear [66].
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Fig. 3. Cellular roles of WASP family proteins. (a) WASP family proteins coordinate membrane and cytoskeletal events, such as migration, endocytosis, and vesicle transport.
WAVE and JMY play roles in cellular motility at the leading edge. WASP and N-WASP are involved in phagocytosis and endocytosis. N-WASP also leads to endosomal
“rocketing”. WASH is responsible for pinching recycling vesicles off of endosomes, and WHAMM is essential for proper anterograde transport from the ER to the Golgi;
both of these processes require interactions with microtubules. (b) WASP family proteins are involved in several aspects of neuronal development, including differentiation,
migration, neurite outgrowth and myelination. In mature neurons, WASP and WAVE proteins are involved in the development and morphology of dendritic spines.

While WASH and N-WASP have been shown to affect endosome
transport and maturation, WHAMM may play a role in ER/Golgi
transport [53]. WHAMM associates peripherally with the Golgi
apparatus and induces actin polymerization in an Arp2/3 com-
plex dependent manner. Overexpression or depletion of WHAMM
in Cos7 and Hela cells leads to disruption, dispersal, and abnor-
mal morphology and function of the Golgi apparatus. This suggests
that tight control of WHAMM expression may be required for
proper Golgi morphology and function. WHAMM colocalizes and
assists with the movement of tubular structures out of the
endoplasmic reticulum during anterograde transport, contingent
upon actin and microtubule dynamics. However, Arp2/3 com-
plex activity only appears necessary for stabilizing membrane
tubulation during transport and is not essential for transport of
smaller vesicles. Further work is needed to elucidate exactly how
WHAMM functions mechanistically in vesicular transport. Stud-
ies on the mechanism of WHAMM in this process may shed light
on the complexity of cytoskeletal regulation between actin, micro-
tubules, and membranes in the process of endosomal and vesicle
trafficking.

2.3. Neuronal development

Dendritic spines serve as the primary postsynaptic structure for
excitatory neurotransmission. They are incredibly small structures
whose cytoskeleton is almost exclusively composed of actin fila-
ments. They develop from filopodia that initially emerge from the
dendritic shaft during the first weeks after birth and mature upon
contact with pre-synaptic axons. Regulation of actin is not only
critical for initial spine development and maturation, but is also
thought to underlie the mechanisms of synaptic plasticity impor-
tant for brain function. Synapses respond to neurotransmitters to
positively and negatively modulate synaptic strength, and their
morphology changes as the strength of their synaptic efficacy is
modified. These can be long-lasting changes and are termed long
term potentiation (LTP) and long term depression (LTD) [67]. LTD is
dependent on actin depolymerization and results in a decrease in
spine volume and a functional weakening of the synapse, whereas
LTP induction stimulates actin polymerization and results in rapid
increase in spine volume and strengthening of the synapse.

To further understand how synaptic plasticity takes place, we
must first understand the resting state of a dendritic spine. Den-
dritic spines are dynamic structures [68], suggesting that the spine
is not quiescent at resting state, but instead is regulating actin
signaling pathways to keep the spine primed for action. Fluo-
rescence recovery after photobleaching (FRAP) analysis in spines
expressing GFP-actin shows that nearly 85% of the actin in dendritic
spines is dynamic, and that the faction of “stable” actin filaments is
relatively low [69]. Supporting this, the motility of spines is rapidly
decreased upon treatment with the actin polymerization inhibitor
cytochalasin D [70]. This suggests that dendritic spine motility is
due to constant actin remodeling and polymerization.

Actin treadmilling, the depolymerization of linear actin fila-
ments at one end at approximately the same rate as polymerization
at the other, does not seem like a plausible explanation for the high
dynamics of the spine membrane. The treadmilling model does not
fully account for the force that would be necessary to push out a
membrane as seen in the leading edges of cells [71]. However, sev-
ering and nucleation of actin filaments seems to be plausible as a
meshwork of actin would be much more stable than individual fil-
aments. Thus, the regulation of the WASP family and their ability
to activate Arp2/3 dependent actin polymerization is likely to be
critical for proper neuronal development.

