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Background: Src kinase-associated phosphoprotein 2 (SKAP2) is a substrate of Src family kinases.
Results: SKAP2 suppresses actin polymerization and cell migration by inhibiting the interaction between WAVE2 and

cortactin.

Conclusion: SKAP2 is a negative regulator of actin assembly and tumor invasion.
Significance: The novel function of SKAP2 was found as a candidate for the suppressor of tumor invasion.

In our attempt to screen for substrates of Src family kinases in
glioblastoma, Src kinase-associated phosphoprotein 2 (SKAP2)
was identified. Although SKAP2 has been suggested to be asso-
ciated with integrin-mediated adhesion of hematopoietic cells,
little is known about its molecular function and the effects in
other types of cells and tumors. Here, we demonstrate that
SKAP2 physically associates with actin assembly factors
WAVE?2 and cortactin and inhibits their interaction. Cortactin
is required for the membrane localization of WAVE2, and
SKAP?2 suppresses actin polymerization mediated by WAVE2
and cortactin in vitro. Knockdown of SKAP2 in NIH3T3 accel-
erated cell migration and enhanced translocation of WAVE2
to the cell membrane, and those effects of SKAP2 depend on
the binding activity of SKAP2 to WAVE2. Furthermore,
reduction of SKAP2 in the glioblastoma promoted tumor
invasion both in ex vivo organotypic rat brain slices and
immune-deficient mouse brains. These results suggest that
SKAP2 negatively regulates cell migration and tumor inva-
sion in fibroblasts and glioblastoma cells by suppressing actin
assembly induced by the WAVE2-cortactin complex, indicat-
ing that SKAP2 may be a novel candidate for the suppressor of
tumor progression.

Glioblastoma is the most malignant form of glioma (World
Health Organization, grade IV). Despite recent advances in sur-
gery, radiology, and chemotherapy, the prognosis of patients
with glioblastoma has not improved substantially because of its
invasive phenotype. Therefore, the discovery of novel thera-
peutic targets to control the invasiveness of glioblastoma is
urgently needed.
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Src family kinases (SFKs)? receive different stimuli at the cell
membrane and transmit signals to their substrates, which reg-
ulate different cellular functions, including proliferation, adhe-
sion, migration, and stress responses (1). SFK-related pathways
are likely to be involved in the progression of different malig-
nancies (2). We previously reported the roles of different SFK
substrates, including C90rf10/Ossa, CDCP1, and ARAP3, in
the development of scirrhous gastric carcinoma (3-5).

In a screen for substrates of SFKs affecting invasion in glio-
blastoma, Src kinase-associated phosphoprotein 2 (SKAP2,
also known as SCAP2, SKAP-HOM, SKAP55R, RA70, and
PRAP) was identified. Previous reports showed that SKAP2 is a
substrate of SFKs and highly homologous to SKAP55 (SKAP1)
(6,7). SKAP2 is expressed widely in lymphohematopoietic cells
(6—8). SKAP2 and SKAP1 have been suggested to be involved
in the cell adhesion of hematopoietic cells and immune cells
through their association with integrin and filamentous actin
(F-actin) (9-14). Both SKAP1 and SKAP2 have a pleckstrin
homology (PH) domain for interaction with lipids at the mem-
brane (12) and a carboxyl-terminal Src homology (SH) 3
domain (Fig. 1C) (15). In addition, SKAP2, but not SKAP1, has
a coiled-coil domain at its amino terminus for self-dimerization
(12) (Fig. 1C). However, the molecular functions of SKAP2 are
not well understood, and little is known about the role of
SKAP2 in tumors. Unexpectedly, we found that SKAP2 has
negative effects on cell migration and tumor progression using
glioblastoma cells and mouse fibroblasts. SKAP2 inhibits actin
polymerization by interacting with the actin assembly factors
WAVE2 (Wiskott-Aldrich syndrome protein (WASP) family
VErprolin-homologous protein 2) (16, 17) and cortactin (18).
These results suggest that SKAP2 may affect the invasiveness of
tumors by modulating actin assembly at the cell membrane.
Unlike other SFK substrates that promote tumor progression
obtained from our similar approach (3, 4), SKAP2 may be a
unique SFK substrate that negatively regulates the invasiveness
of certain types of tumor cells.

