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Abstract

Wiskott-Aldrich syndrome protein (WASP) and its homologue neural-WASP (N-WASP) are
nucleation promoting factors that integrate receptor signaling with actin cytoskeleton
rearrangement. While hematopoietic cells express both WASP and N-WASP, WASP deficiency
results in altered cell morphology, loss of podosomes and defective chemotaxis. It was determined
that cells from a mouse derived monocyte/macrophage cell line and primary cells of myeloid
lineage expressed approximately 15-fold higher levels of WASP relative to N-WASP. To test
whether N-WASP can compensate for the loss of WASP and restore actin cytoskeleton integrity,
N-WASP was overexpressed in macrophages, in which endogenous WASP expression was
reduced by short hairpin RNA (shWASP cells). Many of the defects associated with the loss of
WASP, such as podosome-dependent matrix degradation and chemotaxis were corrected when N-
WASP was expressed at equimolar level to that of the wild-type WASP. Furthermore, the ability
of N-WASP to partially compensate for the loss of WASP may be physiologically relevant since
activated murine WASP-deficient peritoneal macrophages, which show enhanced N-WASP
expression, also show an increase in matrix degradation. Our study suggests that expression levels
of WASP and N-WASP may influence their roles in actin cytoskeleton rearrangement and shed
light to the complex intertwining roles WASP and N-WASP play in macrophages.
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Introduction

Wiskott-Aldrich Syndrome (WAS) is an X-linked recessive disease characterized by
thrombocytopenia, eczema and immunodeficiency. WAS is due to mutations in WAS
protein (WASP) that results in either mutant forms of WASP being expressed or in little or
no WASP protein being present [1]. WASP, whose expression is restricted to non-erythroid
hematopoietic cells [2], along with the ubiquitously expressed neuronal WASP (N-WASP)
and WASP family Verproline-homologous protein (WAVE)1, 2 and 3, are members of a
family of scaffold proteins that link signals from the cell-surface to the actin cytoskeleton
[3]. As actin nucleation promoting factors, WASP family proteins enhance Arp2/3 complex
initiated de novo actin polymerization [4]. The essential role of actin cytoskeleton dependent
processes in leukocytes, such as determination of cell shape and chemotaxis, is exemplified
by the cytoskeletal abnormalities of hematopoietic cells from WAS patients (reviewed in

[5.6]).

Leukocytes require actin nucleation promoting factors to be tightly regulated and yet be
responsive to external stimuli to carry out actin rearrangement for vital immune functions.
Both WASP and N-WASP exist in an autoinhibitory conformation in resting cells, which is
achieved by intramolecular binding of the C-terminal verprolin-homology, cofilin-
homology, acidic (VCA) domain to the basic and G protein binding domain (GBD) [7]. This
folded conformation effectively conceals the VCA region preventing interaction with actin
monomers and the Arp2/3 complex. N-WASP has an additional verproline-homology
domain (VVCA), which can interact with one more actin monomer than WASP, resulting in
superior actin polymerization activity of N-WASP in vitro [4,8]. Classically, the interaction
of the GBD with Cdc42 was thought to unfold and thus “activate” both WASP and N-
WASP, while Racl acted through WAVEL1-3 proteins. However, a recent systematic in vitro
study showed that, while it did not activate WASP, Racl was a more potent activator of N-
WASP than Cdc42 [9]. Another binding partner of WASP and N-WASP is Phosphatidy!I
Inositol (4, 5) Phosphate (PtdIns(4,5)P5), which has been reported to synergize with Cdc42
in the activation of WASP [10] and N-WASP [11]. However, Tomasevic et al reported an
inhibitory effect of PtdIns(4,5)P, on WASP but not N-WASP activity [9]. While these
studies show the existence of different mechanisms for the regulation of WASP and N-
WASP, whether these proteins serve a nonredundant function in the cell is unknown.

