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Abstract Mutations of the Wiskott—Aldrich Syndrome Protein (WASP) are responsible
for classic Wiskott—Aldrich Syndrome (WAS), X-linked thrombocytopenia (XLT), and in
rare instances congenital X-linked neutropenia (XLN). WASP is a regulator of actin
polymerization in hematopoietic cells with well-defined functional domains that are
involved in cell signaling and cell locomotion, immune synapse formation, and apoptosis.
Mutations of WASP are located throughout the gene and either inhibit or disregulate
normal WASP function. Analysis of a large patient population demonstrates a strong
phenotype—genotype correlation. Classic WAS occurs when WASP is absent, XLT when
mutated WASP is expressed and XLN when missense mutations occur in the Cdc42-
binding site. However, because there are exceptions to this rule it is difficult to predict the
long-term prognosis of a given affected boy solely based on the analysis of WASP
expression.
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Introduction

Following the discovery of the gene responsible for the Wiskott—Aldrich Syndrome (WAS)
[1], it became possible to associate unique clinical phenotypes caused by mutations of the
WAS Protein gene (WASP), suggesting a strong genotype—phenotype correlation with
some degree of predictability for clinical outcome. This review examines the functional
complexity of the WAS Protein (WASP), the variability of clinical symptoms and the
effect of WASP mutations on the clinical phenotype.
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Clinical and pathologic manifestations

A familial blood disorder characterized by thrombocytopenia and small platelets, which
was associated with recurrent infections, and early death of the affected males, was
described some 70 years ago by Alfred Wiskott, a young Bavarian hematologist who
differentiated this rare congenital disease from Morbus Werlhofii, an eponym for idio-
pathic thrombocytopenic purpura (ITP) [2]. Subsequent reports demonstrated X-linked
inheritance [3] and defective humoral and cellular immunity [4—7]. Most studies implicated
a predominant T cell defect [7-9] but impaired maturation, decreased motility, reduced
migration, and abnormal morphology of B cells have also been recognized [10, 11]. More
recently, a profound defect in marginal B cell maturation has been observed independently
by two groups [12, 13]. Abnormal natural killer (NK) cell function [14-16], reduced
chemotaxis of monocytes [17] and impaired in vivo dendritic cell homing [18, 19] indicate
that innate immunity is also affected. WASP™ regulatory T cells (Treg) were shown to
exhibit a marked selective advantage in vivo in a WAS patient with a spontaneous
revertant mutation, indicating that altered Treg fitness likely explains the autoimmune
features in WAS [20]. Similarly, in WASP-deficient mice, the total percentage of FoxP3™
Tregs among CD4™ T cells was reduced and wasp’/ ~ Tregs were rapidly out-competed by
wasp™ Tregs in vivo [20].

Autoimmune diseases are frequent in patients with classic WAS, being present in 40%
of a large cohort of families [7]. A retrospective review of risk factors, clinical features,
and outcomes of autoimmune complications in patients with mutations of WASP, from a
single center, further underlines the importance of this problem [21]. Of 55 WAS patients,
40 had at least one autoimmune or inflammatory complication. Malignant tumors can
occur during childhood, but are more frequent in adolescents and young adults with the
classic WAS phenotype. In a North American cohort studied by Sullivan et al., malig-
nancies were present in 13%, with an average age at onset of 9.5 years. The most frequent
malignancies reported were B cell lymphoma, often EBV positive [7].

Molecular basis of WAS

The gene responsible for this syndrome has been identified by positional cloning and by
demonstrating mutations in lymphoblastoid cell lines derived from affected WAS patients
[1]. The WASP gene encodes a 502-amino acid protein expressed exclusively in the
cytoplasm of hematopoietic cells. WASP is a member of a distinct family of proteins that
participate in the transduction of signals from the cell surface to the actin cytoskeleton. The
WASP family of proteins are characterized by a C-terminal tripartite domain containing a
common actin monomer-binding motif, the verprolin homology domain (V) and a central
acidic region (A) that is capable of activating the actin-related protein (Arp)2/3 complex, a
potent nucleator of actin polymerization [22]. A proline-rich region in exon 10 required for
optimal actin polymerization activity, has been shown to be indispensable for effective
recruitment of WASP to the immunologic synapse in T cells [23]. This sequence provides
binding sites for multiple SH3-domain containing proteins, including the adaptor proteins
P47"°k, Grb2, and several protein tyrosine kinases including Btk, Tec, PLC-y1, and Itk
which directly activate WASP by means of tyrosine phosphorylation.

The N-terminal region of WASP allows recruitment of the WASP-interacting protein
(WIP). In resting lymphocytes, WASP constitutively associates with WIP, stabilizing the
inactive conformation of WASP [24]. Following engagement of the T cell antigen receptor,
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WIP is phosphorylated resulting in disengagement of WASP from the WIP/WASP com-
plex, thus allowing WASP activation by Cdc42, which leads to actin polymerization and
stabilization of actin filaments [25].

