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DOCKS8 immune deficiency as a model for
primary cytoskeletal dysfunction
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Abstract. DOCKS8 deficiency is a newly described primary immune deficyeresulting in profound susceptibility to cutaneous
viral infections, elevated IgE levels, and eosinophiliat lacking in the skeletal manifestations commonly seenyimeh IgE
syndrome, which it otherwise resembles. Although littlenewn about the DOCKS protein, it resembles other atypicahine
exchange factors in the DOCK family, and is known to bind toGZR2. This suggests that a likely role for DOCKS is in
modulating signals that trigger cytoskeletal reorgamiratAs a result, DOCK8 may also be related to other immuneigeities
that involve the cytoskeleton and Rho GTPase signalingymth, such as Wiskott-Aldrich syndrome and Rac2 deficiency.
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1. Introduction

In 2009, DOCKS8 (Dedicator of cytokinesis 8) was

independently determined to be the cause of significant

immune deficiency both in humans and in mice [1-3].

These discoveries were made from positional data in
the case of the human disease [1,2], and from a mu-
tagenesis screen in the case of the mouse disease [3]

Little prior information was available as to the protein
or its function. Indeed, most of the current understand-
ing of the protein is based on argument by analogy to
other proteins within the same family and with similar
domain structures. If these analogies hold true, how-
ever, DOCKS8 has the potential to further elucidate a
relatively poorly understood mechanism for generat-
ing immune deficiency, that of disorders of cytoskeletal
function.

1.1. DOCKS deficiency as a cytoskeletal disorder
involving Rho GTPases

Cytoskeletal dysfunction as a cause of immune de-
ficiency is currently best understood in the setting of
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the Wiskott-Aldrich syndrome (WAS), a defect in an
initiator of cytoskeletal remodeling and branching that
results in a syndrome of progressive immune deficien-
cy, with rash, elevated IgE, and a susceptibility to au-
toimmunity [4]. Many of these features are also present
in DOCKS8 deficiency, and the general structure of
DOCKS suggests that it may be involved in the same
Rho GTPase signaling pathway as WAS [5].

This idea is primarily drawn from the general do-
main structure of DOCK8 and the protein family with
which it is classified. DOCKS is an atypical guanine
exchange factor (GEF). GEFs, in general, have respon-
sibility for modulating the activity of Rho GTPases,
which in turn have a key role in integrating signals
from the cell membrane and triggering appropriate cy-
toskeletal reorganization as a result [6]. This integra-
tion follows a model in which the activity of the Rho
GTPase is a simple switch, active when bound to GTP
and inactive when bound to GDP. Whether the GTPase
is GDP or GTP bound is determined by the activity of
at least two classes of proteins: GEFs, which cycle the
GTPase to activate it, and GTPase activating proteins
(GAPs), which cycle GTPases back to the inactive state
(Fig. 1). There are at least 20 Rho GTPases known, the
best known of which are CDC42, Racl, Rac2, RhoA,
RhoB, and RhoH [7]. Each interacts with specific GEFs
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Fig. 1. Putative role of DOCKS in transduction of signalsotigh
CDC42 and Rac to the cytoskeleton. WASp acts as a downstream
effector for signals from Rho GTPases such as CDC42 and Rac.
These GTPases are, in turn, regulated by the activity of igean
exchange factors, such as DOCKS8, which cycle the GTPase from
inactive to active form.
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volve the formation of oligomers and interactions with a
wide range of proteins. In addition, DOCKs have puta-
tive phosphorylation sites suggesting additional poten-
tial levels of regulation [6,10]. In the case of DOCKS,
this is a single phosphoserine at position 451.

To date, potential interactions between DOCK8 and
several GTPases have been demonstrated, including
Cdc42, Racl, RHOJ, RHOQ [5]. These were demon-
strated in a yeast two-hybrid system, but not confirmed
when the results were repeated ina GST pull-down with
any of a number of Rho GTPases. While it was specu-
lated that this was due to unstable binding of DOCK8
to the Rho GTPases, clear binding partners for DOCK8
remain undefined.

DOCKS protein is present in subsets of wide range
of cells, and the mRNA is widely distributed through-
out most tissues [5]. Staining for the protein in histo-
logical sections does reveal some predilection for cer-
tain cell types [11]. As might be expected given the
phenotype of immune deficiency, there is strong ex-
pression in hematopoietic cells and normal peripheral
blood mononuclear cells (PBMCs). Within the lungs,
there is strong expression in lung macrophages. While
most cells in germinal centers have strong expression
of DOCKS, it is not evenly expressed throughout the
germinal center.

and GAPs, although there is considerable redundancy  Glandular tissue, such as adrenal and prostate, en-

and overlap in the specificity of these interactions.