The most striking features of WASP deficient macrophages are their chemotaxis defect and
the lack of podosomes on their ventral surface [12]. Podosomes mediate adhesion to the
extracellular matrix and are capable of matrix degradation [13,14]. They consist of
filamentous (F)-actin - rich core surrounded by loose bundles of F-actin with protein
components such as talin and vinculin that are typical of focal contacts. WASP localizes to
the F-actin - rich core along with other actin-regulatory proteins, such as cortactin and
Arp2/3 [15]. Interestingly, certain aggressive cancer cells and Src-transformed cells possess
podosome-like structures called invadopodia that appear to be directly responsible for extra
cellular matrix degradation [16]. Invadopodia have similar organization and actin regulatory
machinery localization compared to podosomes. However, N-WASP is present in the F-
actin core instead of WASP [17]. Subsumed under the term invadosomes, both structures are
suspected to play a role in the surveillance of the environment and maintain polarized
activities such as chemotaxis and focal degradation of the matrix [16].

N-WASP, originally regarded as the WASP equivalent in non-hematopoietic cells, is also
expressed in human peripheral blood monocytes, neutrophils and platelets albeit at
potentially lower levels [18]. While the co-expression of closely related proteins suggests
potential non-redundant roles for both WASP and N-WASP in hematopoietic cells, several
studies suggest that WASP and N-WASP may be able to substitute for one another [19-21].
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Platelets from WASP deficient patients and mice have an intact actin assembly system [19].
In addition, WASP or N-WASP deficient mice have similar numbers of T-cells compared to
wild type mice, while deficiency of both WASP and N-WASP in the same mouse resulted in
severely reduced numbers of T-cell [20]. Furthermore, expression of N-WASP in WASP
deficient T-cells partially restored their proliferation [21]. Taken together, these studies
suggest an intriguing possibility that enhanced N-WASP expression in WASP deficient
macrophages may allow restoration of normal actin dynamics.

Materials and Methods

Cells, transfections, plasmids

All cells were maintained at 37°C in a 5% CO, incubator. RAW?264.7 derived cell lines with
reduced WASP expression by short hairpin RNA (shRNA) and control cells expressing non-
targeting ShRNA were generated as described in [14]. Peritoneal macrophages, RAW 264.7
derived cell lines, and COS-7 cells were all grown in RPMI medium (Mediatech Inc,
Manassas, VA) containing 10% new born calf serum (Cambrex, Walkersville, MD), 100 U/
ml penicillin and 100 ug/ml streptomycin (Sigma, Saint Louis, MO). Murine bone marrow-
derived macrophages (BMM) were isolated and prepared according to a previously
published protocol [22], grown in alpha-MEM media (Invitrogen, Carlsbad, CA) with 15%
FBS (Sigma, St. Louis, MO), 360 ng/ml recombinant human CSF-1 (Chiron, Emeryville,
CA), and 100 U/ml penicillin and 100 ug/ml streptomycin. Lysates of mouse dendritic cells
were a generous gift of Dr. Laura Santambrogio.

For stable N-WASP expression, sShWASP cells were transfected with either the psra vector
or psra. N -WASP plasmid [23] using Fugene HD (Roche, Indianapolis, IN) then selected
with 2mg/mL G418 sulfate until clones were obtained. GFP-N-WASP [24] was expressed in
SshWASP psra vector cells using Fugene. Superfect transfection reagent (Qiagen, Valencia,
CA) was used to transfect COS-7 cells with either WASP-biosensor-CFP-YFP [25]or N-
WASP biosensor CFP-YFP [26] according to manufacturer specification.

Mice and peritoneal macrophages isolation

All procedures involving mice were conducted in accordance with National Institutes of
Health regulations concerning the use and care of experimental animals. The study of mice
was approved by the Albert Einstein College of Medicine animal use committee.
Commercially available 129/svJ control and WASP-deficient mice [27] were purchased
from The Jackson Laboratory (Bar Harbor, ME). WASP-deficient mice with mixed
background was generated by crossing 129/SvJ WASP-deficient mouse to a control mouse
with C57/B6 background and remained in a consistent background throughout breeding.
Peritoneal lavage was performed as described previously [28]. Briefly, 1mL of PBS or 4%
thioglycollate medium (Sigma, St. Louis, MO) was injected into the peritoneal cavities of
mice. Following three to five days of incubation, 10mL of RPMI medium containing 10%
new born calf serum, 100 U/ml penicillin and 100 ug/ml streptomycin was used to collect
peritoneal macrophages.