2 The abbreviations used are: SFK, Src family kinase; SH, Src homology; PH,
pleckstrin homology; EGFP, enhanced GFP.
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EXPERIMENTAL PROCEDURES

Plasmids and siRNA—The cDNA construct of mouse SKAP2
was a kind gift of Dr. Takashi Momoi. Mutations in SKAP2
were introduced using site-directed mutagenesis. The frag-
ments of the SKAP2-SH3 domain and PH domain were gener-
ated by PCR-based techniques. The cDNAs of WAVE2 and
cortactin were amplified using RT-PCR in U87MG cells. For
stable knockdown, the sequence for miRNA of SKAP2 (5'-TGC-
TGTTCAACATCTGCCAACAGGTTGTTTTGGCCACT-
GACTGACAACCTGTTCAGATGTTGAA-3') was sub-
cloned into the retroviral vector pDON-AIL For stable
add-back, SKAP2-HA c¢DNA with silent mutations (wild-
type SKAP, "?AAC CTG TTG GCA GAT GTT GAA'®%
SKAP2 add-back, '"**?AAC TTA CTA GCA GAT GTG
GAG'®% mutagenized nucleic acids are represented by the
underlined type) was subcloned into the retroviral vector
pBabe-puro for the infection of NIH3T3 and into the lenti-
viral vector pCSII-puro for the infection of U87MG cells.
The stealth siRNA sequence for the knockdown of cortactin
was 5'-GAGUACCAGUCGAAGCUUUTT-3'.

Transfection and Virus Infection—Cortactin was knocked
down and added back in NIH3T?3 cells by electroporation using
amicroporator MP-100 (Digital Bio) with 1 X 10° cells, 50 pmol
of siRNA, and 0.5 ug of DNA. COS-1 cells were transfected
using FUGENE 6 (Roche Applied Science), and in other exper-
iments, cells were transfected using Lipofectamine 2000 (Invit-
rogen), according to each procedure. Recombinant retroviral
or lentiviral plasmids were cotransfected with packaging
vectors into 293 cells to allow the production of those viral
particles. U87MG and NIH3T3 cells stably expressing
SKAP2 miRNA were established after viral infection through
selection in medium containing G418. Stable add-back of
SKAP2 in SKAP2-KD cells and U87F4 or C6 cells stably over-
expressing SKAP2-HA were established through puromycin
selection.

Antibodies and Reagents—Purchased antibodies were as fol-
lows: actin (mouse monoclonal, Millipore, MAB1501; cortactin
(mouse monoclonal, Millipore, 05-180); CXCR4 (rabbit poly-
clonal, Abcam, ab2074); EGFP (rabbit polyclonal, Abnova,
PAB8931); ERK (rabbit polyclonal, Cell Signaling Technology,
9102S); FLAG (mouse monoclonal, Sigma, F3165); GST (POD-
conjugated, mouse monoclonal, Nakarai, 04559-74); HA
(mouse monoclonal, Babco, 16B12); paxillin (mouse monoclo-
nal, Invitrogen, 03-6100); phosphotyrosine (mouse monoclo-
nal, Millipore, 4G10); rhodamine (mouse monoclonal, Rock-
land, 200-301-246); SKAP2 (rabbit polyclonal, ProteinTech
Group, 12926-1-AP); a-tubulin (mouse monoclonal, Sigma,
T5168); and WAVE2 (rabbit polyclonal, Cell Signaling Tech-
nology, 3659S). F-actin was stained using phalloidin 546 (Invit-
rogen, A22283) or phalloidin 670 (Cytoskeleton, PHDN1).

Immunoprecipitation—Cell lysates were prepared with pro-
tease inhibitors in PLC buffer (50 mm Hepes (pH 7.5), 150 mm
NaCl, 1.5 mm MgCl,, 1 mm EGTA, 10% glycerol, 100 mm NaF, 1
mM NazVO,, and 1% Triton X-100). To precipitate the pro-
teins, 1 ug of monoclonal or affinity-purified polyclonal anti-
body was incubated with 500 ug of cell lysate for 2 h at 4 °C and
then precipitated with protein G beads for 1 h at 4 °C. Immu-
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noprecipitates were extensively washed with PLC buffer and
immunoblotted.

