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We describe a novel protein that contains a ver-
prolin-homology (V) region, through which several
actin-regulating proteins, including Wiskott-Aldrich
syndrome protein (WASP) family members, bind di-
rectly to actin. The amino acid sequence is homolo-
gous to the sequences of WASP-interacting protein
(WIP) and CR16, both of which associate with WASP
and/or N-WASP, and thus these three proteins consti-
tute a new protein family. We named the protein WICH
(WIP- and CR16-homologous protein). WICH associ-
ates strongly with N-WASP but only weakly with
WASP via its C-terminal WASP-interacting (W) region.
Ectopic expression of WICH induces actin-microspike
formation through cooperation with N-WASP. In addi-
tion, expression of the W fragment of WICH suppresses
microspike formation induced by N-WASP, indicating
an essential role for WICH in N-WASP-induced micro-
Spike formation. © 2002 Eisevier Science (USA)

Key Words: WASP; WIP; CR16; WICH; actin; micro-
spike.

The WASP family proteins, WASP, N-WASP, and
WASP family verprolin homologous protein (WAVE)/
Suppressor of CAMP receptor (Scar) subfamily proteins
(WAVE 1, 2, and 3), regulate reorganization of the
actin cytoskeleton through their C-terminal verprolin
homology-cofilin homology-acidic (VCA) regions (1). It
has been shown that the verprolin homology (V) do-
main binds directly to monomeric actin (G-actin) (2)
and that the cofilin homology-acidic (CA) region inter-
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acts with Arp2/3 complex (3-5), leading to activation
of the complex, which plays an important role in
nucleating actin polymerization. In vitro reconstitu-
tion studies (5-8) revealed that N-WASP is activated
via cooperative binding to phosphatidylinositol 4,5-
bisphosphate (PIP2) and Cdc42, a Rho family small
GTPase. Activated N-WASP then induces actin poly-
merization through the Arp2/3 complex, which is
thought to be the basis for inducing filopodium forma-
tion by N-WASP (9, 10). Recently, our group and sev-
eral others reported that N-WASP can be activated by
various SH3 domain-containing proteins, including
Grb2/Ash (11), WISH (12), and Nck (13). Although the
precise molecular mechanism has yet to be determined,
indications are that N-WASP functions downstream
of various intracellular signaling cascades. Another
WASP family member, WAVE, has been shown to par-
ticipate in membrane ruffling induced by Rac, another
Rho family protein (4, 14). In this case, Rac does not
directly bind to WAVE but instead binds indirectly
through IRSp53, which binds to both Rac and WAVE
(15). Therefore, the WASP family proteins appear to be
the integrating platform of various upstream signals
for reorganization of the actin cytoskeleton. In either
case, V domain-deleted mutants of N-WASP or WAVE
are incapable of inducing filopodia formation or mem-
brane ruffling (2, 14). The V domain, therefore, is
thought to play an essential role in reorganization of
the actin cytoskeleton by WASP family proteins.
There are several other proteins that contain a V
domain. One such protein is WIP, which was originally
discovered in a screen for WASP-interacting proteins
(16). WIP has one V domain at the N-terminus, and it
binds to actin via the V domain (17). Interestingly, WIP
also contains a region at its C-terminus where binding
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to WASP and N-WASP occurs (16, 17). A recent report
indicated an essential role for WIP in filopodium for-
mation via cooperation with N-WASP in fibroblasts
(17). WIP rescues a cell polarity defect in verprolin-null
mutant yeast, suggesting that WIP is the human ho-
molog of verprolin (18). AV domain-modified mutant of
WIP, which can no longer bind actin, fails to rescue
verprolin-null mutant yeast, also suggesting the im-
portance of the V domain in WIP. CR16, which is
identified as a glucocorticoid-inducible gene product
(19), has recently been shown to be a binding partner of
N-WASP (20). CR16 also contains a V domain and an
N-WASP-binding region at its N-terminus and C-ter-
minus, respectively, and it shows approximately 40%
amino acid identity with WIP over its entire length,
suggesting the functional similarity between CR16
and WIP.

Here we report a novel V domain-containing protein,
WICH, that shows significant homology to both WIP
and CR16. Ectopic expression analyses revealed that
WICH plays an important role in actin-microspike for-
mation through cooperation with N-WASP.

MATERIALS AND METHODS

Cloning of WICH. Full-length WICH cDNA was isolated by
screening a Jurkat T-cell cDNA library. EST clone (AA339495),
which was isolated from the cDNA library by polymerase chain
reaction (PCR), was used as a probe. The fragment was used to probe
Human Multiple Tissue Northern Blots (CLONTECH) to examine
expression of WICH mRNA.