Western blotting

Cells were lysed in ice-cold lysis buffer containing either 25 mM Tris, 137 mM NaCl, 1%
Triton X-100, and 2 mM EDTA or 150mM NaCl, 50mM Tris, and 1% NP-40; both buffers
also included 1 mM orthovanadate, 1 mM benzamidine, 10 pg/ml aprotinin, and 10 pg/ml
leupeptin. 5x Laemmli buffer was added and lysates were boiled for 5 minutes. Whole cell
lysates were resolved by SDS-PAGE and proteins were transferred onto PVDF membranes
(Immobilon-P Millipore, Billerica, MA) that were subsequently blocked with 5% nonfat dry
milk in TBS containing 0.1% Tween20 prior to incubation in primary antibodies overnight
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at 4°C. Primary antibodies included mouse monoclonal anti-GFP (Roche, Indianapolis, IN),
mouse monoclonal anti-beta-actin AC-15 (Sigma, St. Louis, MO), rabbit polyclonal anti-N-
WASP [23], chicken polyclonal anti-N-WASP/WASP (AE 920), regenerated from sequence
indicated in [23], rabbit polyclonal anti-WASP (H-250), and goat polyclonal anti-WAVE2
(both from Santa Cruz Biotechnology, Santa Cruz, CA). Membranes were then washed and
incubated with horseradish peroxidase conjugated secondary antibodies, either goat anti-
mouse IgG, donkey anti-goat 1gG, goat anti-rabbit 1gG, or donkey anti -chicken IgY
(Jackson Immuno Research, West Grove, PA). Signals were visualized using the
SuperSignal West Pico Chemiluminescent Substrate from Pierce (Rockford, IL). Images
were acquired using a Kodak Image Station 440 and quantified using Kodak 1D Image
Analysis Software. In quantification of Western blots, values were an average generated
from several lysates of each condition per experiment run multiple times.

Immunofluorescence microscopy and morphological analysis

Cells plated on 12 mm glass coverslips were serum-starved for at least 3 hours and fixed and
stained according to [14]. F-actin was visualized by staining with Alexa 568-phalloidin
(Invitrogen, Carlsbad, CA). Vinculin was detected using a specific monoclonal antibody
(clone VIN-11-5 or hVIN-1, both from Sigma, St. Louis, MO), followed by incubation with
Alexa 488-goat anti-mouse IgG (Invitrogen, Carlsbad, CA).

Morphological parameters were analyzed as follows: a cell displaying migratory
morphology was defined by an unambiguous leading and trailing edge [29], podosomes
were considered as such when F-actin punctate structures organized in patches were
surrounded by a vinculin ring. The elongation index was determined using Image J
(http://rsb.info.nih.gov/ij/) by tracing the cells and measuring the ratio of the major axis over
the minor axis of the fit ellipse. At least 60 cells per experiment were analyzed for each
determination. F-actin core intensity was obtained by identifying the area inside the vinculin
ring from F-actin and vinculin merged image and circling the corresponding area on F-actin
alone image for intensity measurement. At least 100 podosomes per cell type were analyzed
for each experiment. Images were taken using the 60x 0il/1.40 phase3 objective of an
Olympus 1X71 microscope coupled to a Sensicam cooled CCD camera.

Matrix degradation assay

Degradation of fluorescently-labeled fibronectin (FN) by macrophages was determined by a
protocol detailed in [14]. Briefly, cells were plated on fluorescently labeled fibronectin for
16 hours and areas of loss of fluorescence were measured as degradation area per cell. At
least 50 cells per experiment were analyzed.

Chemotaxis assay

Chemotaxis was measured as previously described [14]. Briefly, 500,000 serum starved
cells were added to the upper well of 8-um pore size inserts (Falcon; BD Biosciences, CA)
and incubated at 37°C for 4 hours in the presence or the absence of CSF-1. Cell migration
was quantified by counting the number of cells that migrated through the insert in at least 10
randomly selected fields and data was expressed as fold increase of migrated cells in
stimulated condition over the unstimulated condition.