Immunofluorescence—Immunofluorescence was performed as
described previously (19). The cover glasses were coated with
fibronectin (Biological Industries), and a total of 1.0 X 10*
cells were plated on a glass. The cells were fixed using 4%
paraformaldehyde 3 h after plating if there were no instruc-
tions. The cells were stained and visualized using a confocal
microscopic system (Zeiss). The quantification of signal
intensities was conducted using Image] software (National
Institutes of Health).

Subcellular Fractionation—NIH3T3 cells were plated on cell
culture dishes and incubated until the cells adhered to the dish,
then immediately harvested, and lysed. The cell lysates were
divided into cytoplasm and plasma membrane fractions using
the plasma membrane protein extraction kit (Biovision). Each
fraction was immunoblotted.

GST Pulldown Assay—GST-SKAP2-SH3 domain, GST-
SKAP2-PH domain, and GST alone were expressed in compe-
tent cells BL21 (DE3), using isopropyl 1-thio-B-p-galactopyra-
noside induction, and purified using glutathione-Sepharose
beads (GE Healthcare). Beads coated with 10 ug of each GST
fusion protein were incubated with the protein extract of
COS-1 transfected with WAVE2-HA or cortactin-HA for 4 h at
4°C. The beads were washed and immunoblotted using an
anti-HA antibody.

Transwell Assay (Monolayer)—The transwell assay was per-
formed using transwell chambers with a polycarbonate nucleo-
pore membrane (Falcon). Filters (8-um pore size) were rehy-
drated with 100 ul of medium. Then 1 X 10* cells in 200 ul of
serum-free medium were seeded onto the upper part of each
chamber, and the lower compartment was filled with 700 ul of
the same medium with 10% FBS. After incubation for 8 h at
37 °C, nonmigrated cells on the upper surface of the filter were
wiped off with a cotton swab, and the migrated cells on the
lower surface of the filter were fixed and stained with Giemsa
stain solution. The total number of migrated cells was deter-
mined by counting cells in five microscopic fields per well, and
the extent of migration was expressed as the average number of
cells per microscopic field.

Three-dimensional Gel Invasion Assay—The transwell
migration assay conditions were described under “Transwell
Assay (Monolayer)” and have been described previously (20).
The gel (serum-free medium containing 0.2 mg/ml type I-col-
lagen (Nitta Gelatin) and 2.5 mg/ml Matrigel matrix (BD Bio-
sciences)) was laid onto the upper chamber of transwells. Then
3 X 10* cells labeled with 1,1’-dioctadecyl-3,3,3',3'-tetrameth-
ylindocarbacyanine perchlorate (Invitrogen) in 200 ul of
serum-free medium were overlaid on the gel. The lower com-
partment of the transwell was filled with 700 ul of the same
medium with 10% FBS. After incubation for 72 h at 37 °C, the
gel was fixed using 4% paraformaldehyde and cut into 200-um
thick slices. 1,1’-Dioctadecyl-3,3,3',3'-tetramethylindocarba-
cyanine perchlorate-labeled cells in the slices were visualized
using a confocal microscopic system (Zeiss). The amount of
invading cell chains was quantified using Image].

Actin Polymerization Assay—The actin polymerization assay
was performed by modifying a previously reported procedure

VOLUME 288+-NUMBER 2-JANUARY 11,2013



SKAP2 Regulates Actin Assembly with WAVE2-Cortactin Complex

A

SKAP2 Paxillin merge

Phalloidin

SKAP2 (F-actin)

NIH3T3

C E
_ 101 222 299 358 aa
mSKAP2[CS* [ PH |
W336K
&
><‘%&Y’><$ﬁJ Q @ *.
¢ O L L R
ROR VIR &
FEFEF
AT  sicar2 1B
NIH3T3 EE—
U87MG

D

Wild-type

SKAP2-KD SKAP2-KD
SKAP2-KD +SKAP2 +W336K

NIH3T3

U8TMG

N
!

