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ABSTRACT
There is extensive crosstalk between different Rho GTPases, including Cdc42, Rac1, and Rac2,
and they can activate or inhibit the activity of each other. Dendritic cells express both Rac1
and Rac2. Due to posttranslational modification of lipid anchors, Rac1 localizes mainly to the
plasma membrane whereas Rac2 localizes to the phagosomal membrane where it assembles
the NADPH complex. Our recent study of primary immunodeficiency disease caused by
mutations in the Cdc42 effector Wiskott-Aldrich syndrome protein (WASp) has shed light on
the compensatory mechanisms between Rho GTPases and their effector proteins. WASp-
deficient dendritic cells have increased localization and activity of Rac2 to the phagosomal
membrane and this allows antigen to be presented on MHC class I molecules to activate
cytotoxic CD8C T cells. This study reveals an intricate balance between Rac2 and WASp
signaling pathways and provides an example of compensatory pathways in cells devoid of the
Cdc42 effector WASp.
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Dendritic cells efficiently take up antigen and present
antigenic peptides on major histocompatibility (MHC)
class I and II molecules to activate T cells. Antigen
uptake, internalization, processing, and presentation
require fine-tuned regulation of actin cytoskeleton
dynamics to sort antigen into the correct intracellular
pathway for loading on MHC I or MHC II molecules.
Spontaneous actin assembly is inefficient, and the cell
uses several actin nucleating promoting factors to obtain
rapid and dynamic actin polymerization.1 The Wiskott-
Aldrich syndrome protein (WASp) family of actin
nucleating promoting factors all contain a verprolin-cofi-
lin-acidic (VCA) domain that binds to the actin-related
protein (Arp)2/3 complex to induce actin polymerization
leading to formation of branched filaments.1 The WASp
family of proteins includes WASp, neuronal (N)-WASp,
and WASp-family verprolin-homologous protein
(WAVE)/suppressor of the cyclic AMP receptor (SCAR)
1–3, WASp and SCAR homolog (WASH), and junction-
mediating and regulatory protein (JMY).2 The activity of
WASp, N-WASp, and WAVE/SCAR 1–3 are regulated
by the Rho family of small GTPases Cdc42, Rac1, and
Rac2. The small Rho GTPases operate as molecular

switches cycling between an active guanosine triphos-
phate (GTP)-bound and an inactive guanosine diphos-
phate (GDP)-bound state.3 This cycling is tightly
regulated by guanosine nucleotide exchange factors
(GEFs), which stimulate the exchange of GDP to GTP,
and GTPase-activating proteins (GAPs), which increase
the intrinsic rate of GTP hydrolysis.3 Effector proteins of
Cdc42 and Rac1 are numerous, and many of them have
a GTPase binding domain (GBD), also called Cdc42/
Rac-interactive binding (CRIB) motif, that specifically
recognize the GTP-bound form of the Rho GTPase. In
1996, WASp was identified as a Cdc42 effector protein
and it was later shown that Cdc42 is required for WASp
activity.4 At rest, WASp and N-WASp resides in an
auto-inhibited conformation due to an intramolecular
interaction between the VCA domain and the GTPase
binding domain.5-7 Upon binding of Cdc42, the auto-
inhibited conformation is released and exposes the VCA
domain that allows for recruitment of the Arp2/3 com-
plex and actin polymerization.5-7 Rac1 and Rac2 regulate
activation of the multimeric WAVE/Scar regulatory
complex including Rac, WAVE, Abi1, and IRSp53, to
stimulate actin polymerization by the VCA domain.8-10
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Rac1 and Rac2 in NADPH assembly

Rac1 and Rac2 serve an important function in haema-
topoietic cells such as neutrophils, macrophages, and
dendritic cells by assembly of the NADPH oxidase
complex. This involves sequential assembly of GTP-
bound Rac1 or Rac2 with the flavocytochrome b558
consisting of gp91phox and p22phox with the
p67phox, p40phox, p47phox NADPH components.
The NADPH oxidase regulates electron transfer from
NADPH to molecular oxygen leading to production
of superoxide that is rapidly converted into H2O2 and
other reactive oxygen species (ROS) essential for
phagocyte microbicidal function.11,12 Rho GTPases
localize to cellular membranes by posttranslational
modification of lipid anchors, including geranylger-
anyl or farnesyl isoprenoid modifications.3,13 In den-
dritic cells, Rac1 localize to the plasma membrane
and Rac2 specifically to phagosomes.14 It is of interest
to note that Rac2-GTP does not need intermediates
when it comes to the NADPH oxidase assembly,
while Rac1 and Rac2 activation of WAVE1–3 requires
intermediate proteins, such as IRSp53.15 In neutro-
phils, Rac2 has subcellular localization distinct from
that of Rac1 and the absence of Rac2 is associated
with mislocalization of Rac1.16 Specific sequences in
Rac1 and Rac2 that specify subcellular localization
determine the specificity of Rac1 and Rac2 in neutro-
phil chemotaxis and superoxide generation.16 It
remains to be determined if Rac1- and Rac2-mediated
assembly of the NADPH complex is linked to associa-
tion with other Rac1and Rac2 effectors to regulate the
actin cytoskeleton in proximity to the phagosomal
membrane.