Data analysis

Results were considered statistically different when analysis using a Student t-test resulted
in differences between two means with a p value of less than 0.05. Error bars signify
standard error of the mean.
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A murine monocyte/macrophage subline of RAW264.7 transduced with sShRNA against
WASP was previously shown to recapitulate the chemotactic and podosome defects
observed in macrophages isolated from patients with Wiskott Aldrich syndrome (WAS) [14]
even though these cells express the WASP homologue N-WASP. Further characterization of
these cells showed that endogenous WASP levels were reduced by greater than 90%, while
the expression levels of N-WASP remained unaffected, as did levels of WAVE-2, the other
dominant WASP/WAVE family member in macrophages [30] (Figure 1A). In addition to
the previously described defects on matrix degradation and chemotaxis [14], the reduction of
WASP also had clear effects on the morphology of these cells. Consistent with other reports
using monocytes from WAS patients [31], shWASP cells appeared to be more round and
fewer cells showed a clear head to tail migratory phenotype than control cells (Figure 1B).
In fact, when these characteristics were quantified, the percentage of cells exhibiting a
migratory morphology decreased in shWASP cells by approximately 60% (Figure 1C). The
elongation index, determined by dividing the major axis of each cell by the minor axis, was
also decreased by about half in cells with reduced WASP levels (Figure 1D). Additionally,
cells producing podosomes, seen as punctate F-actin cores each surrounded by a ring of
vinculin, were roughly 60% less prevalent in the population with reduced WASP (Figure
1E). These data further support that shWASP cells recapitulate the hallmarks of WAS
macrophages.

Since both WASP and N-WASP were expressed in monocyte derived cells, the endogenous
levels of these proteins were quantified. First, the relative affinity of the antibody
recognizing both WASP and N-WASP to be used in this quantification was measured.
COS-7 cells were transfected with WASP or N-WASP constructs, both tagged with YFP
and CFP, and lysates were probed in Western blots with a chicken polyclonal antibody
against N-WASP/WASP. Blots were also probed with a GFP antibody, which binds YFP as
well, to normalize for expression level and a beta-actin antibody to control for loading
(Figure 2A). The quantification showed that the N-WASP/WASP antibody recognizes N-
WASP with an affinity approximately 5.7 fold higher than that for WASP consistent with
the fact that the antigen was based on the sequence of N-WASP [23]. Taking this into
account, N-WASP and WASP levels were measured using the N-WASP/WASP antibody in
the control macrophage cell line and compared to that of other mouse myeloid cells, such as
bone marrow derived macrophages (BMM) and immature dendritic cells (DC) [29, 32]
(Figure 2B). Using the determined affinity of the antibody, the relative level of WASP to N-
WASP in each cell type was calculated. Protein samples were run in serial dilutions in order
to confirm that exposure conditions were not saturated. Multiple lysates were taken from
each cell type and each lysate run multiple times before averaging together the results.
Additionally, similar WASP and N-WASP levels were also obtained using a rabbit
polyclonal antibody also against N-WASP/WASP. There were no significant differences
between the WASP/N-WASP ratios of the various monocyte derived cell types analyzed.
All exhibited considerably higher WASP expression than N-WASP, with control cells
showing an average WASP/N-WASP ratio of approximately 15 (Figure 2C). While the
ratios of WASP to N-WASP in the primary cells appeared lower than that of control cell
line, these differences were not statistically significant. These results indicate that while N-
WASP is expressed in monocyte-derived cells, it is at a much lower level than WASP.

It may be possible that the morphological defects associated with the absence of WASP is
not due to non-redundant functions between WASP and N-WASP but simply due to the low
level of N-WASP expression in macrophages. To address this issue, N-WASP was
overexpressed in ShWASP cells to determine the extent to which it can compensate for a
lack of WASP (Figure 3A). After finding that WASP is expressed roughly 15 times more
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than N-WASP in control cells, three clones (F6, E7, and D3) were obtained that expressed
N-WASP approximately 15 times more than control cells in order to approximate WASP
endogenous expression (Figure 3B). When examined by immunofluorescence microscopy,
cells overexpressing N-WASP appeared to more closely resemble control cells rather than
shWASP cells (Figure 4A). Migratory morphology (Figure 4B) and elongation (Figure 4C)
were found to be restored to the levels seen in control cells, while ShWASP cells transfected
with the psra vector exhibited a reduction in these parameters similar to that of sShWASP
cells. In both measurements, differences between the three N-WASP overexpressing clones
along with the control were not significant, whereas each were significantly different from
the vector control ShWASP cells.

