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Abstract. Wiskott-Aldrich syndrome (WAS) is an X-
linked immunodeficiency disorder associated with
lymphocytes and platelet abnormalities. The gene that
encodes the Wiskott-Aldrich protein (WASP) was re-
cently isolated, and shown to be defective in WAS
patients. WASP contains multiple domains that inter-
act with various signalling proteins, including the

guanine triphosphatase (GTPase) Cdc42Hs and SH3
domain-containing proteins. Biochemical and genetic
evidence strongly suggests that WASP is an important
protein in the regulation of cell morphology. Recent
progress in the identification of molecular partners for
WASP suggests a molecular mechanism for the cellu-
lar abnormalities of WAS.
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Introduction

Wiskott-Aldrich syndrome (WAS) is an X-linked re-
cessive disorder described as a clinical triad of im-
munodeficiency, eczema and thrombocytopenia. Boys
affected with this syndrome typically suffer from
rashes, pyrogenic and opportunistic infections, and
bleeding problems [1-3]. The rapid destruction of ab-
normally shaped platelets is the primary cause for
severe thrombocytopaenia in WAS patients [4]. The
immunodeficiency in WAS is primarily associated with
T- and B-lymphocyte dysfunction. Defective immune
responses in WAS patients include defects in
transmembrane signalling of T and B cells [5, 6], fail-
ure to respond to polysaccharide antigens [7], reduced
levels of isohaemaglutinin [8], decreased function and

number of T lymphocytes and increased incidence of
lymphomas [7]. Severe immunodeficiency is observed
in many WAS patients, which can be treated with
bone marrow transplantation, indicating that the de-
fect is intrinsic to the cells and not to the microenvi-
ronment [7].

The gene that encodes the Wiskott-Aldrich protein
(WASP) was recently isolated by positional cloning.
WASP expression was restricted to cells of the haema-
topoetic lineage [9]. More than 50 different WASP
mutations were identified in WAS patients [10—16].
WASP is likely to be a key protein for lymphocytes
and platelet functions. Delineation of the biochemical
roles of WASP in leukocytes will contribute to our
understanding of leukocyte function and will suggest a
molecular pathogenesis for WAS.
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WAS cellular defects are associated with cytoskeletal
abnormalities

The clinical features of WAS point to a link between
WASP function and the actin cytoskeleton [1-3]. The
cell cytoskeleton is a complex network that provides
structural support by linking the plasma membrane
with the cell’s interior. The reorganization of the cy-
toskeleton is a dynamic process regulated by extracellu-
lar signals. During signal transduction, many proteins
in the cytoskeleton become modified to integrate infor-
mation received from the receptor, thereby producing
the cytoskeletal rearrangement necessary for signal
transduction.

The most common clinical manifestation of WAS is
severe thrombocytopaenia. In addition, mutations in
the WASP gene lead to abnormal cytoskeletal organiza-
tion of platelets [4] and subsequently the destruction of
platelets by the spleen. After splenectomy, circulating
platelets are restored to normal function, size and num-
bers [4]. In addition, normal platelets transfused in
WAS patients were not destroyed, whereas transfused
autologous platelets were rapidly cleared from the
blood. This finding suggests that the destruction of
WAS platelets is due to abnormal platelets [4].
Patients with WAS often suffer from severe
munodeficiency involving B and T lymphocytes. Elec-
tron microscopy scans of T cells from WAS patients
have shown that the microvilli are decreased in size and
density compared with those of normal cells [17, 18].
WASP may play an important role in stabilizing mi-
crovilli projections and thereby facilitate the anchorage
of surface molecules in cell protrusion.