Activation of Rac2 in the absence of WASp in
dendritic cells

Primary immunodeficiency diseases are caused by loss-
of-function mutations in a single gene and provide a
unique opportunity to investigate the immune system.
The common strategy is to identify loss of a cellular
response and interpret this data as the natural function
of the gene product of interest. Loss-of-function muta-
tions in the gene encoding WASp in mice and men have
been investigated for more than 20 y and have provided
critical insights into the role of cell trafficking and cell-
to-cell communication during an immune response.17,18

A decreased migratory or cell-to-cell interaction
response in WASp-deficient cells has been interpreted by
us and many others to mean that WASp directly regu-
lates this response in WASp-sufficient cells. In a recently
published paper, we questioned this reasoning and asked
if deletion of WASp may trigger activation of other intra-
cellular pathways to compensate for WASp deficiency
and provide survival and/or functional capacity of cells.19

We provide evidence for that WASp deficiency skews
intracellular signaling to Rac2 activation that assembles
the NADPH complex and locally maintains a near neu-
tral pH of endosomes and phagosomes.19 In dendritic
cells, exogenous antigen can be degraded by 2 different
intracellular pathways. The default pathway fuses anti-
gen-containing phagosomes with lysosomes allowing for
antigen degradation at acidic pH and loading of anti-
genic peptides on MHC class II molecules to activate
CD4C T helper cells (Fig. 1).20 The alternative pathway,
referred to as antigen cross-presentation, uses Rac2-
mediated assembly of the NADPH complex in the phag-
osomal membrane. This leads to protons being pumped

Figure 1. Schematic presentation of cross-presentation of exogenous antigen in dendritic cells. Rac2 assembles the NADPH oxidase at
the phagosomal membrane leading to production of reactive oxygen species. The ATPase pumps out protons (HC) from the phagosome
leading to a near neutral pH and antigen escape to the cytosol. Abbreviations: DC; dendritic cell, ROS; reactive oxygen species, TCR; T
cell receptor.
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out from the phagosome, production of reactive oxygen
species (ROS), and maintenance of a near neutral pH in
the phagosome. Antigen will be transported to the cyto-
sol, degraded by the proteasome, and loaded on MHC
class I molecules to activate CD8C cytotoxic T cells
(Fig. 1). Our data suggests that in the absence of WASp,
dendritic cells favor the cross-presentation pathway due
to increased Rac2 expression, activity, and localization to
phagosomes (Fig. 2).19

Redundant and unique activity of WASp family
members

The WASp family of proteins have redundant and
unique activities within the cell. N-WASp activity can
compensate for critical functions of WASp in lympho-
cytes since deletion of both WASp and N-WASp in B or
T cells leads to severely compromised development and
function.21,22 However, N-WASp expression alone in
WASp-deficient B and T cells is linked to autoreactivity,
possibly due to altered signaling threshold for activation
of the B cell and T cell receptor.22-25 Another example of
such compensatory mechanism comes from studies of
WASp¡/¡ NK cells. Treatment with IL-2 restores normal
cytotoxicity of WASp¡/¡ NK cells in vitro and in vivo by
increased activation of the WASp family protein
WAVE2.26,27 It remains largely unknown how altered
expression of WASp family members may affect the acti-
vation and cellular localization of Rho GTPases.

Cross-talk between Rho GTPases affecting
effector function

Our finding of increased activation of Rac2 in the
absence of WASp provides a new example of the
extensive crosstalk between different Rho GTPases.

