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Abstract

Primary immune deficiencies (PIDs) are genetic disorders impacting the appropriate development or functioning of any portion of the immune
system. The broad adoption of high-throughput sequencing has driven discovery of new genes as well as expanded phenotypes associated
with known genes. Beginning with the identification of WAS mutations in patients with severe Wiskott-Aldrich Syndrome, recognition of WAS
mutations in additional patients has revealed phenotypes including isolated thrombocytopenia and X-linked neutropenia. Likewise RAC2 patients
present with vastly different phenotypes depending on the mutation-ranging from reticular dysgenesis or severe neutrophil dysfunction with
neonatal presentation to later onset common variable immune deficiency. This review examines genotype-phenotype correlations in patients
with WAS (Wiskott-Aldrich Syndrome) and RAC2 mutations, highlighting functional protein domains, how mutations alter protein interactions,
and how specific mutations can affect isolated functions of the protein leading to disparate phenotypes.
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Both gain- and loss-of-function mutations in Wiskott-Aldrich syndrome (WAS) and RAC2 are found throughout the genes, causing immunodeficiencies

involving leukocyte actin remodeling. Patient phenotypes differ based on gain or loss of protein function or loss of protein. This review highlights the
correlation between WAS and RAC2 mutations and patient presentations and explores the expanding cellular roles recognized for the two proteins.
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Abbreviations: CMV: cytomegalovirus; CVID: common variable immune deficiency; EBV: Epstein-Barr virus; EVH1: ENA/Vasp homology 1; fMLF: formyl-
methionine-leucine-phenylalanine; GBD: GTPase binding domain; GDI: GDP-disssociation inhibitor; GDP: guanine diphosphate; GEF: guanine exchange factor;
GOF: gain of function; GTP: guanine triphosphate; HPV: human Pappiloma virus; HSV: herpes simplex virus; IEl: inborn errors of immunity; LAD: leukocyte
adhesion deficiency; LOF: loss of function; n.d.: not determined; NBS: newborn screening; NGS: next-generation sequencing; NR: not reported; PID: primary
immune deficiency; PRD: proline rich domain; RD: reticular dysgenesis; TREC: T-cell receptor excisin circle; WAS: Wiskott-Aldrich syndrome; WASP: Wiskott-
Aldrich syndrome protein; WIP: WASP-interacting protein; XLN: X-linked neutropenia; XLT: X-linked thrombocytopenia.

Introduction

The immune system is dynamic with constant surveillance and
response to pathogens: migration toward a wound or infec-
tion, phagocytosis, antigen presentation, formation of immune
synapse, and cytokine/chemokine signaling are just a few of
the ongoing events. A breakdown in any of these may lead
to recurrent infections leading a patient to be referred for im-
mune evaluation. In the current era of next-generation, high-
throughput sequencing (NGS) recognition of genetic variants
is commony; the current, curated list of genes causing inborn
errors of immunity (IEI) maintained by the International
Union of Immunologic Societies currently recognizes variants
in 453 genes [1]. Validating pathogenicity and placing these
variants in the context of disease phenotypes, however, is fre-
quently challenging. Identification of autosomal recessive mu-
tations, either loss of function (LOF) or null, causing specific
diseases has contributed significantly to our understanding
of pathways and mechanisms within the immune system.
Concurrently, knock-out mouse models and cell lines have
been used to evaluate the role of specific proteins in observed
cellular phenotypes. In contrast, heterozygous missense muta-
tions require functional validation to prove causality. I7 silico
predictions from NGS data may suggest pathogenicity but
exactly how a specific mutation disrupts the gene or protein
product requires careful i vitro analysis.

Actin in primary immune deficiencies

Variants identified by whole exome or whole genome
sequencing have expanded proteins and pathways recognized
to be critical for proper immune homeostasis and activation.
Included among these are genes involved in actin cytoskeleton
assembly and remodeling which allow migration, phagocyt-
osis, and T- and B-cell receptor signaling (reviewed in Ref.
[2]). Actin is present intracellularly in two forms, mono-
meric or G-actin, and filamentous, F-actin. Rapid assembly
of F-actin is required for cellular movement including chemo-
taxis, phagocytosis, and immune synapse formation while
concurrent disassembly at the trailing end replenishes the
G-actin pool. Since the recognition of WAS as the disease gene
for Wiskott-Aldrich syndrome (WAS) and its role in actin as-
sembly, mutations in more than 20 genes have been identified
encoding proteins involved in actin formation and remodeling
leading to diseases of immune dysregulation (reviewed in
Refs. [2, 3]). This review will focus on two members of the
actin-regulatory environment within immune cells, WASP
and RAC2. Both are members of the ubiquitously expressed
larger protein families, WASP-like proteins and Rho family of
GTPases respectively, however, both WASP and RAC2 expres-
sion are restricted to hematopoietic compartment.