Relative amount
o =\ w

10
o *
=1
|k % 3
g
e N
1N E 1
L S S "o 7-@7&7&
I/Oig,%(tlog ,oe @« (67,0 @,oe
% N, B Ny Ty
o ",

SKAP2-KD

NIH3T3/Wild-type

SKAP2-KD
+SKAP2 +W336K
15
E %
élo T L
<
°
£5 9
)
o~
o
4, Ry Ry Ry
% . (. (tyﬁ
L R, R, R
b Y
% 0. b
%@ 'ts’,o 2

FIGURE 1. SKAP2 localizes at the cell membrane and attenuates cell migration and invasion. A and B, NIH3T3 cells were immunostained using anti-SKAP2
(green) and anti-paxillin (A, red) antibodies or phalloidin (B, red). Bottom panels in B are enlarged images of the upper panels. Bar, 10 um. C, top, structure of
mouse SKAP2. SKAP2 consists of a coiled-coil domain, a PH domain, and an SH3 domain. The W336K SKAP2 mutation is represented. Bottom, SKAP2 was stably
knocked down (KD) in NIH3T3 and U87MG cells using miRNA, and wild-type or W336K mutant SKAP2 was stably added back to the SKAP-KD cells. The
expression level of SKAP2 was examined by immunoblotting (/B) using an anti-SKAP2 antibody. aa, amino acids. D, motility of NIH3T3 and U87MG cell lines was
examined by the transwell assay. Top, representative pictures of migrated cells on the bottom surface of the transwell membrane. Bottom, number of migrated
cells was counted. E, top, invasion of NIH3T3 cell lines into a matrix containing type I-collagen and Matrigel. The indicated cells were labeled with Dil (red),
overlaid on top of the gel in the transwells, and incubated for 72 h. The gels were fixed and sliced and observed using confocal microscopy. Representative
pictures are shown. Bar, 100 um. *, position of the gel. Bottom, invading chains of cells were quantified by measuring the area of protrusion into the gel from
the arc of cell clumps. D, bottom, and E, bottom, the amount of wild-type cells was defined as 1. The results from three independent experiments are shown as

the means = S.D.*, p < 0.01.

(21, 22). Briefly, protein G beads were coated with anti-EGFP
antibody and EGFP-cortactin or EGFP-WAVE2. The beads
were incubated at room temperature for 1 h with HeLa cell
extracts, the extracts of U87MG cells retrovirally expressing
WAVE2, 130 ng/ul recombinant GST-SKAP2, 2.5 um rhod-
amine-conjugated monomeric G-actin (Cytoskeleton), and 1
mMm ATP. Wild-type U87MG extracts and GST alone were used
as the negative controls of WAVE2 and GST-SKAP2, respec-
tively. After incubation, the beads were washed, denatured by
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SDS-sample buffer, and subjected to immunoblotting. The
quantification of signal intensities was conducted using
Image]. Instead of rhodamine-actin, pyrene-actin (Cytoskele-
ton) was also used in this actin polymerization assay, and signal
intensities of polymerized pyrene-actin were measured using a
micro plate reader Infinite M200 (Tecan).

Ex Vivo and in Vivo Tumor Implantation—All animal exper-
imental protocols were approved by the Committee for Ethics
of Animal Experimentation, and the experiments were con-
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FIGURE 2. SKAP2 overexpression inhibits cell migration and invasion. A, SKAP2 was stably overexpressed in U87F4 and C6 cells using lentivirus. The expression
level of SKAP2 was examined by immunoblotting (/B) using an anti-SKAP2 antibody. B, motility of U87F4 and C6 was examined by the transwell assay as in Fig. 1D.
G, invasion of U87F4 and C6 into a matrix containing type | collagen and Matrigel was analyzed as in Fig. 1E. Bar, 100 um. ¥, position of the gel.

ducted in accordance with the guidelines for Animal Experi-
ments of Akita University. Cerebral organotypic cultures were
prepared from Wistar rats (CLEA, Japan) and cultured accord-
ing to the standard interface method with some modifications
(23). Briefly, the brain was removed, dissected, and transversely
sliced at the putamen into slices with a thickness of 400 wm on a
microslicer (Dosaka EM). The isolated slices were incubated on ice
for atleast 15—20 min in DMEM and were transferred onto a poly-
carbonate nucleopore membrane (Falcon). Tumor cells labeled
with 3,3’-dioctadecyloxacarbocyanine (Invitrogen) were spotted
(0.5 ml containing 2 X 10 cells) on the putamen of sliced rat brain.
The slices were maintained in a humidified incubator at 37 °Cin a
5% CO, atmosphere, and invasion of tumor cells was visualized
through a fluorescence dissecting scope (Olympus). Intracranial
dissemination of tumors was tested by intracranial injection of 2 X
10° tumor cells suspended in 30 ml of DMEM into 6-week-old
BALB/c nude mice (n = 5, each). The mice were sacrificed 14 days
after injection. The brains of nude mice were fixed and embedded
in paraffin. Paraffin blocks were sectioned into slices and subjected
to H&E staining.