Antibodies. Anti-WICH antibody was generated in rabbits immu-
nized with a His-tagged fragment (amino acids 381-429) of WICH.
For purification of the anti-WICH antibody, the antiserum was
affinity-purified. Anti-c-Myc monoclonal antibody (9E10) was pur-
chased from Santa Cruz Biotechnology, Inc. Anti-actin monoclonal
antibody was from Chemicon International, Inc. The polyclonal an-
tibody for N-WASP was prepared as described previously (21). The
secondary antibody conjugated to alkaline phosphatase (used in
Western blotting) was from Promega, and fluorescence (FITC and
Cy5)-linked antibody (used in immunofluorescence microscopy) was
from Capel and Amersham Pharmacia Biotech, respectively.

Recombinant proteins. His-tagged full-length WICH was ex-
pressed in Sf9 insect cells with the Bac-to-Bac Baculovirus Expres-
sion System (Gibco BRL). His-WICH was purified with Ni** ~NTA-
agarose beads (Qiagen). The purified His-WICH protein tended to
form aggregates, and thus 0.5% octylglucoside was included in the
buffer. The method of purification for N-WASP was described previ-
ously (10). Partial proteins of WICH (N, NAV, W) were expressed
in E. coli as a GST-fusion proteins and purified as described previ-
ously (22).

Binding assays with GST-fusion proteins. GST-fusion proteins
were first immobilized on glutathione beads and then incubated with
appropriate proteins or cell lysates for 2 h with continuous rotation.
After beads were washed with buffer, they were suspended in SDS-
sample buffer and subjected to SDS-PAGE and then Coomassie
brilliant blue staining or Western blot analysis. Actin (G- and
F-form) and cell lysates were prepared as follows: G-actin was pre-
pared from rabbit skeletal muscle and purified by gel filtration on
Sephadex 200 (Pharmacia Biotech) in G-buffer (2 mM Tris/HCI (pH
8.0), 0.1 mM CaCl,, 0.1 mM ATP and 1 mM DTT). F-actin was
prepared from purified G-actin by adding KCI, MgCl, and ATP (final
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concentrations of 100 mM, 1 mM and 0.2 mM, respectively). Cells
transfected with indicated constructs were harvested with lysis
buffer (50 mM Tris/HCI (pH 7.5), 200 mM NaCl, 1 mM EDTA, 1 mM
PMSF, 0.1% Triton X-100) and briefly sonicated. After centrifuga-
tion, the soluble fraction was collected as cell lysate.

Actin depolymerization assay. Actin was labeled with pyrene as
previously described (5). Pyrene-labeled actin was first polymerized,
and the resulting F-actin solution was mixed with the indicated
proteins. The F-actin-containing mixture was diluted to 0.5 uM
(calculated as the concentration of G-actin included), and then the
fluorescence intensity was determined as an indicator of the poly-
merization state of actin as previously described (5).

Transient expression in mammalian cells and immunofluorescence
microscopy. Myc-tagged WICH (WT and AV) was subcloned into
pEF-BOS mammalian expression plasmid vectors. N-WASP was
contained in pcDL-SRa plasmid (9). Cells were transfected with
Lipofectamine (Gibco BRL) according to the manufacturer’s instruc-
tions. After transfection, cells were starved for 24 h in serum-
free Dulbecco’'s modified Eagle medium. When needed, cells were
treated with 100 ng/ml epidermal growth factor (EGF) (Gibco
BRL) for 10 min and then fixed with formaldehyde. The fixed cells
were subjected to immunofluorescence microscopy as previously de-
scribed (9).

RESULTS AND DISCUSSION
Molecular Cloning of WICH

A search of the database for a novel V domain-
containing protein yielded an EST clone, AA339495.
We screened a Jurkat T-cell cDNA library with this
EST as a probe and isolated a cDNA clone encoding the
full length of a novel protein (WICH, for WiP- and
CR16-homologous protein), which contains a V do-
main. WICH comprises 440 amino acids containing one
V domain and many proline-rich regions (Fig. 1A).
Across the entire protein, WICH showed approxi-
mately 30—40% identity to WIP and CR16 (Fig. 1B).
Similarity was especially in the N-terminal V domain
and the C-terminal putative WASP-binding region.
This sequence similarity indicates that these three pro-
teins constitute a protein family. As described above,
both WIP and CR16 play important roles in regulation
of the actin cytoskeleton through interactions with
WASP and/or N-WASP (16, 17, 20). We hypothesized
that WICH also plays an important role in regulation
of the actin cytoskeleton through binding to actin and
WASP family proteins.