Cdc42, Rac1, and Rac2 can activate or inhibit the
activity of each other.13 Cdc42 can inhibit Rac1 and
Rac2 activation by acting as a competitor for specific
binding sites. Cdc42 can bind to the NADPH oxidase
component gp91phox in vitro but is unable to stimu-
late ROS formation by the NADPH oxidase. Constitu-
tively active Cdc42-Q61L, locked in the GTP-bound
state, inhibits ROS production induced by Rac1-Q61L
in an NADPH oxidase-expressing Cos7 cell line.28

This suggests that Cdc42-GTP activity may proceed
Rac1-GTP activity in assembly of the NADPH com-
plex and that Cdc42 acts as a competitive inhibitor of
Rac1- and Rac2-mediated ROS production.28 Inhibi-
tion of Cdc42 activity by transduction of the Cdc42-
binding domain of WASp into human neutrophils
results in enhanced ROS production, consistent with
inhibitory cross-talk between Rac2 and Cdc42 in reg-
ulating NADPH assembly and activity.29 However,
Cdc42 can also stimulate Rac1 and Rac2 activity
proximal to cellular membranes. Membrane localiza-
tion is a key trigger in Rac signaling. Activation of
the Rac effector PAK1 (serine/threonine kinase p21
associated kinase1) requires localization of Rac1 to
lipid membranes.30,31 Effector proteins such as
WASp, N-WASp, and PAK1 sequester active GTP-
bound Cdc42 and Rac1/2 at the membrane while dis-
sociation of these Rho GTPases from the membrane
usually results in sequestration by Rho guanine nucle-
otide dissociation inhibitors (RhoGDIs) or in degra-
dation.13 WASp activation, at least initially, requires
binding of active GTP-Cdc42.5,6 Therefore, WASp¡/¡

dendritic cells may have a significant pool of active
non-sequestered Cdc42 available for various signaling
events. When located in proximity at lipid mem-
branes, Cdc42 can directly induce Rac activity. First,
in fibroblasts Cdc42 can induce Rac1-dependent

Figure 2. Schematic presentation of antigen presentation in wildtype and WASp¡/¡ dendritic cells. Due to increased Rac2 assembly of
the NADPH complex in WASp¡/¡ dendritic cells, antigen is shuttled into the cross-presentation pathway for activation of CD8C cytotoxic
T cells. Abbreviations: DC; dendritic cell, WASp; TCR; T cell receptor, WASp; Wiskott-Aldrich syndrome protein.
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cytoskeletal changes, lamellipodia, at the leading edge
of the cell.32 Second, a more recent live cell imaging
approach in fibroblasts shows that the activity of
Cdc42 and Rac1 is spatio-temporally synchronized to
stabilize newly expanded membrane and that Rac1
activity remains longer than Cdc42 activity in lamelli-
podia structures.33 Notably, we detected large lamelli-
podia-like structures in bone marrow-derived

WASp¡/¡ dendritic cells while such structures were
rarely detected in wildtype dendritic cells (Fig. 3).
This suggests that WASp¡/¡ dendritic cells activate
Rac-dependent cytoskeletal changes. Third, Cdc42 can
induce local activation of Rac1 at membranes in
HeLa and Cos7 cells. Cdc42 binds directly to PAK1
and promotes association with the PAK-interacting
GEF a-(PIX) and b-PIX that activate Rac1 at the

Figure 3. WASp deficiency and the crosstalk between Rac1, Rac2, and Cdc42 in dendritic cells. Wildtype dendritic cells can induce actin
polymerization through activation of different pathways that include Rac1 and Rac2 signaling to WAVE and Cdc42 signaling to WASp/
N-WASp. WAVE and WASp/N-WASp can activate the Arp2/3 complex and induce actin polymerization. In WASp¡/¡ dendritic cells, the
absence of WASp may induce a negative feedback loop through Cdc42,29 which directs the response toward the activation of Rac1 and
Rac2. Activation of Rac1 and Rac2 leads to increased WAVE activity and NADPH oxidase activity.14,16,19,56,57 The hypothetical increase of
WAVE activation would lead to a compensatory increase in actin polymerization. (B) In support of increased Rac1, Rac2, and WAVE activ-
ity in WASp-deficient dendritic cells, we noticed that WASp¡/¡ bone marrow derived dendritic cells formed large lamellipodia, a struc-
ture associated with Rac1 and Rac2 activity. Bone marrow-derived dendritic cells were added to glass coverslips, fixed, and labeled with
Phalloidin and DAPI to visualize polymerized actin and the nucleus. Open triangle indicates lamellipodia and arrow indicates podo-
somes. Red; phalloidin, blue; DAPI. Abbreviation: DC; dendritic cell.
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membrane.34,35 A recent study provides evidence for
that PAK2 via interaction with b-Pix and Cdc42 reg-
ulates homing and migration of haematopoietic stem
cells.36 It is likely that the complex network of acti-
vating and inhibitory cross-talk between Cdc42, Rac1,
and Rac2 is dependent on cell identity and cellular
context at different lipid membranes.