WASP
WASP protein and actin interaction

The Wiskott-Aldrich syndrome protein (WASP) is 502 amino
acids encoded by the 12 exon WAS gene (Fig. 1A). Several

conserved domains are present within the protein including
the N-terminal ENA/Vasp homology 1 domain (EVH1), an
11 amino acid basic domain (B), the GTPase binding domain
(GBD), a proline rich domain (PRD), and the C-terminal
VCA domain complex composed of the verprolin homology
region (V), cofilin homology region (C), and acidic sequence
(A) (Fig. 1B).

Under basal, autoinhibited conditions, WASP-interacting
protein (WIP) is bound to the EVH1 domain. WIP acts as a
chaperone for WASP and association with WIP is critical for
WASP stability [de la Fuente]. In T cells, the majority of WASP
is bound to WIP [4] and T cells from Wip~- mice have severely
decreased levels of WASP [4] indicating appropriate WIP/
WASP interaction is critical for proper WASP levels in the
cell. Without input signals, WIP-bound-WASP is maintained
in a quiescent, autoinhibited state via the C-terminal VCA
domain binding to the GBD [5] (Fig. 1B). The structure of
the folded protein results in tyrosine-291 (Y,,,) being located
between the GBD and VCA regions, inaccessible to tyrosine
kinases [5]. Signals from extracellular receptors causing actin
remodeling rely on small GTPases of the Rho family including
CDC42, RAC1, and RAC2. Upon activation, these proteins
release GDP and bind GTP allowing binding and activation
of downstream effectors. Activation of WASP can occur via
activated, GTP-bound-CDC42 binding to the GBD causing a
conformational change releasing the C-terminus and allowing
interaction with Arp2/3 complex [5].

WAS mutations

Mutations in the X-linked gene, WAS, encoding the WASP,
are the cause of the allelic diseases WAS [6-9] and X-linked
neutropenia (XLN) [10]. Classical WAS patients present with
thrombocytopenia, small platelet volume, severe eczema, in-
creased susceptibility to pyogenic and opportunistic infec-
tions, and increased risk of autoimmune disease and cancer.
Recurrent upper respiratory infections are common while
more severe cases have a broader range of pathogens including
bacterial, fungal (candidiasis, aspergillosis, Pneumocystis
jirovecci), and viral (EBV, HSV, CMV, HPV, VZV) [11-13]. A
scoring system was developed [14] with scores ranging from
1 (mildest) to 5 (most severe, including autoimmunity and/or
malignancy). In older literature, patients on the more severe
end of the spectrum having scores of 3-5 were referred to
as WAS. Patients with milder presentation, thrombocytopenia
and mild eczema or isolated thrombocytopenia, received
the diagnosis of X-linked thrombocytopenia (XLT) and had
scores of 1 or 2. It has been shown, however, that XLT pa-
tients may progress to a more severe phenotype developing
autoimmunity or malignancy; in one large international XLT
cohort, 29 of 173 patients (16.8%) exhibited score progres-
sion to 5 [15]. Accordingly the disease is now referred to as
“severe” or “mild” WAS [13]. Treatment using hematopoi-
etic stem cell transplant [16] or gene therapy [17-20] ap-
pears curative, extending the survival of severe WAS patients
beyond childhood or early adolescence although ongoing
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Figure 1: WAS gene and WASP protein. (A) Genomic schematic for the WAS gene. Exons are numbered above; the number of the last amino acid
coded in each exon is shown below. Exons encoding protein domains are colored accordingly. (B) Linear protein cartoon of WAS showing inhibited
structure (top) with Y291 buried by folding of VCA domains and activated (bottom) with removal of WIP and binding of GTP-CDC42 allowing interaction
with Arp2/3 complex. (C) Location of mutations leading to differing phenotypes. Missense mutations shown on top with red bars corresponding to
phenotype, nonsense, splice, and frameshift mutations occur throughout, denoted by black bar below. Abbreviations: N, N-terminus: EVH1, ENA/NVasp
homology 1 domain; B, basic domain: GBD, GTPase binding domain; PRD, proline rich domain; V, verprolin homology region; C, cofilin homology region;

A, acidic sequence; WIP WASP interacting protein.

reduced platelet counts have been observed in gene therapy
treated patients [17, 20].