The ability of N-WASP to compensate for WASP deficiency in terms of podosome
formation was also determined. Quantification of N-WASP overexpressing cells by
immunofluorescence microscopy showed that the fraction of cells displaying podosomes
was restored to the level seen in control cells following overexpression of N-WASP (Figure
5A). Further analysis of the cells that recovered podosomes showed that the number of
podosomes per cell (Figure 5B) and the intensity of F-actin core region of each podosomes
(Figure 5C) were comparable to that of the control cells. Interestingly, N-WASP
overexpresing clones showed slightly higher number of podosomes per cell compared to
control cells, where one clone was statistically significantly different (Figure 5B), which
may reflect the superior actin polymerization ability of N-WASP compared to WASP due to
the two tandem V motifs of N-WASP [8]. The localization of overexpressed N-WASP was
determined using GFP tagged N-WASP since none of the N-WASP antibodies tested could
distinguish N-WASP and WASP. Consistent with the recovery of podosomes by N-WASP
overexpression, GFP-N-WASP was enriched in podosomes of transfected shWASP cells
(Figure 5D). In combination, these data indicate that overexpression of N-WASP can restore
the morphological defects and loss of podosomes observed following WASP reduction.

To further evaluate the ability of N-WASP to compensate for WASP deficiency, whether the
restored podosomes of N-WASP overexpressing clones also recovered their function was
determined. When plated on fibronectin matrices, the vector control ShWASP cells showed
significantly less degradation per cell (Figure 6A). N-WASP overexpressing clones
degraded matrix at levels comparable to those seen in control cells indicating that the
podosomes of N-WASP overexpressing cells were functional. The loss of podosomes is also
associated with the loss of CSF-1-mediated chemotaxis in WASP-deficient macrophages. To
determine whether N-WASP overexpression could restore the ability of ShWASP cells to
chemotax towards CSF-1, a transwell migration assay was performed. Intriguingly, N-
WASP overexpressing clones migrated at a level comparable to that of control cells while
the vector control ShWASP cells showed reduced migration in response to CSF-1, (Figure
6C). In conclusion, many of the observed defects in cells with reduced WASP expression
can be restored by replacement of WASP with N-WASP.

To determine whether N-WASP might compensate for the loss of WASP in vivo, the level
of N-WASP expression in primary WASP deficient BMM was examined. BMM from three
independent mice per genotype were lysed and multiple lysates were probed on western
blots to obtain an average N-WASP expression per genotype. N-WASP expression in
WASP deficient BMM was not significantly different compared to wildtype BMM (Figure
7A), consistent with no alteration in N-WASP expression in sShWASP cells (Figure 1).
However, macrophages are known to increase expression of proteins involved in the
immune response following immunological stimulus. Therefore, the level of N-WASP
expression in activated compared to resting peritoneal macrophages was examined.
Thioglycollate medium was injected into the peritoneum of wildtype and WASP-deficient
mice to cause local inflammation. Resident and activated macrophages were then collected
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by peritoneal lavage from PBS treated or thioglycollate treated mice, respectively.
Thioglycollate activated wildtype macrophages showed a significant increase in WASP and
N-WASP expression compared to resting macrophages. Similarly, N-WASP expression in
activated WASP-deficient peritoneal macrophages increased approximately four fold
compared to resting WASP-deficient peritoneal macrophages (Figure 7B). Similar increases
expression of WASP and N-WASP were seen in activated macrophages from two different
strains of mice, indicating that these are not strain dependent effect (data not shown).

To determine whether the increase in N-WASP expression in WASP-deficient activated
peritoneal macrophages resulted in an increase in their functional capability, the ability of
resident and activated peritoneal macrophages to degrade fluorescent matrix was assayed.
As expected, non-activated WASP-deficient peritoneal macrophages showed only minimal
matrix degradation. However, there was a ten fold increase in the area of matrix degradation
by activated WASP-deficient peritoneal macrophages, attaining a similar level of matrix
degradation compared to resting wildtype peritoneal macrophages (Supplemental Figure 1
and Figure 7C), while activated wildtype peritoneal macrophages showed only a five-fold
increase in the area of matrix degradation compared to resting cells (Figure 7D). Strikingly,
investigation of the F-actin arrangements of these cells revealed that activated WASP-
deficient macrophages contained podosomes that co-localized with areas of degradation
(Figure 7E). These results indicate that an increase in N-WASP expression occurs in vivo in
response to an immunological stimulus enhancing the ability of WASP-deficient
macrophages to degrade matrix, suggesting that N-WASP compensation for WASP may
play a role in the pathogenesis of WAS.