The GEFs were originally described as a group of
about 70 proteins that were structurally related to the
diffuse B cell lymphoma protein (dbl) in containing a
pleckstrin homology domain (PH) and a dbl homolo-
gy (DH) domain with GEF activity. The DOCK pro-
teins, in contrast, have GEF activity but have a different
domain structure [6].

1.2. DOCK protein structure and function

DOCK proteins do not have DH domains, but rather
two dock homology domains, DHR1 and DHR2. Ofthe
11 known DOCK proteins, the family of which DOCK8
is a member, the first and best known is DOCK180.
For DOCK180, the DHR1 domain binds phosphotidyli-
nositol trisphosphate, while the DHR2 domain inter-
acts with Rho GTPases, and most of the other DOCK
proteins appear to follow this model [8,9]. Howev-
er, DOCK proteins also appear to have other interac-
tions, including with adaptor proteins at the cell mem-
brane (Crkll and ELMO, in the case of DOCK180),
and DOCK9 has been shown to oligomerize through its
DHR2 domain [6]. Hence, DOCK function could in-

dometrium and trophoblast appear to express the pro-
tein, and it is present in some neural tissues, though
not in the cerebellum or cerebral cortex. Leukemia
cells express DOCKS8 in a variety of subtypes at high
levels compared to other cell lines, but, of course, so
do normal peripheral blood mononuclear cells [11].
Changes in the expression pattern of DOCK8 have also
been identified in a variety of different tumors. These
changes have included both decreases [12,13] and in-
creases [14] in DOCKS8 expression as well as deletions
of genomic copies of DOCK8 [12,13,15].

Also interesting is the subcellular localization of
DOCKS by immunofluorescence. In cell lines, the pro-
tein is diffusely distributed throughout the cytoplasmin
a distinctly granular pattern, suggesting that there may
be significant interactions with other proteins or the cy-
toskeleton [6,11]. The amount of staining appears to
intensify in lamellipodia, but the granular distribution
persists elsewhere. Other GEFs and Rho GTPases tend
to localize at the cellmembranes[16,17]. Furthermore,
there is DOCKS staining in the nucleus, exempting nu-
cleolar regions. All of these staining studies to date
have been done in cell lines, though, and so may differ
from normal expression patterns for the protein, and
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the question has not been studied in sufficient detail to
know whether this is a pre- or post-activation pattern.

Most Rho GTPases cluster at the cell membrane, re-
ceive signals from cell signaling molecules such as in-
tegrins, and transduce those signals to the cytoskeleton.
Rho GTPases modulate cytoskeletal function using a
model in which the Rho GTPase acts to integrate the
function of cell surface signaling molecules, and passes
this signal to an effector molecule that develops the re-
organization of the cytoskeleton [7]. The integration of
the signal by the Rho GTPase is modified by activating
and inhibiting proteins that modulate whether the sig-
nal is passed to the effector. These include the GEFs,
as well as GAPs, which switch the GTP for GDP and
so disable the Rho GTPase. This step is where DOCK8
modulates cytoskeletal function. The effect on the cy-
toskeleton is in reorganization and concentration of F-
actin filaments in specific subcellular areas. For im-
mune system cells, this includes modulating the forma-
tion of podosomes, and formation of the immunologi-
cal synapse. Other functions of Rho GTPases include
activation of NF«B, which could also have an effect
on immune function [18].

There are many cellular processes, particularly in
hematopoietic and immune tissues, that Rho GTPases
regulate, and so would be candidates for modulation
by DOCKS8 [7]. Rho GTPases receive signals from
integrins in hematopoietic stem cells and have roles in
homing, engraftment, and mobilization. As expected,
the Rho GTPase is primarily involved in the cytoskele-
tal reorganization that is required for these processes.
In T cells, Rho GTPases mediate polarity, cytotoxic re-
sponse, spreading, migration, cytokine secretion, TCR
signaling and in so doing, regulate key transitions in
thymocyte development [19,20]. In mice, if Racl and
Rac2 are both deleted, T-cell developmentis blocked at
the common lymphoid progenitor stage, there is disrup-
tion of actin polymerization and TCR clustering, and
no calcium influx, Erk, or p38 activation [7,21]. In B
cells, Rac2 deficient mice have reduction in Bla and
MZ B cells, associated with impaired proliferation and
calcium influx, as do double knockouts of Racl and
Rac?2. B cells with Cdc42 deletions are similar to these
Rac deficient mice [22]. Some inhibitory Rho GTPases
also exist, and RhoH inhibits the Rac1 and Rho activa-
tion of NF-«xB and is known to bind to Zap-70.
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deficiency with rash, elevated IgE, and defective im-
mune synapse very similar in some ways to DOCK8
deficiency. As an effector for CDC42 and Rac, WASp
initiates the branching of F-actin filaments via activa-
tion of the Arp2/3 complex [4]. Therefore, we now
have deficiencies of all three major components of Rho
GTPase signaling pathway causing immune defects, in-
cluding the effectors, such as WASp, the Rho GTPase
itself, such as in dominant negative Rac2 deficiency,
and the modulators, such as DOCKS.