More than 400 different mutations have been identified
in WAS encompassing all mutation types. Null mutations
caused by stop codons, frameshifts, and splice mutations
in exons 1 through 10 are common within severe WAS and
lead to nonsense-mediated decay of WAS transcript and loss
of protein product. Mutations occurring in exons 11 or 12
lead to truncation of the protein, deletion of the acidic re-
gion, and loss of Arp2/3 interaction. Missense changes are
most frequently observed in the N-terminal EVH1 domain
[21] and have been demonstrated to impair WASP-WIP inter-
actions [22] (Fig.1C). WIP is required to stabilize WASP and
maintain it in the autoinhibited conformation. Consequently,
these missense mutations lead to decreased levels of WASP
[4]. Flow cytometric and western blot studies from patients
with missense mutations frequently show severely reduced
levels of WASP supporting this hypothesis [23, 24]. Grouping
patients by presence or absence of normal size WASP pro-
vides the strongest genotype/phenotype correlation of disease
severity. Protein negative or truncated protein patients pre-
sent earlier and with more severe disease [11, 12, 25] while
protein positive patients present with milder WAS [11, 23].
There have been missense mutations outside of the EVH1
domain reported such as p.A236G [23] and p.M307V [23,
24], however, careful examination reveal they may create new
splice donor sites leading to a frameshifting splice defect ra-
ther than missense mutation. Consistent with this, there was
reduced protein observed by western blot in cells from a pa-
tient carrying the p.A236G mutation [23].

In contrast to the loss of function mutations described
above, a cluster of missense mutations occur in the GBD re-
gion of the protein leading to severe congenital XLN. These
patients present with recurrent bacterial infections, severe

neutropenia, and monocytopenia, however, they maintain
normal platelet counts and volume. The first patients to be
described were hemizygous for p.L270P which was demon-
strated to create a stable protein [10]. The mutant protein
failed to establish the autoinhibited conformation allowing
the C-terminal VCA region to be accessible to bind the
Arp2/3 complex and drive actin polymerization [10]. The
mutant WASP was constitutively active, independent of GTP-
bound CDC42 [10] resulting in a “gain of function” (GOF)
protein. Additional mutations in males with severe neutro-
penia, some with myelodysplasia, have been identified in the
same region including p.R268W [26], p.S271F [26], p.S272P
[27], p.J290T [28], and p.I294T [27]. Bone marrow exam-
ination in some patients reveal abnormal megakaryocyte
morphology, impaired granulopoiesis, myeloid maturation
arrest, and a greater percentage of apoptotic cells [27].
Similar to p.L270P, the variants evaluated exhibited CDC42-
independent actin polymerization demonstrated by increased
levels of F-actin.

Neutrophils from murine XLN models carrying mutations
corresponding to p.L270P and p.[1294T, demonstrated consti-
tutive phosphorylation of Y, (corresponding to human 'Y, ),
increased cytoplasmic and cortical F-actin, and increased
membrane ruffling [29]. Lymphocytes from XLN mice are
capable of chemokine-directed migration equivalent to wild-
type mouse lymphocytes, however, both T and B cells exhibit
reduced spreading, a cytoskeletal response to T- or B-cell re-
ceptor activation [30]. Further, both T- and B-XLN cells had
increased receptor-induced apoptosis and increased genomic
instability compared to wild-type [30].