Northern blot analysis indicates that mRNA of
WICH is ubiquitously expressed, with high expression
in brain, kidney, lung, and placenta (Fig. 2A). We also
performed an Western blot analysis using anti-WICH
antibody. The results indicated that the WICH pro-
tein exists mainly in brain, colon, lung, and stomach
(Fig. 2B).

WICH Associates with Actin and N-WASP

To confirm that the V domain of WICH interacts
with actin, we prepared constructs encoding an N-ter-
minal partial protein of WICH that contains the V
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FIG. 1. WICH sequence. (A) Amino acid sequence of WICH. The V domain is shown in boldface. The WASP family-associating (W) region
is boxed. (B) Comparison of amino acid sequences of WICH, WIP, and CR16. Residues identical between two or three members are boxed.
(C) Schematic diagrams of the expression constructs used in this study.
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FIG. 2. Distribution of WICH. (A) Northern blot analysis of the expression of WICH. A Human Multiple Tissue Northern Blot (Clontech)
was used. A cDNA encoding the V domain of WICH was labeled with [a-*P]dCTP and used as the probe. (B) Western blot analysis. The
indicated organs were taken from mice and homogenized in lysis buffer. The resulting lysates were subjected to SDS—-PAGE and Western blot
analysis with anti-WICH antibody. A Coomassie-stained image of the gel is also shown.

domain (GST-N) and a V domain deletion mutant
(GST-NAV) of WICH (shown schematically in Fig. 1C)
and mixed the resulting proteins with monomeric actin
(G-actin). As shown in Fig. 3A, GST-N interacted with
G-actin, whereas GST-NAV did not associate with
G-actin, indicating that the V domain is essential for
binding to G-actin. We also examined whether WICH
binds to filamentous actin (F-actin). We expressed His-
tagged full-length WICH with recombinant baculovi-
ruses and subjected the His-WICH protein to ultracen-
trifugation in the presence or absence of F-actin. As
shown in Fig. 3B, clear co-sedimentation of His-WICH
was observed in the presence of F-actin but not in the
absence of F-actin. This result indicates that WICH
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associates with F-actin as well as G-actin, which is
consistent with previous finding for WIP and CR16 (17,
20). WIP was also shown to reduce the rate of sponta-
neous actin depolymerization and was thus suggested
to stabilize F-actin (17). We therefore examined
whether WICH also reduces the rate of actin depoly-
merization. When F-actin solution was diluted, spon-
taneous actin depolymerization occurred as reported
previously (17). However, in the presence of WICH, the
rate of actin depolymerization was reduced (Fig. 3C).
This effect is similar to that of WIP, and therefore,
WICH may be involved in stabilization of F-actin.
The C-terminal regions of WIP and CR16 have been
reported to bind to WASP and/or N-WASP (16, 17, 20).
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FIG. 3. WICH binding to actin and N-WASP. (A) Western blot showing binding of WICH to G-actin. GST-N or GST-NAV immobilized on
glutathione beads was incubated with 1 uM G-actin. Actin bound to GST-fusion proteins was detected by Western blotting with anti-actin
monoclonal antibody. (B) Binding of WICH to F-actin. His-tagged full-length WICH was mixed with F-actin. The mixture was then
ultracentrifuged, and the resulting supernatants and precipitates were examined by SDS-PAGE. (C) Stabilization of F-actin by WICH. 0.5
1M F-actin (pyrene-labeled) was incubated with indicated concentrations of His-tagged full-length or N-fragment of WICH. The fluorescence
intensity was then determined as an indicator of the polymerization state of actin. (D) Western blot showing binding of WICH to N-WASP.
GST-W immobilized on beads was incubated with lysates of COS7 cells expressing Myc-tagged WASP or N-WASP. Bound proteins were
analyzed by Western blotting with anti-c-Myc monoclonal antibody. (E) The W region is required for interaction of WICH with N-WASP.
Lysates derived from COS7 cells expressing both N-WASP (non-tagged form) and Myc-tagged WICH (WT or AW) were immunoprecipitated
with anti-c-Myc monoclonal antibody. The precipitates were then subjected to Western blotting with anti-N-WASP antibody and anti-c-Myc
antibody.
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Because the C-terminal region of WICH is similar to
those of WIP and CR16, WICH may also interact with
WASP family proteins. To examine this possibility, we
prepared a C-terminal partial protein of WICH
(GST-W) (Fig. 1C) and performed a pull-down assay of
lysates from cells expressing Myc-tagged WASP or
N-WASP and found that N-WASP binds to GST-W
(Fig. 3D). In contrast, we observed precipitation of a
very small amount of WASP, suggesting that WICH
binds preferentially to N-WASP. In addition, because
WASP expression is restricted to hematopoietic cells
and because both N-WASP and WICH are predomi-
nantly present in non-hematopoietic cells, N-WASP,
rather than WASP, should be the functional partner of
WICH. To confirm that the W region (WASP family-
associating region) is required for binding, we prepared
Myc-tagged AW WICH (Fig. 1C) and performed an
immunoprecipitation assay to detect in vivo interac-
tion between N-WASP and WICH (WT or AW). As
shown in Fig. 3E, WT WICH was precipitated with
N-WASP, whereas AW WICH was not. These results
confirm that WICH associates with N-WASP via its
C-terminal W region.