A large body of evidence suggests a defect in various
types of surface molecules from WAS leukocytes. Some
patients exhibited a decrease in platelet glycoprotein
glycosyl phosphatidylinositol (GPIb) and in the antiad-
hesive molecule CD43 (silophorin) in T cells [19, 20].
However, it is unclear whether the reduction in expres-
sion of these surface proteins reflects the abnormality of
leukocyte function. Interestingly, selective expression of
CD43 was defective in the microvilli of leukaemic rat
cells and human T cells [I, 21]. It is possible that
reduction of CD43 at the cell surface is a direct result of
an abnormal cell surface overall as well as defective
microvilli caused by a mutation in the gene that encodes
for WASP.

The failure of WAS B and T cells to proliferate when
treated with polysaccharide antigens [7] and with immo-
bilized anti-CD3 monoclonal antibody, respectively, ap-
pears to be related to an underlying transmembrane
signalling defect [5, 6]. Anti-CD3 monoclonal antibody
initiates a normal Ca?* flux and induces normal ty-
rosine phosphorylation of CD3{ in T cells from WAS
patients [6] , indicating that CD3 signalling is partially

im-
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intact. In contrast, the proliferative response was de-
tected in WAS T cells challenged with allospecific Ag,
phytohaemagglutinin (PHA) or phorbol 12-myristate
13-acetate (PMA) plus ionomycin [6]. This finding sug-
gests that defects in WAS cells are membrane-proximal
in T-cell signal transduction and are most likely due to
the inability of the T-cell receptor to communicate the
necessary signal to the cytoskeleton. Delivering such a
signal from the receptor is probably required for cell
polarization and receptor aggregation mediated by
WASP-dependent actin cytoskeletal rearrangements.
This hypothesis is supported by the observation that
actin bundling is necessary for T-cell activation by
anti-CD3 [22], and disruption of actin polymerization
blocks T-cell proliferation [23, 24]. However, this defect
could be related to a failure to release cytokines that are
essential for T- and B-cell proliferation.

WASP contains several domains that suggest potential
functions

WASP is a 62—-65-kDa protein whose expression is
restricted to haematopoietic cells and was found to be
mutated in cells of WAS patients [9]. WASP contains
various domains found in proteins that are implicated
in the control of cell morphology (fig. 1). WASP con-
tains longer repeated proline-rich sequences, typically 4
to 5 consecutive residues with one stretch of 11 prolines
[9]. The role of repetitive proline sequences is still uncer-
tain. In several instances they have been shown to be
involved in association of multiple protein complexes.

mWASP PPPPPPPP

wiz

N-WASP GBD PPPPPPPP WH2

YSCLAS17
Ena PH] WH1 ', rrrrrrrr l,
Vasp G wH1 [PPPPPPPP |

Figure 1. The molecular structure of WASP and WASP-related
proteins. Schematic representation of domain structure found on
WASP and WASP-related proteins: PH (plekstrin homology);
WHI1,2 (WASP homology); GBD (GTPase binding domain);
PPPPPPP (proline-rich region); and AR (acidic residues).
hWASP, human; mWASP, mouse; N-WASP, neuron; YSCLA-
S17, S. cervisiae WASP homologue.
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Another protein containing proline repeats, vasodilator-
stimulated protein (VASP), was recently shown to inter-
act with the monomeric actin-binding protein, profilin
[25]. VASP is implicated in the assembly of actin filaments
which are essential for the motility of Lesteria monocyto-
genes in the cytoplasm of infected eukaryotic cells [25—
27]. The proline-rich motifs of VASP typically appear as
Gly(Pro)s, and three of the four copies are in a tandem
repeat configuration. Moreover, a peptide corresponding
to the VASP Gly(Pro)s tandem repeat competes with
VASP in binding to profilin, supporting the notion that
this region is important in VASP-pro-filin binding [26].
Interestingly, human WASP also contains a Gly(Pro)s
sequence [9], whereas the mouse protein contains two
such motifs [28], suggesting that the effect of WASP on
actin polymerization may be mediated through a direct
interaction between WASP and profilin.