RAC2

RAC2 is a member of the RHO-subfamily of GTP hydro-
lases. The RAC2 gene is 7 exons spanning 19 000 bases on
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chromosome 22 (Fig. 2A). It encodes a highly conserved
protein of 192 amino acids with several domains and mo-
tifs critical to its function (Fig. 2B) including the phosphate
binding loop, and the Switch I and Switch II domains—un-
structured regions which undergo conformational shifts upon
nucleotide binding and interact with downstream effectors
such as p67°[31] and PLCy2 [32, 33]. Post-translational
processing includes addition of a c-terminal geranyl-geranyl
moiety at the CXXL prenylation motif. GTP hydrolases are
small proteins which cycle between guanine diphosphate
(GDP) bound inactive and guanine triphosphate (GTP)
bound active states allowing them to act as on/off switches
and activating downstream effector proteins. In the absence
of input signals, the C-terminal geranyl-geranyl group will
bind to a GDP-dissociation inhibitor (GDI) which prevents
nucleotide binding and membrane association. Extracellular
signals through G-protein coupled receptors or receptor
tyrosine kinases lead to activation of guanine exchange fac-
tors (GEFs) such as DOCK2 [34], PREX1, and VAV1 [35]
which release GDP-RAC2 from the GDI protein and remove
GDP allowing the binding of GTP (GTP-RAC2) [36, 37]
(Fig. 2C). The active RAC2 then binds to downstream ef-
fectors such as p67°h* inducing activation of the neutrophil
NADPH oxidase [31] or PAK1 leading to changes in actin
cytoskeleton [38]. GTP-RAC2 is then bound by GAP pro-
teins which drive GTP — GDP hydrolysis inactivating the
protein. The GEF/GAP-mediated nucleotide binding and hy-
drolysis is rapid, a critical feature for actin remodeling and
cellular movement.
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RAC2 mutations

The initial RAC2 mutation, p.D5S7N, was identified in an
infant who presented in the first weeks of life with severe
bacterial infections, poor wound healing, and neutrophilia re-
sembling leukocyte adhesion deficiency (LAD) [40] (Table 1,
Fig. 2D). Western blot analysis revealed decreased total RAC2
protein in patient neutrophils. [41]. Biochemical studies dem-
onstrated the mutant protein was able to bind GEF proteins,
however, GEF binding did not increase GDP-GTP exchange
[42]. Further, p.D57N had a high rate of GTP dissociation
preventing activation and resulting in a protein with minimal
activity [42]. In 2010 a second patient was identified via new-
born screening [43, 44] having severely reduced T-cell receptor
excision circle (TRECs) a hallmark of recent thymic emi-
grants. Functional studies on the p.D5S7N patient neutrophils
demonstrated impaired chemotaxis, reduced phagocytosis of
opsonized erythrocytes and defective adhesion and rolling on
GlyCAM-1 [40]. One primary downstream effector of RAC2
is the NADPH oxidase component, p67°h°* [31]. Stimulation of
neutrophils with the formyl peptide Met-Leu-Phe (fMLF) will
activate RAC2 through its G-protein coupled receptor, FPR1,
leading to assembly and activation of the NADPH oxidase
complex and production of superoxide. Studies using p.D57N
expression constructs showed decreased superoxide produc-
tion in response to fMLE impaired chemotaxis and defective
GTP binding [40]. Expressing the mutation in Rac2-deficient,
Rac1-sufficient NIH/3T3 cells impacted cellular activity as re-
vealed by altered cell growth, morphology, and membrane ruf-
fling indicating the mutation is dominant-negative [40].
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Figure 2: RAC2 gene and protein. (A) Genomic schematic for RAC2. Exons are numbered above; the number of the last amino acid codon in each

exon is shown below. Exon 7 is untranslated. (B) Linear protein cartoon of RAC2 showing locations of specific domains. P P-loop (yellow); S |, Switch

| domain (peach); S Il, Switch Il domain (green); C, CXXL prenylation motif; g, geranylgeranyl moiety. (C) RAC2 bound to GDI is unable to interact with
effectors. Release from GDI and interaction with GEFs removes GDP allowing binding of GTR RAC2-GTP can then interact with downstream effectors.
RAC2-GAP interactions lead to hydrolysis of GTP. (D) Reported RAC2 mutations shown on linear RAC2 protein with domains noted. Mutations in bold
are constitutively active (red) or inactive (black). Mutation in parenthesis undergoes nonsense-mediated decay and does not result in a protein product.
The remaining activating mutations maintain intrinsic GTP hydrolysis. (E) Three-dimensional structure of the related RAC1 (3TH5) [39] showing domains