1.3. DOCKS8 deficiency in humans

The syndrome ultimately identified as DOCKS8 defi-
ciency in humans was originally described as an autoso-
mal recessive form of hyper IgE syndrome (AR-HIES),
with which it shares several features (Table 1) [23].
These include elevated IgE and eosinophilia, suscep-
tibility to cutaneous infections, and a defect in TH17
cell development and function. However, viral infec-
tions were much more prominent in DOCKS8 patients,
and these patients had a greater susceptibility to au-
toimmune disease than hyper-IgE syndrome patients.
Initial searches for mutations in candidate genes with-
in the STAT3 pathway, which is disrupted in autoso-
mal dominant hyper-IgE syndrome, were not success-
ful. However, when high-density oligonucleotide map-
ping arrays were used to assess gene copy number, ho-
mozygous deletions of the DOCK8 gene were found
in many families with AR-HIES, and mutations re-
sulting in stop codons and exon skipping were found
in DOCKS8 in many of the remaining families [1,2].
Therefore, DOCK8 was identified as the causative gene
for AR-HIES based solely on positional data.

1.4. DOCKS in non-human model systems

At approximately the same time that the human syn-
drome was discovered, a mouse immunization genet-
ic screen identified the mouse homolog of DOCKS,
Dock8, as a candidate for poor immunization respons-
es. This mutant mouse was discovered in an ENU
mutagenesis screen in which the mutant mice failed to
sustain a primary antibody response and did not de-
velop mature antibody responses through somatic hy-
permutation [3]. Two separate mutations in the same

The Rho GTPase pathway uses the Rho GTPase asgene were discovered in different lines, one resulting

an adjustable switch for passing signals to an effector in a splice donor mutation that eliminated the DHR2
molecule. The best understood effector for the Rho domain, and another in the alpha helix responsible for
GTPase pathway is the WASp (Wiskott-Aldrich syn- CDC42 binding in the DHR2 domain. In these mice,
drome protein), which causes a syndrome of immune the early phase of antibody production was indistin-
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Table 1
Phenotypic differences between patients with autosonraimtnt HIES
(STAT3 deficient) and autosomal recessive HIES (DOCKS dfigi

STAT3 deficient STAT3 normal HIES
HIES (DOCKS deficient)

Inheritance Autosomal Dominant Autosomal Recessive
Respiratory Infections + +
Elevated IgE + +
Pneumatoceles Characteristic Rare
Cutaneous viral infections Present Marked
Fractures + -
Primary Dentition Retained Not retained
Autoimmunity Possible Frequent
Facial features + +/-

guishable from normal mice, but the later phases were
diminished, antibody production did not persist, and

the mice did not undergo hypermutation and affinity

maturation.

There was no effect on T independent antigen, sug-
gesting that a disorder of the T and B cell immune
synapse could be important [3]. T and B cell num-
bers were generally normal, but there was a clear de-
ficiency of marginal zone B cells and reduced num-
bers of naive T cells. Further study demonstrated a
defective B-cell synapse and abnormal function of cy-
toskeletal processes. In normal B cells, recognition of
antigen causes binding of LFA-1 to ICAM-1, resulting
in B cell adhesion and spreading. The supramolec-
ular activation complex (SMAC) is formed, and LFA
becomes polarized in peripheral SMAC. In Dock8 de-
ficient mice, the mutant cells were unable to appro-
priately cluster ICAM-1 into peripheral SMAC. Rho
GTPases are known to be involved in integrating the
signals from integrins, further suggesting that a defect
in the Rho GTPase pathway may be important in this
syndrome. There was no effect on other BCR signaling
events or chemotaxis.

One of the dilemmas in the descriptions of the mouse

disease and the human disease is that the clinical pic-

ture appears to vary between the two. This may be
partly due to the manner in which the mouse was dis-

is true for the best understood disease of the Rho GT-
Pase pathway, Wiskott-Aldrich syndrome. While mice
carrying WASp mutations similar to human patients do
replicate many of the laboratory features of WAS, they
do not have an obvious clinical phenotype [24,25]. The
reasons for these differences between mice and humans
are not completely clear, but given that many other pro-
teins and systems appear to modify the function of Rho
GTPase signaling, it may well be that these systems
play somewhat different roles in the immune systems
of mice and humans.