In addition to the long consecutive proline sequence,
WASP contains several proline-rich sequences that were
shown to interact with SH3 domains. Several proteins
were shown to interact in vivo and in vitro with this
region through their SH3 domain, including NCK [29],
Fyn, Fgr [30], PLCy, Src [30] and PSTPIP [31]. Thus,
WASP may be implicated in bringing together various
signalling molecules such as tyrosine kinases, phos-
phatases and adapter proteins to regulate and integrate
cellular signalling.

WASP contains a putative GTPase-binding domain
(GBD) that was found in several effector proteins for the
GTPases Rac and Cdc42Hs [32-34]. The GBD [known
also as a Cdc42Hs/Rac interactive binding region (CRIB
[35])] was initially identified in p21 activated kinase
(PAK) [36] and shown to be necessary and essential for
direct interaction with Cdc42Hs and Rac [36, 37]. WASP
contains the GBD consensus sequence PXXXXHXX-
HVGXXXXXG and could bind preferentially to the
activated form of Cdc42Hs and not to Rac [32-34].
At the N and C termini two novel putative domains were
described for WASP — WHI1 and WH2 (WASP homol-
ogy) — that are conserved among several proline-rich
proteins shown to be involved in the regulation of the
actin cytoskeleton [32]: VASP (discussed above) was
implicated in actin polymerization [26], and verprolin was
shown to play a role in cytoskeletal organization and
cellular growth in Saccharomyces cerevisiae [38]. In addi-
tion, Ena, the protein product of the Drosophila gene
enabled is involved in axonal architecture [39], and
recently the mouse homologue Mena was shown to
induce the formation of abnormal F-actin-rich out-
growth [40], consistent with a role in regulation of actin
cytoskeleton. The fact that WH1 and WH2 are conserved
among polyproline-rich proteins that are implicated in
cytoskeletal organization suggests that they represent
novel functional domains associated with the cytoskele-
ton. WASP C-terminus contains a highly charged do-
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Figure 2. WASP interactive proteins. Multiple proteins interact
with various domains on WASP. Several proteins containing SH3
domains interact with the WASP prolin region. The GTPase
Cdc42Hs binds WASP through the GBD. WIP interacts with the
N-terminus of WASP, including PH and WH1 domains. The
phosphoinositide PIP3 interacts with the PH domain.

main composed of mainly acidic residues (AR)
EDEDDDEDFEDDDEWED [9]. WASP mutants lack-
ing the C-terminus fail to colocalize with polymerized
actin, suggesting that this domain may be implicated in
connecting WASP to the actin cytoskeleton [32].

A yeast protein YSCLAS17[32] (also known as Beel [41])
exhibits a similar sequence and domain structure to
WASP. YSCLASI17 contains all of the domains found on
WASP except the GBD. Interestingly, BEE1-disrupted
cells were defective in the organization of actin, budding
and cytokinesis [41].

Recently, a WASP-related protein N-WASP was iden-
tified in brain tissue. N-WASP contains the same domain
organization as WASP [42]. In addition to the domains
found on WASP, N-WASP contains an 1Q motive that
is known as a calmodulin-binding site (fig. 1). Miki et al.
[42] identified a plekstrin homology (PH) domain on
N-WASP and WASP at the N-terminus of WASP which
was also shown to bind phosphatidylinositol 4,5-bis-
phosphate (PIP2).

Signalling proteins connecting WASP to the
cytoskeleton

Substantial progress has been made in identifying
proteins that interact with WASP. Various signalling
molecules were identified and shown to interact with a
specific domain on WASP (fig. 2).