colored as in B and location of mutations. GTP shown as sticks.
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Table 1: reported RAC2 mutations

cDNA Protein Age at presentation Presentation References
c.169C>A p.D5S7N 1 mo LAD-like [40, 41]
c.169C>A p.D5S7N NBS LAD-like [43, 44]
c.168G > A* p-W56* 1yr CVID [45]
c.168G > A* p-W56* 7 yr CVID [45]
c.86C>G p.P29R 1yr CVID [46]
c.101C>A p.P34H 2yr CVID [47]
c.101C>A p.P34H 2yr CVID [47]
c.101C>A p.P34H 2yr CVID [47]
c.184G > A p.E62K 2 mo CVID [48]
c.184G > A p.E62K NBS CVID [48]
c.184G > A p-E62K 4yr CVID [48]
c.184G > A p-E62K n.d. CVID [49]
c.184G > A p-E62K 9yr CVID [49]
c.184G > A p-E62K 1.5yr CVID [49]
c.275A>C p.-N92T 4 mo CVID [50]
c.34G>A p.G12R 3d SCID [51]
c.34G>A p-G12R 10d SCID [51]
c.34G>A p-G12R 9d SCID [51]
c.182A> G p-Q61R 2d SCID [52]

# homozygous, NBS, newborn screening; n.d., not determined.

Subsequently a sibling pair from a consanguineous family
homozygous for p.W56* [45] was identified. This muta-
tion occurs early in the transcript and is predicted to cause
nonsense-mediated decay leading to absence of any RAC2
protein (Fig. 2D). In contrast to patients with dominant LOF
mutation, these homozygous-null siblings presented as young
children (Table 1) with recurrent upper and lower respira-
tory infections leading to the development of bronchiectasis.
Immunologically, they are notable for both T- and B-cell
lymphopenia. Similar to the second p.D57N patient, these
two had reduced TRECs compared to age-matched controls
[45]. Importantly, no immune phenotype was reported for the
parents, both carriers of p.W56%*.

The first gain-of-function RAC2 mutation was identified
in a 3 member, 2-generation family carrying a Switch I do-
main mutation, p.P34H [47] (Table 1). Subsequently, 6 pa-
tients from 4 families were identified carrying the Switch 11
domain mutation, p.E62K [48, 49]. Two additional isolated
cases have been reported carrying p.N92T [50] and p.P29R
[46] (Table 1). Phenotypically, the patients were diagnosed
with common variable immune deficiency (CVID) with all
but one characterized by recurrent respiratory infections
including sinusitis and pneumonias, frequently leading to
bronchiectasis. Three of the p.E62K patients were from a
single, three-generation family in which the father and grand-
father both underwent lung transplantation due to recurrent
respiratory infections leading to structural lung disease and
end-stage pulmonary failure [49]. One p.E62K patient was
detected by newborn screening due to absent TRECS [48],
however, all patients tested exhibited significant T- and B-cell
lymphopenia [48, 49].

In contrast to the p.D57N patients, evaluation of RAC2-
GOF patient neutrophils revealed excess superoxide produc-
tion in response to fMLF [46-48, 50] indicating an activating
mutation. Compared to wild-type RAC2, cells transfected
with p.E62K exhibited elevated basal superoxide production

[48, 50], increased AKT phosphorylation without stimulation
[48] and increased PAK1-protein binding domain-associated
RAC2 [48, 49], all of which are indicative of active, GTP-
bound RAC2 [47, 48]. Biochemical studies on isolated protein
revealed the p.E62K mutation maintained intrinsic rates
of GDP-GTP exchange and GTP hydrolysis, however, both
GEF-mediated nucleotide exchange and GAP-mediated GTP
hydrolysis were impaired by the mutation resulting in sus-
tained GTP—RAC?2 association and prolonged RAC2-driven
activation of downstream effectors [48]. Highlighting the
role of RAC2 in actin cytoskeletal formation, several studies
using primary patient cells revealed visible intracellular vacu-
oles, increased macropinocytosis, increased levels of F-actin,
and impaired chemotaxis [48]. These findings are consistent
with an active RAC2 molecule that permits continued actin
polymerization due to its dependence on intrinsic rather than
GAP-mediated GTP hydrolysis.