Discussion

The residual chemotactic ability WASP-deficient cells display in in vitro studies [33—-35] has
been speculated to be an attribute of compensatory contribution by other WASP/WAVE
family members [36]. While WASP family proteins promote activation of the Arp2/3
complex through their C-termini, these proteins diverge in binding regions for the
interacting adaptor and regulatory molecules, which appear to account for their functional
differences [37]. Whereas WASP is exclusively expressed in hematopoietic cells, N-WASP
is expressed ubiquitously albeit at low levels [21,38,39], consistent with our finding. Calle et
al suggested that WASP may play a unique role in osteoclasts due to the profound defects of
WASP deficiency in these cells even though N-WASP is expressed [40]. Studies using
pathogenic microorganisms that subvert the Arp2/3 dependent actin polymerization
pathways suggest WASP-family proteins may not compensate for each other completely.
For example, Shigella outer membrane protein VirG only binds to N-WASP and not to any
other WASP family members to recruit host F-actin [39]. Shigella motility in N-WASP
deficient embryonic stem cell derived fibroblast-like cells was also not rescued by ectopic
expression of WASP [38]. However, WASP does compensate for N-WASP in cytoplasmic
vaccinia virus motility [38] and Mycobacterium marinum exploits either WASP or N-WASP
interchangeably for its intracellular spread [21]. These reports suggest that certain pathogens
exploit either WASP or N-WASP for their intracellular spread, yet the functional
competency of these proteins to substitute for one another in normal host cell physiology has
not been addressed. In this study we demonstrate that while N-WASP is expressed in
monocyte-derived cells, it is at significantly lower levels compared to WASP. Furthermore,
we provide evidence indicating that many of the defects associated with the loss of WASP
can be rectified if N-WASP expression is increased either by forced expression in vitro or
following an immune stimulus in vivo.

A hallmark of WAS macrophages is the loss of podosomes [12]. However, podosome-like
structures are also present in other non-myeloid cells that do not express WASP such as
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endothelial cells and smooth muscle cells [16]. In non-myeloid cells, N-WASP mediates
invadopodia formation in carcinoma cells and podosome formation in Src-transformed
fibroblasts [41-43]. These studies suggest that N-WASP may be able to regulate the
formation of podosomes if expressed in sufficient amounts. To test this hypothesis, clones of
ShWASP cells overexpressing N-WASP at an equivalent molar level to WASP expression
seen in control cells were used in this study. In addition to the restoration of macrophage
morphology and podosome formation, N-WASP overexpression restored several
macrophage functions believed to be podosome dependent, such as matrix degradation and
chemotaxis. Given our results that N-WASP overexpressing cells recovered these functions,
we examined whether cellular stress, such as inflammation and activation of immune cells,
led to a compensatory increase in N-WASP expression in WASP-deficient macrophages in
attempt to increase their functionality, however inefficiently. Indeed, activation of WASP-
deficient macrophages resulted in an increase in N-WASP expression and matrix
degradation capability, proving N-WASP can functionally compensate for WASP. While
activated WASP-deficient peritoneal macrophages recovered the level of degradation
exhibited by resting wildtype peritoneal macrophages, activated wildtype peritoneal
macrophages exhibited superior matrix degradation capability. This difference in
degradation capability of activated cells likely result from the fact that thioglycollate
induced activation increased not only N-WASP expression but also WASP expression in
wildtype cells. In view of the fact that the expression levels of WASP and N-WASP
establish the extent of actin cytoskeleton rearragement macrophages can undertake, it is
possible that in the absence of N-WASP the cytoskeletal defects of WAS patients may be
even more pronounced. The clinical relevance of N-WASP expression status in
macrophages and other hematopoietic cells from WAS patients requires further
investigation.