The Cdc42 binding domain (CBD) or CRIB domain, encoded by exons 7 and 8 of the
WASP gene, allows the association of WASP with Cdc42, a member of the Rho family of
GTPases which regulates the formation of filopodia and controls cell polarity and che-
motaxis [26]. WASP recognizes the GTP bound, but not the GDP bound form of Cdc42,
and binds to Cdc42-GTP with a 500-fold greater affinity than to Cdc42-GDP [27].

Computer modeling and binding experiments strongly suggest an autoinhibitory contact
between the GBD and the carboxy-terminal region of WASP, which can be released by the
activated (GTP) form of Cdc42 [28]. The Rho-like GTPases such as Cdc42 and Rac are
key elements in the dynamic organization of the actin cytoskeleton. This hypothesis
postulates that GBD has a profound effect on actin polymerization by controlling the
interaction of the C-terminus of WASP with the Arp2/3 actin nucleating complex.

Genotype—phenotype correlation

Since its discovery in 1994 [1], WASP has been studied extensively in vitro and in vivo.
The multiple functional domains of WASP were shown to be important for cell-signaling,
actin polymerization, synapse formation, cell/cell interaction, chemotaxis, NK cell activity,
and Treg function. It is therefore not surprising that the clinical phenotype of patients with
alterations of the WASP gene may differ widely depending on the type and location of the
mutation. While mutations that disrupt WASP expression are typically associated with the
classic phenotype of WAS as reported by Wiskott [2], missense mutations in exons 1, 2,
and 3 of the WASP gene are most often identified in patients with a milder variant of the
disease, X-Linked thrombocytopenia (XLT). An even milder phenotype characterized by
intermittent thrombocytopenia has been reported in a few Italian families [29]. The
importance of autoinhibition of WASP is illustrated by the observation that missense
mutations in the GBD that impair its interaction with the VCA-domain result in a con-
stitutively active form of WASP which is responsible for X-linked neutropenia. [30-33].
Missense mutations within the hydrophobic core of the GDB (L270P, S272P; and 1294T)
have been shown to cause enhanced actin polymerization by interfering with the autoin-
hibition of WASP. This is achieved by either disrupting the o-helical structure or through
insertion of a polar residue (I1294T) adjacent to Tyr291. The most prominent features of
patients with these GBD mutations are neutropenia and monocytopenia, suggestive of
inhibited myelopoiesis. The mechanisms by which unregulated actin polymerization
induces these features are not clear.
Thus, mutations of the WASP gene result in three distinct phenotypes:

(1) The classic WAS triad of thrombocytopenia/micro-platelets, recurrent infections due
to defective cognate and innate immunity, and eczema—complicated by increased
risk of autoimmunity and malignancies.

(2) The milder XLT wvariant, characterized predominantly by thrombocytopenia,
sometimes occurring intermittently;

(3) Congenital neutropenia without the clinical findings characteristic of WAS or XLT.

To distinguish these clinical phenotypes, a scoring system based on clinical and laboratory
findings has been designed [34]. The most consistent genotype—phenotype correlation was
observed when the patients were divided into two categories: WASP-positive if the
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mutated protein was present and of normal size, and WASP-negative if the protein was
absent or truncated [35]. Patients with mutations that allowed the expression of normal-
sized mutated protein (in most instances missense mutations in exons 1-3) often in reduced
quantity, developed the XLT phenotype (score 1-2), whereas those patients with mutations
that prevented lymphocytes to express WASP, or to express only truncated WASP (e.g.,
nonsense and splice site mutations, deletions, and insertion), were more likely to have the
classic WAS phenotype (score 3—4). Progression to a score of 5 due to either autoimmune
disease or malignancy was observed in both groups, but was far more prevalent in WASP-
negative patients with an initial score of 3—4. Using the same scoring system in a group of
Japanese patients, autoimmune diseases were equally frequent in those with a low
symptom score, representing XL T, and in those with a high score, representing WAS. This
result was predominantly due to the high incidence of IgA nephropathy in the Japanese
patients. However, overall, the clinical phenotype observed in each patient correlated best
with the presence or absence of WASP. Lack of protein expression was associated with
susceptibility to bacterial, viral, and opportunistic infections, and with severe hemorrhage
and malignancies. Overall, survival was significantly lower in WASP-negative patients
[36].

It should be noted, however, that genotype—phenotype correlation in WAS/XLT is not
absolute and that progression to a severe phenotype is possible [34, 35]. This discrepancy
between WASP expression and clinical phenotype may be accounted for by other genetic
or environmental factors. For these reasons, the long-term prognosis of WAS and XLT is
difficult to be predicted solely based on the analysis of WASP expression. Additional
studies are needed to define the long-term disease phenotype in the cohort of patients who
initially present with the XLT phenotype.
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