RESULTS

SKAP2 Localizes to the Leading Edge of the Cell Membrane—
To identify SFK substrates expressed specifically in malignant
tumors, we established a subline of human glioblastoma U87MG
cells possessing a high potential for intracranial invasion. Through
repeated selection, i.e. repeated cycles of intracranial implantation
of US7MG cells into nude mice, removal of tumor nodules, and
culture, we obtained clone U87F4 (supplemental Fig. S1A). Phos-
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photyrosine-containing proteins bound to SFKs were iso-
lated from the extracts of U87F4 tumor nodules by
sequential purification using c-YES SH2 domain and anti-
phosphorylated tyrosine antibody affinity columns (supple-
mental Fig. S1B). A band of ~55 kDa was cut out and ana-
lyzed using mass spectrometry as described previously (3,
24), which resulted in the identification of SKAP2.

The expression profile of SKAP2 in tumors was obtained
by immunoblotting cell extracts of various tumor cell lines
with an anti-SKAP2 antibody (supplemental Fig. S24).
Although SKAP2 was detected in several cancer cells, a very
high level of SKAP2 expression was observed in mouse fibro-
blasts NIH3T3 cells. SKAP2 expression was compared
between NIH3T3 and RAW 264.7 mouse macrophages that
were reported to express SKAP2 at a high level (10). Because
a-tubulin level was very low in RAW 264.7, ERK (MAPK)
was analyzed as a loading control. Expression of SKAP2 in
NIH3T3 was at a significant level, compared with RAW
264.7 (supplemental Fig. S2B).

Examination of the intracellular localization of endogenous
SKAP2 in NIH3TS3 cells showed that SKAP2 localized mainly to
the leading edge of the cell membrane (Fig. 1, A and B).
Although SKAP2 was also detected in the cytoplasm, it was
rarely present in focal adhesions where paxillin is localized or
actin bundles of microspikes (Fig. 1, A and B).

SKAP2 Attenuates Cell Migration and Invasion—The local-
ization of SKAP2 at the cell periphery led us to investigate
whether SKAP2 contributes to the construction of the leading
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FIGURE 3. SKAP2 physically interacts with WAVE2. A, top, structure of human WAVE2. WHD, WAVE homology domain; VCA, verprolin homology, cofilin
homology and acidic region; aa, amino acids. Bottom, COS-1 cells were transfected with wild-type or the W336K SKAP2 mutant tagged with FLAG at the amino
terminus (FLAG-SKAP2) and carboxyl-terminally HA-tagged WAVE2 (WAVE2-HA). FLAG-SKAP2 was immunoprecipitated (/P) using an anti-FLAG antibody.
WAVE2 and SKAP2 were detected using anti-HA and anti-SKAP2 antibodies, respectively. The arrow indicates WAVE2-HA. B, COS-1 cells were transfected as
described in A. WAVE2-HA was immunoprecipitated using an anti-HA antibody, and SKAP2 and WAVE2 were detected. C, endogenous WAVE2 in NIH3T3 cells
was immunoprecipitated using an anti-WAVE2 antibody or the control normal rabbit IgG. SKAP2 and WAVE2 were detected using anti-SKAP2 and anti-WAVE2
antibodies, respectively. The asterisk represents nonspecific bands. /B, immunoblot. D, top, diagram of the recombinant GST fusion SKAP2 fragments used in
this study. Middle, protein extract of COS-1 transfected with WAVE2-HA was pulled down by GST alone, the GST-PH domain, or the SH3 domain of SKAP2, and
immunoblotted using an anti-HA antibody. Bottom, GST fusion proteins bound to glutathione-Sepharose beads were electrophoresed and analyzed using an
anti-GST antibody. E, COS-1 cells were transfected with FLAG-SKAP2, WAVE2-HA, and Fyn tyrosine kinase and analyzed as in A. The phosphorylation of SKAP2

in FLAG IP fractions was detected using an anti-phosphotyrosine antibody.