Several lines of experimental evidence support this likelihood
(Fig.3b). For example, WRP is disrupted in a balanced chromosomal
translocation in a patient with 3p-syndrome, which is character-
ized by several cognitive impairments and mental retardation [72].
Neurons transfected with WRP show decreased neurite outgrowth
[45]and WAVET1 knockout neurons exhibit abnormalities in growth
cone morphology [73]. WRP knockout mice show decreased den-
dritic filopodia and excitatory spine density [46]. However, WRP
does not seem to be required for spine maintenance. Accordingly,
WRP knockout mice show cognition impairments in the novel
object test, Morris water maze reversal, and passive avoidance.

Analogous to the neurological problems resulting from WRP
deficiencies, WAVE-1 knockout mice also have motor and learn-
ing/memory disabilities compared to wildtype mice [74]. This may
arise from multiple synaptic deficits associated with the loss of
WAVE1. Neurons from WAVE-1 knockout mice, as well as knock
in mice expressing a WRP-binding deficient mutant of WAVET,
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exhibit decreased spine density in the hippocampus and cor-
tex, decreased LTD, increased LTP, and increased NMDAR:AMPAR
ratios [73]. These results suggest that WRP and WAVET1 signaling
complex is important for multiple aspects of excitatory synapse
function.

Although WAVE is clearly regulated downstream of Rac
signaling, other signaling mechanisms may also be at play to influ-
ence its ability to modulate dendritic spines. For example, WAVE-1
also interacts with Cdk5/p35 and its ability to activate the Arp2/3
complex may be inhibited by Cdk5 through phosphorylation. Cdk5
overexpression led to decreased spine density in cultured neurons
[75]. Additionally, WAVE1 also appears to be regulated by forming
complexes with GEFs. In response to BDNF, WAVET is recruited to
the neuronal plasma membrane by Dock3, a Rac-GEF, and upon Rac
activation Dock3 is phosphorylated and released from WAVET1. This
spatiotemporal regulation of WAVET1 is thought to induce BDNF-
dependent axonal outgrowth [76]. The finding that WAVE1 can
be regulated by both GAP (WRP) and GEF (Dock3) complexes is
interesting and suggests that the regulation of Rac locally in the
vicinity of WAVE1 may be tightly coordinated with WAVET1 activa-
tion. WAVE2, Dysbindin-1 (a protein implicated in schizophrenia),
and Abi1 have also been found to act in a complex to regulate den-
dritic spine morphology, and knockdown of dysbindin-1 leads to
abnormal spine morphology [77].

N-WASP, which is also highly expressed in neuronal tissues, has
been implicated in several aspects of neuronal development. For
example, the activation of the EphB receptor leads to a signaling
complex formation consisting of intersectin, a Cdc42 GEF, and N-
WASP. EphB activity can induce synaptogenesis, and inhibition of
N-WASP expression leads to decreased spine formation in the cul-
tured neurons [78]. N-WASP is also phosphorylated by FAK (focal
adhesion kinase) in developing hippocampal neurons to promote
neurite outgrowth [79], and is localized by Nck1 and Cdc42 to the
growth cone to promote expansion [80]. In addition to regulating
neurite outgrowth, N-WASP also appears to be involved the differ-
entiation of neural stem cells by promoting increased filopodia [81].
Furthermore, N-WASP has been found to affect myelination out-
growth from Schwann cells, which wrap around axons by using a
giant lamellipodial sheet-like structure [82]. JMY has recently been
shown to localize to the cytoplasm and negatively regulate neurite
outgrowth in a neuronal cell line, and this regulation is dependent
partially on its ability to interact with the Arp2/3 complex [83]. Col-
lectively, this evidence suggests that NPFs are highly regulated in
and critical for multiple stages of brain development.

3. Future studies

Although the NPF field began with realization that WASP and
WAVE family proteins could reorganize actin by activating the
Arp2/3 complex downstream of Rho-family GTPases, new con-
nections between many of the new WASP family members and
microtubules or other GTPases is likely to drive the field into new
directions. Understanding the interplay between various cytoskele-
tal elements within the cell will provide a more holistic picture of
how various motile processes within the cell, from neuronal devel-
opment to vesicle transport, work together and are regulated so
precisely with respect to each other. Insights into the integration of
signaling pathways involving newer members of the family, includ-
ing J]MY, WHAMM, and WASH will likely reveal new insights into
these mechanisms. Future work should further reveal new roles for
WASP family proteins in cell physiology and how those pathways
may be interlinked. We are slowly beginning to recognize the pat-
terns in actin signaling; however, the complexity in these pathways
due to regulation in time and space are still unfolding.
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