Another important dilemma is how such a broad de-
fect in cytoskeletal signaling is manifested in a rela-
tively limited phenotype, immune deficiency. Patients
with DOCKS deficiency do not have the same skeletal
findings, such as fractures, scoliosis and retention of
primary dentition, which subjects with STAT3 deficien-
cy do [2,23,26]. There may be some developmental
or cognitive delay, but this has not been formally as-
certained. Other patients with single copy deletions of
DOCKS have shown cognitive delay, but this is not nec-
essarily the case in all the patients seen with loss of both
copies of DOCK8[27,28]. A nearby gene, ANKRD15,
has been associated with familial cerebral palsy and de-
velopmental delay [29], and it is possible that this gene,
and not DOCKS, is responsible for the neurologic find-
ings in at least one of these patients [27], as the dele-

covered; as part of a mutagenesis screen for antibody tion did involve ANKRD15. However, the other pa-

deficiency the mouse was primarily ascertained for an-

tient had a deletion that did not involve ANKRD15 and

tibody defects, whereas resistance to viral cutaneous disrupted DOCKS [28]. Part of this may be explained

infections or susceptibility to autoimmunity was not
assessed. While humans with DOCK8 deficiency do
manifest variable antibody defects, it remains to be es-
tablished whether some DOCK8 mutations may mani-
fest primarily as common variable immune deficiency.
Although the difference in study design may explain
part of this, there may also be genuine differences be-

by restriction of DOCK8 expression to immune tissues,
but DOCKS is also found in glandular tissue, heart, and
skeletal muscle, and defects in these systems are not
evident. This suggests that the role of DOCK8 might
be redundant or less important in these other tissues.
As the primary effector of CDC42 signaling, WASp
function may also be diminished in DOCKS8 patients,

tween the mouse model and the human disease. Thisif CDC42 lacks signal from DOCKS8 to upregulate its
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function. Although the entire phenotype of DOCKS8
deficiency cannot be explained by WASp deficiency
alone, many laboratory features of WASp deficiency
that have been tested in DOCKS8 deficiency are also
replicated, at least in the mouse. WASp deficiency
results in abnormal adherence to ICAM-1 coated sur-
faces, in a poor development of the immune synapse,
and WASp's activation of Arp2/3 to produce actin re-
organization is enhanced by CDC42, known to be a
binding partner of DOCKS8. Furthermore, the clini-
cal appearance of WAS deficient humans is similar to
DOCKS deficiency. WASp deficient patients are sus-
ceptible to viral, pyogenic, and opportunistic infections
and have defective CD3- and mitogen-induced prolifer-
ation of T cells, as do DOCKS deficient patients. WAS
patients also have elevated IgE levels with time, and

an eczematous rash. There is also a progressive de-

crease in number and function of T cells [30]. Itis cur-
rently unclear how a fixed defect in CDC42 signaling
would lead to a progressive immune deficiency. The
features of DOCKB8 deficiency that cannot be explained
by WASp deficiency, such as the marked presence of
cutaneous viral infections, might be explained by inter-
actions between DOCKS8 and other Rho GTPases, or
possibly DOCKS's influence on other signaling path-
ways altogether.

Other defects in Rho GTPase signaling besides WAS
also seem to share features with DOCKS8 deficiency.
The clinical phenotype is similar to defects in Rac2,
and Vavl or Vav2, although these may be more restrict-
ed to B cell function in mice [3,31]. DOCK2 deficien-
cy, identified so far only in mice, is similar, but more
profound than the DOCKS picture, with lymphopenia,
disrupted lymphoid architecture, and poor B cell mi-
gration and chemotaxis [32,33].

To date, much of this argument for the function of
DOCKS in producing immune deficiency is made by
analogy from the few known binding partners for the
protein and the general structure of the protein. It will
be critical to outline in much greater detail the interac-
tions and distribution of DOCKS8 both throughout tis-
sues and subcellularly. This will be key in both mice
and humans to determine what, if any, differences truly

exist between the mouse model and the human disease [11]

and also to determine why the phenotype is largely
restricted to immunologic function.

Not only will this be important for better understand-
ing pathogenesis and perhaps treatment of those with
DOCKS deficiency, but the cytoskeleton and cytoskele-
tal function is an underappreciated site for intervention
to modify immune function pharmacologically. Both
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colchicine and hydroxychloroquine have found use as
clinical agents for controlling undesirable inflamma-
tion, and both appear to have effects on cytoskeletal pro-
cesses, such as microtubule polymerization and vesi-
cle transport, respectively. The cytoskeleton appears
susceptible to modification by small molecule agents,
which would improve the options for drug delivery
over traditional large molecule agents like monoclonal
antibodies. A better appreciation of the mechanisms
and interactions that are involved in the production of
cytoskeletal immune defects could clear the path for
antiinflammatory agents that are better tolerated, easi-
er to administer and have less susceptibility to broad,
unwanted effects.
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