edge of the cell membrane and cell migration. SKAP2 was
knocked down (KD) in NIH3T3 and U87MG cells by miRNA
and then added back (Fig. 1C). To generate miRNA-resistant
SKAP2, silent mutations were introduced into mouse SKAP2
¢DNA. The migration of these cells was examined by transwell
assay (20). SKAP2-KD cells migrated more rapidly than wild-
type cells both in the U87MG and NIH3T3 cell lines, whereas
restoration of wild-type SKAP2 significantly suppressed cell
migration (Fig. 1D). The invasiveness of NIH3T3 cells was
assessed by three-dimensional gel invasion assay. Wild-type
NIH3T3 cells did not invade into the matrix when they were
overlaid on the matrix containing type I collagen and Matrigel.
However, the invasion of SKAP2-KD NIH3T3 cells was signif-
icant and was detected as chains of cells invading the gel (Fig.
1E). Invasion of NIH3T3 cells was suppressed after wild-type
SKAP2 was restored in SKAP2-KD NIH3T3 cells (Fig. 1E).
SKAP2 has an SH3 domain, and the SH3 domain interacts with
many proline-rich proteins (15). We investigated whether the

JANUARY 11,2013 +VOLUME 288-NUMBER 2

SH3 domain of SKAP2 is involved in the regulation of cell
migration and invasion. The W336K SKAP2 mutant has a
point mutation in the double tryptophan of the SH3 domain
that impairs its binding to proline-rich proteins (15). The
W336K SKAP2 mutant did not rescue the migration and
invasion of SKAP2-KD NIH3T3 cells (Fig. 1, D and E). These
results indicated that SKAP2 has a negative effect on cell
migration and invasion and that its SH3 domain is important
for this effect.

To confirm the negative effect of SKAP2 on cell migration
and invasion, SKAP2 was overexpressed in U87F4 and a rat
glioblastoma C6 that are highly invasive cell lines (Fig. 24).
SKAP?2 overexpression inhibited the migration and invasion of
these cells (Fig. 2, Band C).

Because SKAP2 was identified as a tyrosine-phosphory-
lated protein in U87F4, the effect of phosphorylation of
SKAP2 on cell migration and invasion was examined. For
this purpose, the known phosphorylation site tyrosine 260 of

JOURNAL OF BIOLOGICAL CHEMISTRY 1175



SKAP2 Regulates Actin Assembly with WAVE2-Cortactin Complex

A skap2kD B
+SKAP2-HA

Wild-type

HA (SKAP2)
HA (SKAP2)

WAVE2
WAVE2

.EA
T £
o 9
=7
£

NIH3T3

NIH3T3

25 1

=
[

Cells with WAVE2 localized (=
wv

at membrane/50 cells
=
o

SKAP2-KD

SKAP2-KD SKAP2-KD

+SKAP2-HA +W336K-HA

NIH3T3

D
Wild-type SKAP2-KD
(4
N Q«‘Z& \%%&Q&‘§
cﬁ@Q &@& Q@Q &@é‘
- @ vAVE2 B
= 8 [ExmMmarkIB
NIH3T3

FIGURE 4. SKAP2 colocalizes with WAVE2 and affects its localization. A, SKAP2-KD NIH3T3 cells reconstituted with SKAP2-HA were cultured on fibronectin-
coated coverslips for 3 h and immunostained using anti-HA (magenta) and anti-WAVE2 (green) antibodies. Bar, 10 uwm. B, NIH3T3 cell lines were cultured on
fibronectin for 30 min and immunostained using anti-HA (magenta) and anti-WAVE?2 (green) antibodies and phalloidin (red). W336K, W336K SKAP2 mutant. Bar,
10 um. G, number of cells bearing membrane-localized WAVE2 was counted in a total of 50 cells for each in A and B. D, wild-type and SKAP2-KD NIH3T3 cells
were subjected to subcellular fractionation as described under “Experimental Procedures.” WAVE2 in each fraction was analyzed using an anti-WAVE2
antibody. ERK (MAPK) and CXCR4 were analyzed using anti-ERK and anti-CXCR4 antibodies as controls of proteins in cytoplasm and cell membrane, respec-

tively. B, immunoblot.