In 2020, Lagresle-Peyrou and colleagues [51] identified 3
individuals from 2 families who presented in the first week
of life with sepsis, profound pancytopenia, and hypoplastic
bone marrow (Table 1). They were diagnosed with reticular
dysgenesis (RD), a form of severe combined immunodefi-
ciency in which patients lack both T cells and neutrophils.
Genetic evaluation identified a heterozygous RAC2 mutation,
¢.34G>A, p.G12R. An additional patient was reported by
Stern and colleagues [52] who presented at 2 days with RD
and a RAC2 mutation, c.182A > G, p.Q61R. Transduction of
CD34+ human cord blood cells with RAC2 p.G12R impaired
cell proliferation compared to WT-transduced cells with
p.G12R cells exhibiting altered mitochondrial membrane po-
tentials, increased apoptosis, and reduced differentiation [51].
Western blot of transduced cells showed equivalent levels of
mutant and wild-type RAC2 protein indicating normal sta-
bility of the mutant protein [51]. Functional studies performed
using p.Q61R revealed increased superoxide production in
the absence of stimulation and a more than 10-fold increase
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in superoxide production in response to PMA [52]. Unlike
CVID RAC2-GOF mutations, mutations at G12 and Q61 are
comparable to well characterized, somatic RAS mutations.
The third most common somatic KRAS mutation in pancre-
atic ductal adenocarcinoma is p.G12R while p.Q61R is seen
in more than 40% of NRAS and HRAS mutated cancers [53].
Both mutations lead to loss of GAP-mediated GTP hydrolysis
and a high rate of nucleotide exchange resulting in constitu-
tively active proteins [53, 54]. The profound effects of consti-
tutively active mutations on mitochondria and hematopoietic
stem cells leads to loss of both bone marrow cellularity and
circulating lymphoid and myeloid cells and drives the pheno-
type observed in these 4 patients.

A comparison of reported RAC2 mutations is provided in
Table 1. The constitutively active GOF mutations which pre-
vent both GAP-mediated and intrinsic hydrolysis are adjacent
to the GTP binding site (Fig. 2E). The LOF p.D57N mutation
impedes binding of GTP preventing the active form of the
protein and activation of downstream effectors. The recog-
nized CVID GOF missense mutations occur within the dis-
ordered Switch I and Switch II domains with the exception
of the p.N92T mutation which is adjacent to Switch II in the
three-dimensional structure. The switch regions undergo con-
formational change upon binding of GTP allowing effector
interactions. Functional studies performed on p.E62K have
shown hinderance of GAP interactions leading to decreased
GAP-mediated hydrolysis while maintaining intrinsic hy-
drolysis [48]. The homozygous p.W56* leading to total loss
of RAC2 in the patients reveals some level of redundancy
for RAC2, possibly via the closely related, ubiquitously ex-
pressed, RAC1.

Cellular roles for WASP and RAC2

While examination of altered WASP function for individual
mutations has been performed, broader roles of WASP in im-
mune cells are recognized. Dysregulated actin cytoskeleton
impacts cellular migration and podosome formation of leuko-
cytes. Actin-intense immune cell events such as immune syn-
apse formations in T cells [55, 56], B cells [57], NK cells [58],
and dendritic—/NK-cell interactions [59] have all been dem-
onstrated to be disrupted in WASP-deficient cells. Defective
autophagy and mitophagy was seen in cells from Was-
deficient mice and WAS patients [60] including reduced actin
cages surrounding disrupted mitochondria [60]. Consistent
with this finding, WAS patient cells exhibited fragmented
mitochondria rather than extensive mitochondrial networks
indicating a role for WAS in maintenance of mitochondrial
homeostasis [61]. While the above roles for WASP are cyto-
plasmic and membrane related, a critical role for WASP in
the nucleus has also been demonstrated. Altered T ,0 - T,,1
transition was demonstrated to be caused by decreased WASP
binding and altered epigenetic programming at the TBX21
promoter with subsequent decreased TBX21 transcript under
T,,1 promoting conditions [62]. Subsequently it was demon-
strated that WASP is required for hSWI/SNF-complex chro-
matin remodeling that occurs during T,,0 — T,,1 transition
[63]. Recently, Yuan et al. [64] demonstrated a role for WASP
as a regulator of RNA splicing and transcriptional control
of splicing factors. Examination of the broader dysregulated
transcriptome in patients with WAS mutations may help fur-
ther elucidate underlying mechanisms for patient phenotypes.