WICH Cooperates with N-WASP in Actin-Microspike
Formation

To investigate the function of WICH in vivo, we
expressed WICH (WT or AV) ectopically in COS7 cells.
We found that expression of WT WICH greatly reduced
the amount of actin filaments and the image of
phalloidin-stained cells became “dark” (Fig. 4A). In
contrast, AV WICH had no significant effect on the
organization of the actin cytoskeleton (data not
shown), indicating the importance of the V domain. We
do not know the mechanism by which such a reduction
of actin filaments occurs in WT WICH-expressing cells,
but the actin binding V domain presumably sequesters
G-actin and inhibits actin polymerization.

We then examined the effect of co-expression of
N-WASP and WICH. As shown in Fig. 4A, expression
of N-WASP alone did not alter the actin cytoskeleton in
the absence of a stimulus such as EGF. However, when
N-WASP was co-expressed with WICH, significant re-
organization of the actin cytoskeleton occurred. First,
several aggregates of actin filaments that overlapped
with N-WASP and WICH formed in the cytoplasm. In
addition, many actin-microspikes protruded from the
plasma membrane. Because expression of N-WASP or
WICH alone had no positive effect on actin polymer-
ization in vivo, it is likely that these effects are caused
by functional cooperation between N-WASP and
WICH. We observed significant formation of actin-
microspikes in COS7 cells expressing N-WASP, but
this required EGF stimulation (9, 12, 23, 24). There-
fore, it should be noted that microspike formation by
co-expression of N-WASP and WICH occurs even in the
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FIG. 4. Microspike formation induced by WICH and N-WASP.
(A) Microspike formation is induced by WICH and N-WASP. COS7
cells were co-transfected with constructs encoding N-WASP and
Myc-tagged WICH. After serum-starvation for 24 h, cells were fixed.
F-actin, N-WASP, and WICH were visualized with phalloidin, anti-
N-WASP polyclonal antibody, and anti-c-Myc monoclonal antibody,
respectively. (B) WICH is required for microspike formation induced
by N-WASP. COS7 cells were co-transfected with N-WASP and Myc-
tagged W fragment of WICH or control GFP. After serum starvation
for 24 h, transfected cells were stimulated with 100 ng/ml of EGF for
10 min. Superimposed images show microspikes.

absence of such stimulation, suggesting that WICH is
an important regulatory protein of N-WASP.

The findings of the co-expression study described
above strongly suggests the functional importance of
WICH in microspike formation. To examine whether
WICH is required for microspike formation by
N-WASP, we used the W fragment of WICH, which is
the smallest region for binding to N-WASP, as a pos-
sible dominant-negative fragment in microspike for-
mation. When the W fragment was co-expressed with
N-WASP, it significantly suppressed the microspike
formation that occurs in an EGF-dependent manner,
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whereas co-expression with the GFP control showed no
inhibitory effect (Fig. 4B). This result clearly supports
the functional requirement for WICH in microspike
formation induced by N-WASP.

These findings are consistent with those of a report
in which WIP was shown to be an essential functional
partner of N-WASP in microspike formation (17). In
addition, it was recently reported that endogenous
CR16 localizes at the tips of microspikes extending
from the growth cones of neurons (20), suggesting that
CR16 is also involved in microspike formation. As for
the function played by the WIP family proteins, Mo-
reau et al. (25) showed that WIP plays an important
role in the intracellular motility of vaccinia virus. In
such a case, WIP functions as an adapter for recruiting
N-WASP to vaccinia viruses, and through such a mech-
anism WICH may help recruit N-WASP to sites where
microspike formation is occurring.
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