While an increase in N-WASP expression rescued many of the cytoskeletal defects of
WASP-deficient macrophages, our group has recently showed that the ectopic expression of
N-WASP in WASP deficient cells was not able to rescue the defect in Fcy-R mediated
phagocytosis [44]. Correspondingly, N-WASP overexpression did not restore the FcyR-
mediated phagocytic defect seen in cells with reduced WASP (data not shown), suggesting
that WASP and N-WASP have non-redundant roles in phagocytosis irrespective of their
expression level. Park et al suggested that N-WASP may play a role in membrane delivery
to the growing phagocytic cup, while WASP may be required for actin polymerization
during phagocytosis [44]. Our finding that N-WASP compensated for WASP in certain actin
cytoskeletal abnormalities but not all complements predictions made that N-WASP can only
partially compensate for WASP due to distinct sets of interactions between the two proteins
[38,40]. In fact, amino acid sequence alignment of WASP and N-WASP reveals that WASP
contains a unique insert upstream of GBD, which could confer specific binding partners for
WASP but not N-WASP. Furthermore, the proline-rich regions of WASP and N-WASP
exhibit 50% sequence divergence, suggesting these two proteins may interact with different
sets of SH3 domain containing proteins. For example, Tomasevic et al. reported differential
regulation of WASP and N-WASP actin polymerization activities by the SH3 domain
containing adaptor proteins Nck1 and Nck2 in vitro [9]. Unfortunately, while many studies
report the interaction and/or effect of SH3 domain containing proteins to either WASP or N-
WASP (extensively reviewed in [4]), side by side comparison of binding affinities and/or
interactions have not been performed. Additional studies are needed to elucidate the specific
binding partner(s) of WASP and N-WASP that may contribute to the different roles they
assume.

Alternatively, WASP and N-WASP turnover may be regulated differently during podosome
formation and phagocytosis. For example, WASP and N-WASP differ in calpain sensitivity
[18]. Calpain expression is increased in activated macrophages with enhanced phagocytic
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ability [33] and its inhibition stabilizes podosomes in DCs [45] while suppressing their
proteolytic activity [34]. Since calpain cleaves WASP but not N-WASP, it is plausible that
the N-WASP overexpression failed to rescue the phagocytosis defect not because it failed to
correct the cytoskeletal abnormality but because N-WASP cannot be cleared by calpain. In
conclusion, we have demonstrated N-WASP can compensate for WASP in morphology,
podosome formation, matrix degradation, and chemotaxis but not phagocytosis, suggesting
WASP and N-WASP have both unique and redundant roles in macrophages. Understanding
the precise role N-WASP plays in cytoskeletal rearrangement of macrophages, along with
WASP, will further delineate the immunological abnormalities in WAS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

BMM Bone Marrow-derived Macrophages

CSF-1 Macrophage Colony Stimulating Factor-1

DC Dendritic Cells

GBD G Protein Binding Domain

N-WASP Neuronal- Wiskott-Aldrich Syndrome protein
ShRNA Short Hairpin RNA

WAS Wiskott-Aldrich Syndrome

WASP Wiskott-Aldrich Syndrome Protein

WAVE WASP family Verproline-homologous protein
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Figure 1. WASP regulates macrophage morphology

(A) WASP was reduced using sShRNA in murine monocyte/macrophage cell line (shWASP).
Control cells were treated with a non-targeting sShRNA sequence and NI denotes non-
infected cells. Western blots demonstrated that expression levels of WAVE2 and N-WASP
were not affected. The N-WASP antibody recognizes both N-WASP and WASP, a white
arrow points towards the band representing N-WASP, a black arrow towards WASP. (B)
Images display morphology of control and shWASP cells. ShWASP cells exhibited reduced
(C) migratory morphology (n=4), (D) elongation (n=5), and (E) cells with podosomes, (n=4)
suggesting that WASP is needed for these activities. Scale bar represents 10um. * p<0.05
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Figure 2. Relative expression of N-WASP and WASP in monocyte derived cells

(A) The relative affinity of an antibody that recognized both WASP and N-WASP was
determined by transfecting either epitope tagged N-WASP or WASP into COS-7 cells
followed by quantitative Western blot. VValues were normalized to B-actin and GFP levels.
The white arrow represents endogenous N-WASP in COS-7 cells. Smeared bands could be
due to degradation of overexpressed proteins. Anti-N-WASP/WASP demonstrates that the
antibody has a 5.7-fold higher affinity for N-WASP than WASP. (B) Representative N-
WASP Western blot of a control macrophage cell line (Control), primary immature and
mature dendritic cells (DC —/+ LPS respectively), and primary bone marrow-derived
macrophages (BMM) is shown. The white arrow indicates bands corresponding to N-WASP
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and the black arrow indicates WASP bands. (C) The ratio of endogenous WASP to N-

WASP was calculated for Control, BMM, and immature DC. Differences in expression
between mature and immature dendritic cells were not significant.
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Figure 3. Level of N-WASP overexpression in ShWASP clones