WASP interacts with the Rho-like GTPase CDC42
Hs [32-34] through its GBD. WASP interacts with the
active GTP-bound form of CDC42Hs but not with the
Rho-like proteins Rac and Rho. Actin polymerization
was induced by the overexpression of WASP (fig. 3)
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and was regulated by CDC42Hs [32]. The dominant-neg-
ative mutant of CDC42Hs (CDC2Hs-N17) blocked the
induction of actin polymerization by WASP, and subse-
quently WASP no longer colocalized with polymerized
actin. The Rho-like GTPases play key roles in integrat-
ing extracellular signals from various receptors to initiate
the reorganization of cell cytoskeleton and mitogenesis
(for a review, see ref. 43). CDC42Hs plays a pivotal role
in the regulation of two pathways, a kinase cascade
leading to transcription activation and a second pathway
regulating the organization of the cytoskeleton [43].
CDC42Hs activates the PAK kinases that are related to
STE20 [36, 37] and is implicated in the activation of the
JNK MAP kinase cascade [44—-46].

The role of CDC42Hs in filopodia formation was pre-
viously demonstrated by microinjection experiments
and was shown to be independent of Rho and Rac [47,
48]. Microvilli require an intact actin-based cytoskele-
ton, but the signal transduction pathways and molecu-
lar mechanisms that underlie the formation of
filopodia are not known. Recent studies of leukocyte

Anti-WASP

Actin

Figure 3. Microinjection of WASP into cells induces WASP
clustering and actin polymerization. Expression vector encoding
FLAG-tagged WASP was injected into the nucleus of porcine
aortic endothelial cells (PAE). To visualize WASP expression,
cells were labelled with anti-FLAG antibody and were costained
with phalloidin to visualize polymerized actin. Note the clustering
of WASP around the nucleus, which is colocalized with polymer-
ized actin clusters.
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adhesion suggest a central role for microvillus receptor
presentation [49]. Clustering of L-selectin on microvilli
greatly increases contact with native ligand or mono-
clonal antibody, whereas exclusion from microvilli
causes a dramatic decrease in the capacity of the recep-
tor to initiate adhesion despite normal ligand binding
[49]. This observation is reminiscent of studies per-
formed on leukocytes from WAS patients which
showed that cells lacking microvilli failed to signal
from the receptor despite normal ligand binding [6]. It
is conceivable that WASP and CDC42Hs play a key
role in the formation of microvilli in leukocytes. Inter-
estingly, N-WASP was recently shown to regulate the
formation of filopodia in fibroblast [50]. In contrast,
WASP did not interact with the CDC42Hs effector
mutant CDC42L61(C40) which was previously shown
to be important in the induction of filopodia [51].
These data suggest that WASP is not the effector re-
sponsible for the formation of filopodia; however, fur-
ther work is required to understand the physiological
role of CDC42Hs and WASP in the regulation of mor-
phological changes.

Several groups isolated WASP with a panel of GST-
SH3 proteins in an attempt to isolate the SH3-binding
protein. WASP can bind the SH3 domain of adapter
proteins such as NCK [29] and GRB2 [52]; protein
tyrosine kinases, including Src, Fyn, Fgr and phospho-
lipase PLCy [30]; and other proteins, including PSTPIP
[31]. NCK and Fyn were also shown to coimmunopre-
cipitate with WASP in HL-60 and U-937 cells [29, 30].
Analysis with inhibitory peptides identified the exact
sequences on WASP (aa 307-322, aa 375-388, aa
336-349) responsible for interaction with Src, Fgr and
PLCy SH3 domains [53]. It is possible that WASP is
regulated directly by tyrosine kinases such as as Fyn
and Src, or alternatively WASP may be connected by
the adapter protein NCK to a pathway that is regu-
lated by a tyrosine kinase. Further work is required to
understand the physiological significance of these inter-
actions.

WASP has been shown to interact in the yeast two-
hybrid system with the SH3 domain of PSTPIP [31], a
protein that was previously described to be associated
with the PEST family members of phosphatase HSCF
[54]. When coexpressed with WASP, PSTPIP inhibits
the formation of actin clusters [31]. Moreover, the
affinity to WASP was reduced dramatically when the
SH3 domain of PSTPIP was phosphorylated by Src
kinase [31]. These data suggest a mechanism in the
regulation of WASP-dependent actin polymerization.
Further work in haematopoietic cells is required to
understand the physiological relevance of WASP and
PSTPIP interactions.