Given the recent identification of RAC2 mutations and still
limited numbers of reported RAC2 patients, the breadth of
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studies performed remains small. It is possible that RAC2 pa-
tients may also exhibit similar cellular phenotypes as WAS pa-
tients surrounding autophagy, mitochondrial homeostasis, and
transcriptional regulation. Already RAC2 regulation of mito-
chondrial homeostasis has been demonstrated. Constitutively
active RAC2 G12R patient fibroblasts demonstrated dis-
rupted mitochondrial network [51], downregulation of
RAC2 in BCR-ABL leukemic progenitor/stem cells caused a
decreased in mitochondrial membrane potential [65], and T
cells from patients deficient in the RAC2 GEF, DOCK2, have
mitochondrial defects [66]. Certainly additional studies will
extend identified roles for RAC2.

Assessment of identified variants

Variants identified by NGS can be evaluated across four cri-
teria—transcript, protein, function and location, and effect on
cellular function. Some or all of these assays may be used to
determine pathogenicity. While iz silico analysis provides a
prediction of the change in coding sequence, it frequently ig-
nores the effect of the nucleotide change on transcriptional
regulation. As mentioned above, careful examination of the
p-A236G and p.M307V WAS variants suggests the mutations
lead to a splicing defect rather than a missense change. In
this case, amplification of full-length WAS ¢cDNA from pa-
tient cells can determine the primary transcript produced and
quantitative RT-PCR may be used to demonstrate reduced or
absent WAS transcript levels. The effect of a variant on the
protein can be evaluated using western blotting to determine
the presence and size of the target protein as well as examin-
ation of markers of activation such as pAKT for activating
RAC2 mutations [48, 49]. Flow cytometry requires fewer cells
than western blots and can be used to quantify relative protein
levels, activation of target proteins, or presence of F-actin al-
though it cannot determine the size of the mutant protein.
Determination of the relative level of WASP or RAC2 protein
does not itself indicate gain or loss of function, additional as-
says are necessary to demonstrate the effect of the variant on
the protein. Using either patient cells or transfection assays,
immunoprecipitation may be performed to look for protein
binding partners such as PAK1-RAC2 binding, WIP-WASP,
or WASP-Arp2/3. Additional assays for examining protein-
specific functions that have been reported include GDP/GTP
exchange and GTP hydrolysis for RAC2 [48].

Since both WASP and RAC2 participate in actin forma-
tion, the effect of the mutant protein on actin remodeling is
often demonstrated by microscopy. Fluorescent microscopy
can visualize immune synapse formation, presence of F-actin
under basal or stimulated conditions, actin cages surrounding
damaged mitochondria [61], membrane ruffling, formation of
macropinosomes, or uptake of FITC-dextran [48]. Time-lapse
video of cellular chemotaxis allows not only a quantitative
analysis of how quickly cells migrate but also a qualitative
analysis of leading and trailing edges of the cells, again a
marker of actin assembly/disassembly [48].

Further assays involving the role of WASP or RAC2 in the
nucleus and effect on transcription or epigenetics rely on high-
throughput, NGS techniques such as RNA-Seq for quantifica-
tion of transcripts, ChIP-Seq for DNA binding and epigenetic
alterations, or ATAC-Seq to demonstrate alterations of chro-
matin accessibility. As more evidence accumulates for the role
of actin within the nucleus, additional assays will likely dem-
onstrate expanded roles for WASP and possibly RAC2 in the
regulation of target transcriptional programs.
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Broader considerations

The first identification of WAS mutations occurred almost
three decades ago leading to several large cohort studies ex-
ploring range of mutations, protein expression, and in vitro
function as well as describing genotype/phenotype correl-
ations [11, 12, 16, 23]; in contrast, <20 RAC2 patients have
been reported [40, 43-52]. Studies which expand clinical
phenotypes of identified RAC2 patients and correlate in
vitro functional studies with presentation and disease course
are still lacking. Additionally, it is likely that patients with
mutations in other WASP- or RAC2-interacting proteins
will be identified. Recognizing phenotypic differences and
similarities among these patients will emphasize particular
roles each protein plays in actin regulation. One example
of a RAC2-interacting genes is the RAC2 GEF, DOCK2.
Bi-allelic DOCK2 mutations lead to immune deficiency and
altered cytoskeleton dynamics [67] but have additional, non-
hematopoietic findings including increased viral replication in
patient fibroblasts [67].