Implications for understanding human disease

Our recent study suggests that deletion of a specific pro-
tein (WASp) can reprogram dendritic cells and have pro-
found effects on the cellular response (activation of
CD8C T cells). This finding leads the way for increased
awareness of strong compensatory mechanisms when
studying single-gene defects in patients and mice.
Because of the extensive cross-talk between Rho GTPases
and the WASp family members, this raises the possibility
that activation of alternative intracellular pathways may
rescue a detrimental cellular defect. Three patients with
mutations in Rac2 have been identified that suffer from a
neutrophil immunodeficiency syndrome. All 3 patients
harbour a D57N mutation within the Rac2 DX2G motif,
conserved in all GTPases, that results in a dominant neg-
ative protein. Rac2-D57N neutrophils show complete
loss of chemotaxis, ROS production, and polarization in
response to a variety of receptor stimuli.37-39 Murine
Rac2¡/¡ neutrophils have a similar phenotype and show
decreased migration and reduced NADPH activity.40 A
striking conclusion of these findings together with the
Rac2-D57N patients is that Rac1 insufficiently compen-
sates for Rac2 deficiency in assembly of the NADPH oxi-
dase in neutrophils. This is perhaps due to the specific
localization of Rac2 to the phagosomal membrane in
neutrophils and dendritic cells. Deletion of both Rac1
and Rac2 in B cells severely compromises B cell develop-
ment and B cell entry into the white pulp cords of the
spleen when compared with deletion of only Rac1 or
Rac2 in B cells.41,42 Specific deletion of Rac2 in B cells
leads to hyper-phosphorylation of Rac1, suggesting that
Rac1 can partly compensate for Rac2 at least in B cell
receptor signaling.41 Deletion of both Rac1 and Rac2 in
haematopoietic cells leads to rapid egress of haemato-
poietic stem cells from the bone marrow to the blood
and failure of Rac1- and Rac2-deficient haematopoietic
stem cells to engraft irradiated recipient mice.43,44 How-
ever, Rac1 and Rac2 play distinct roles in actin organiza-
tion, cell survival, and proliferation and Rac2 is essential
for superoxide production and directed migration in
neutrophils.43 It would be interesting to determine if
some of the effects of Rac2 deficiency are caused by
skewed activation toward Cdc42-mediated activation of
WASp and N-WASp.

Conclusions and future perspectives

An emerging view from investigation of WAS patient cells
and WASp-deficient mice is that WASp deficiency affects
specific haematopoietic cells quite differently. Some cells
become hypo-responsive in the absence of WASp such as
CD4C T helper cells.45-48 Recent studies show that some
haematopoietic cells become hyper-responsive in the
absence of WASp such as plasmacytoid DCs,49 B
cells,23,25,50,51 and dendritic cell-induced activation of CD8C

T cells.19 Our data from examining dendritic cells and
cross-presentation in the absence of WASp suggests that
skewed intracellular signaling may significantly contribute
to functional outcome. It is possible that some of the cell-
specific phenotypes can be attributed to alternative seques-
tering, expression, and activation of the Rho GTPases
Cdc42, Rac1, and Rac2. An interesting aspect for future
research will be to compare how different mutations in
WASp elicit vastly different immunodeficiency syndromes
characterized as WAS or X-linked neutropenia (XLN), the
latter caused by constitutive activation of WASp.18,52-54 It is
plausibly that some of the clinical findings may be explained
by decreased or increased sequestering of GTP-bound
Cdc42 when WASp is absent compared with when WASp
is constitutively active. Although gene knockout approaches
have been valuable in dissecting cellular behavior in the
absence of a protein, the next important step will be to
examine the role of endogenous proteins in their natural
environment. A hurdle to overcome is to correctly visualize
WASp and Cdc42 inside the cell. Much of what is known
about their localization comes from overexpression studies
using mutants of Cdc42 that is locked in the GTP-bound
from (Cdc42-L61) or GDP-bound form (Cdc42-N17) or
using GFP-fusion proteins, both with natural limitations in
localizing endogenously expressed WASp and Cdc42 inside
the cell. Modifying the germline-encoded genes by insertion
of small specific tags should help in visualization of proteins,
for example using the Avitag –BirA ligase system to biotiny-
late proteins in live cells.55 New antibodies that can distin-
guish between closely related proteins such as WASp and
N-WASp will help resolve the issue with cross-reactivity
between homologues proteins in haematopoietic cells.
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