Using the yeast two-hybrid system, a novel WASP-
interacting protein (WIP) was recently identified [55].
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Figure 4. A potential role for WASP in T-cell signal transduction. A schematic diagram of the signal pathways mediated by T-cell
receptor (TCR)/CD3, CD28 and the potential role for WASP. Ligation of TCR by the appropriate stimulus (i.e. monoclonal antibody
C305) initiates a chain of events leading to transcriptional activation of early responsive genes. Phosphorylation of the { chain by
tyrosine kinase Lck leads to the interaction of Zap70 with the { chain and subsequently to the activation of Zap70 kinase activity.
Subsequently, PLC is phosphorylated and activated to elevate the Ca™* ™ level and to stimulate PKC. Elevation of Ca* ™ causes
stimulation of the Ca™ *-dependent phosphatase calcineurin. The transcription factor NFAT is dephosphorylated and subsequently
translocates to the nucleus to initiate lymphokine production. Activation of the Ras pathway is also essential for T proliferation and
is implicated in the activation of the MAP kinase cascade, thereby activating the transcription factor AP1. Greater activation of AP1
is achieved by CD28 ligation to initiate the JNK MAP kinase pathway. CDC42 could possibly be activated by CD28 or TCR to
regulate the WASP-dependent cytoskeletal rearrangements that are essential for transcriptional activation.

In contrast to the protein described above, WIP is a
prolin-rich protein with some degree of homology to
verprolin. Mapping the interaction between WIP and
WASP identified the N-terminus of WASP (first ~170
amino acids on WASP, including the PH and WHI
domains) for WIP binding. Expression of WIP in B
cells resulted in increased actin polymerization; how-
ever, the effect on WASP localization was not reported
[55].

The data described above clearly suggest a strong link
between WASP and regulation of the actin cytoskele-
ton. Which specific events do WASP and its regulators
control? How does WASP regulate the actin cytoskele-
ton? Why is this event crucial for cell signalling? To
answer these questions we will have to investigate the
role of WASP and its regulators in haematopoietic
cells in particular in T and B cells, where mutation in
WASP leads to signalling defects.
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T-cell receptor signalling transduction and the
WASP link

Transmembrane signalling was shown to be defective
in B and T cells from WAS patients. The T-cell
receptor (TCR) is a multisubunit complex that com-
prises the polymorphic antigen-binding subunits:
TCRafB or yd chains and the signal transduction sub-
units CD3yd¢ and { chains [56—-58] (fig. 4). The TCR{
chain plays a key role in T-cell signal transduction.
Stimulation of TCR induces tyrosine phosphorylation
by Lck and possibly Fyn. Phosphorylation of the re-
ceptor allows recruitment of Zap70 and consequently
phosphorylates a substrate(s), thereby initiating a
chain of events leading to the transcriptional activa-
tion of various cytokines. The intracellular signals that
regulate these transcription factors involve protein ki-
nase C [59], activation of calcineurin, a calcium-depen-
dent phosphate [48], the Ras pathway [60] and the
MAP kinase cascade [61]. Recently, the Rho-like
GTPase, Rac, was implicated in the control of JNK
MAP kinase activation during TCR stimulation, yet
the biochemical pathway linking Rac to JNK is not
known. A potential candidate is Vav, a protein pri-
marily expressed in haematopoietic cells [62] that con-
tains a dbl homology (DH) domain found on guanine
nucleotide exchange factors (GEF) for small GTPases
[63]. Vav binds Zap70 and many other proteins [64],
and null mutations in Vav produce an immunodefi-
ciency very much like WAS [65]. It was recently
demonstrated that Rac and JNK are part of the Vav
signalling pathway [66], and phosphorylation of Vav
by Lck activates Vav nucleotide exchange activity of
Rac [67].