Expanding beyond the demonstrated epigenetic and tran-
scriptional regulation of target genes by WASP, more recently
nuclear actin was shown to be required for RNA polymerase
II clustering and colocalization at serum-response genes [68].
This demonstration of actin involvement in transcription
opens the possibility of altered transcriptional regulation in
other actinopathies including RAC2. Specific studies such
as single cell RNA-Seq, ChIP-Seq, and ATAC-Seq will be re-
quired to determine cell-type-specific and target-gene-specific
effects of these mutations. To date, only LOF WAS has been
evaluated in this way. It will be interesting to see whether the
effect of GOF WAS or activating RAC2 mutations on tran-
scription parallel their effects on actin polymerization.

Conclusions

The diverse mutations identified in WAS and RAC2 and the
accompanying phenotypes highlight an additional layer of
mutation-related pathology (Table 2). Null mutations leading
to absent protein highlight required functions which are not
compensated by other proteins. In the case of WAS, these mu-
tations lead to a severe phenotype with early onset while in
RAC2, due to some compensation by RAC1, the phenotype
is less severe although still significant. Truncation mutations
deleting the C-terminus of WASP identify critical functions
of the deleted domains as highlighted by WAS mutations
deleting the acidic region critical for Arp2/3 binding. Missense
mutations impact interactions with protein partners: WIP or
CDCA42 for WASP, GEFs or GAPs for RAC2. RAC2 missense
changes may also directly affect binding of the guanine nu-
cleotide which dictates conformation and activity of the
protein. In both genes, resulting actin assembly defects have
significant effects on immune cell stability, migration, and
response to extracellular stimuli. Consistent for both WASP
and RAC2 GOF mutations is increased levels of F-actin, im-
paired cellular migration and, in the case of constitutively
active RAC2 and GOF WAS, increased apoptosis. The differ-
ence in severity of phenotypes between WASP and RAC2 null
patients suggests some compensation for RAC2, possibly via
RACI, that is not present for WASP. One additional factor for
RAC2 mutations is the impact of the mutation on intrinsic
hydrolysis of GTP. Mutations leading to stable proteins which
abrogate intrinsic hydrolysis such as p.G12R and p.Q61R,

Table 2: comparison of phenotypes by mutation type

Transient GOF Constitutive GOF

LOF

Truncation

Null

X-linked neutropenia

NR

Mild WAS, may progress to severe

Severe WAS

Severe WAS

WAS disease presentation

Severe neutropenia, monocytopenia,

Thrombocytopenia + mild eczema

Thrombocytopenia, small platelet volume,

Specific phenotypes

normal platelet volume, recurrent

severe eczema, susceptibility to pyogenic

bacterial infections, myelodysplasia

infections, increased incidence of autoim-

mune disease, and cancer

Neonatal SCID, reticular dysgenesis

CVID

Neonatal LAD-like

NR

CVID

RAC2 disease presentation

Decreased T cells, decreased B cells, Severe pancytopenia, hypoplastic bone

Decreased T cells, decreased B cells, decreased  Neutrophiia, severe bacterial infections,

Specific phenotypes

marrow, sepsis, altered mitochondrial

decreased TRECs, increased

poor wound healing, decreased T
cells, decreased TRECs, decreased

TRECs, recurrent respiratory infections

function, increased superoxide at

baseline, and after PMA

superoxide to fMLF, impaired

chemotaxis, increased F-actin

neutrophil chemotaxis, decreased su-

peroxide to fMLF

NR, not reported.
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result in constitutively active proteins with profound effects
on all leukocytes evidenced by bone marrow hypoplasia.
The disease presentations observed across WAS and RAC2
mutated patients highlight the need to evaluate each genetic
variant for its impact on transcript level, protein size and sta-
bility, protein activity and binding partners, and effect on cel-
lular function. Thorough studies evaluating mutation effects
from transcript through protein function will continue to ex-
pand our knowledge beyond isolated genes by recognizing
cellular and biologic phenotypes overlapping with other gen-
etic disorders thus allowing recognition of additional genes
contributing to genetic heterogeneity.
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