(A) Western blotting was performed using cells treated with non-targeting shRNA (control),
SshWASP (-), vector transfected shWASP cells (vector), or clones from shWASP cells
transfected with N-WASP (F6, E7, D3). COS-7 cells were used as a control for endogenous
N-WASP. (B) N-WASP levels were determined relative to control. The N-WASP
overexpressing ShWASP clones expressed approximately 15-fold more N-WASP as
compared to endogenous N-WASP.
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Figure 4. N-WASP overexpression can rescue morphology defects of WASP deficiency

Cells treated with a non-targeting shRNA (control), vector transfected ShWASP cells
(vector), or N-WASP overexpressing clones from shWASP (F6, E7, D3) were plated on
coverslips. (A) Representative images show control (top), vector (middle) and N-WASP
overexpressing clone E7 (bottom) stained for F-actin (red) and vinculin (green). Scale bar
represents 10um. Insets show a 2um by 2um square from the original image, highlighting
the vinculin encircled cores of F-actin that distinguish podosomes in both control and N-
WASP F6, but not present in vector expressing ShWASP cells. (B) The fraction of cells that
displayed migratory morphology was determined (n=6). (C) Elongation index was measured
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using ImageJ (n=5). At least 60 cells per experiment were analyzed for each determination.
*
p<0.05
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Figure 5. N-WASP overexpression rescues podosome formation

(A) The fraction of cells containing podosomes treated with non-targeting shRNA (control),
vector, or clones from shWASP transfected with N-WASP (F6, E7, D3) was compared
(n=3). (B) The number of podosomes per cell and (C) F-actin intensity of the podosomes
from the F-actin core region were measured. These assays confirm that the N-WASP
overexpressing sShWASP cells contain podosomes. Error bars signify SEM. At least 50 cells
were analyzed per experiment for (A) and (B). At least 300 podosomes from each cell types
were measured for (C). (D) Vector ShWASP cells were transfected with GFP-N-WASP,
then fixed and stained for F-actin, seen in channels showing Alexa-568 phalloidin (top),
GFP (middle) and merged images of GFP and phalloidin fluorescence (bottom). Boxed area
is shown at higher magnification in inset. Scale bar represents 10um. * p<0.05
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Figure 6. N-WASP overexpression rescues podosome function and chemotaxis

(A) Cells were plated on Alexa-568 fibronectin coated-coverslips overnight, then fixed.
Degradation area per cell is shown for cells treated with non-targeting shRNA (control),
vector ShWASP cells (vector), or clones from shWASP transfected with N-WASP (F6, E7,
D3) (n=3). (B) Cells were plated on Boyden chamber with or without CSF-1 in the bottom
well and allowed to migrate for 4h. At least 10 randomly chosen fields in the bottom well
were analyzed to measure the number of migrated cells (n=3). The graph shows fold
increase of cell migration over the non-CSF-1 treated cells. Error bars signify SEM. At least
50 cells were analyzed per experiment. * p<0.05
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Figure 7. Activated WASP-deficient peritoneal macrophages show enhanced N-WASP
expression, podosomes and matrix degradation
(A) Lysates of bone marrow derived macrophages (BMM) from wildtype (WT) and WASP-
deficient mice were probed with an antibody that recognizes both N-WASP (white arrow)
and WASP (black arrow) in a Western Blot. (B) A representative Western blot of WASP, N-
WASP and B-actin levels in resting and activated WT and WASP-deficient peritoneal
macrophages. (C — E) Peritoneal macrophages were plated on Alexa-568 fibronectin coated-
coverslips overnight, then fixed and stained for F-actin to identify podosomes. (C)
Degradation area per cell is shown for resting and activated WT and WASP-deficient
peritoneal macrophages (n=4). Error bars signify SEM. At least 10 randomly chosen fields
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and 50 cells were analyzed per experiment. ** p<0.01 *** p<0.001 (D) Average degradation
enhancement was calculated by dividing the degradation area per cell of activated cells over
that of resting cells for each genotype. (E) Representative images of WASP-deficient
peritoneal macrophages showing phase (left), Alexa-568 fibronectin (2nd from left),
Alexa-647 Phalloidin (3rd from left) and merged images of fibronectin and phalloidin
fluorescence (right). Images in the top row display resting cells, the bottom row activated
cells. Scale bar represents 10pum.
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