T cells of WAS patients fail to transmit the signal
from the TCR to initiate a proliferative response,
whereas a soluble stimulus such as PMA and iono-
mycine induces a normal signal. In contrast, early
events such as tyrosine phsphorylation of the { chain
appear to be normal [6]. These data place WASP
downstream from TCR-induced tyrosine kinase phos-
phorylation and Ca?* entry and strongly suggest that
WASP plays a key role in connecting the TCR and/or
other surface molecules to the cytoskeleton and that
this connection is essential for proper signalling. Un-
derstanding how WASP functions will lead to an un-
derstanding of a new signalling pathway that is
independent of tyrosine phosphorylation and Ca2*
and that connects the cell surface with the nucleus.
WASP may play an important role in T-cell costimu-
lation (fig. 4). T lymphocytes require two stimuli for
activation of early immune response genes essential
for proliferation and communication with other cell
types (for a review, see ref. 68). The primary stimulus
is initiated by the TCR, whereas the second stimulus
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Figure 5. A potential role for WASP in the regulation of actin
polymerization and transcriptional activation. T cells from WAS
patients did not proliferate when stimulated through the T-cell
receptor. A large body of evidence suggests that WASP plays a
critical role in regulating the actin cytoskeleton. WASP could play
a role in coordinating cytoskeletal reorganization with transcrip-
tion activation.

is initiated by activating the CD28 protein. Interac-
tions with the TCR are responsible for activation of
the Ca?*/calcineurin pathway [69] and the Ras/MAP
kinase pathway [70], and CD28 interactions result in
activation of the JNK kinase cascade [71]. The JNK
kinase cascade is activated by the GTPases Rac and
CDC42Hs [44]. Ligation of CD28 may be involved in
the stimulation of a GEF necessary for activation of
CDC42Hs-dependent pathways (fig. 4). Thus, WASP-
dependent events may be downstream of CD28. By
controlling the cytoskeleton, WASP may play a cen-
tral role in bringing together the CD3 complex and
CD28, thereby allowing amplification and integration
of the JNK and MAP kinase pathways.

Two models explain the accepted view of how ligands
stimulate a receptor. According to the first model, the
occupancy of the ligand induces a conformational
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change in the receptor sufficient to enable it to connect
to the signal-transduction molecules [72, 73]. The second
model suggests that the ligand induces receptor dimer-
ization or aggregation to allow cross-activation of the
cytoplasmic part of the receptor. The TCR-
ligand interaction most likely fits the latter model, with
the added caveat that oligmerization of the receptor is
almost certainly required for activation as shown using
multivalent synthetic ligands that do not induce confor-
mational changes [73]. The TCR recognizes the major
histocompatibility and antigen peptide complex on the
antigen-presenting cell in order to initiate the activation
of various tyrosine kinases including Fyn, ZAP70 and
Syk. Receptor aggregation may require reorganization
of the actin cytoskeleton. Several T-cell surface
molecules including CD11a/CD18 and CD44 associate
with the cytoskeleton upon receptor cross-linking. Re-
cently, TCR ligation was shown to recruit the { chain to
the cytoskeleton and is directly correlated with inter-
leukin (IL)-2 production [23]. WASP could be an impor-
tant candidate in connecting the TCR to the
cytoskeleton to initiate receptor aggregation.

The data discussed in this review strongly suggest that
WASP plays a critical role in regulating the actin cy-
toskeleton and gene transcription in lymphocytes. How-
ever, these two functions may be a direct consequence of
each other or simply represent unrelated events both of
which are regulated by WASP (fig. 5). For example,
WASP may function in the organization of the cy-
toskeleton and be essential for transmembrane sig-
nalling, thereby affecting gene transcription.
Understanding the molecular and cellular mechanisms
of WASP signalling pathways will provide us with a
better understanding of WAS and a basic understanding
of leukocyte activation.
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