SKAP2 was substituted to phenylalanine (8). SKAP2 Y260F
mutant suppressed the migration and invasion of U87F4
more than the wild-type SKAP2 (Fig. 2, B and C). Invasion of
C6 was also suppressed more effectively by SKAP2 Y260F
(Fig. 2C). These results suggest that the inhibitory effect of
SKAP2 on cell migration and invasion might be attenuated
by its phosphorylation.

SKAP2 Interacts with WAVE2 and Affects Its Localization—
The localization of SKAP2 to the edge of the cell membrane
and the effects of the SKAP2-SH3 domain on cell migration
suggested that SKAP2 may interact with proline-rich pro-
teins that coexist at the cell membrane and contribute to the
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reorganization of the actin cytoskeleton. Among several
molecules, we focused on WAVE2, a well known actin
assembly factor containing a proline-rich domain that regu-
lates actin assembly at the cell membrane (16, 17). When
SKAP2 and WAVE2 were coexpressed in COS-1 cells,
WAVE2 was coimmunoprecipitated with SKAP2 but at a
significantly reduced level by the W336K SKAP2 mutant
(Fig. 3A). Reciprocally, wild-type but not W336K SKAP2 was
coimmunoprecipitated with WAVE2 (Fig. 3B). The associa-
tion of SKAP2 and WAVE2 was also observed in physiolog-
ical conditions of NIH3T3 (Fig. 3C). In addition, WAVE2
expressed in COS-1 was pulled down by the GST-SKAP2-
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SH3 domain but not by the GST-SKAP2-PH domain or GST
alone (Fig. 3D). These results indicated that the SH3 domain
of SKAP2 is the binding site for WAVE2. Furthermore, the
effect of SKAP2 phosphorylation on the SKAP2-WAVE2
interaction was investigated. SKAP2 was less bound to
WAVE2 when it was phosphorylated by Fyn (Fig. 3E).

Next, we examined the significance of the interaction
between SKAP2 and WAVE2 in the regulation of the actin cyto-
skeleton. To examine the localization of SKAP2 and WAVE2,
SKAP2-KD NIH3TS3 cells rescued with HA-tagged wild-type
SKAP2 was used because of the technical limitation of the anti-
bodies to simultaneously detect both proteins. WAVE2 was
colocalized with SKAP2-HA at both the cell membrane and
cytoplasm (Fig. 44). We confirmed that staining with an
anti-HA antibody correctly represents the localization of
SKAP2 by the separate staining with an anti-SKAP2 antibody
(supplemental Fig. S3). Changes in the distribution of WAVE2
were further analyzed in NIH3T3 cells under different condi-
tions with regard to SKAP2. When NIH3T3 cells were attached
to a fibronectin matrix, WAVE2 was initially located in the
cytoplasm 30 min after plating (Fig. 4B, wild-type) and then
translocated to the cell membrane 3 h after plating (Fig. 4A).
Conversely, in SKAP2-KD NIH3TS3 cells, the membrane trans-
location of WAVE2 was rapid, and higher amounts of cortical
actin were observed than in wild-type NIH3T3 cells 30 min
after plating (Fig. 4B). Increased stress fiber formation was also
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observed in SKAP2-KD cells as expected (14). Reconstitution
of wild type, but not the W336K mutant of SKAP2 into
SKAP2-KD NIH3T3 cells, suppressed the rapid recruitment of
WAVE2 to the cell membrane, and consistent with this, the
formation of cortical actin was also reduced (Fig. 4B). Because a
large amount of wild-type SKAP2 was located in the cytoplasm
and rarely observed at the cell membrane 30 min after plating,
WAVE2 might be retained in the cytoplasm through its associ-
ation with SKAP2. In the W336K SKAP2 mutant that does not
interact with WAVE2, the localization of WAVE2 was not
affected.

To obtain the biochemical evidence in addition to immuno-
fluorescence as to the effect of SKAP2 on the membrane trans-
location of WAVE2, NIH3T3 was fractionated in cytoplasm
and plasma membrane. As expected, SKAP2-knockdown
increased WAVE2 in the fraction of the plasma membrane (Fig.
4D). These results further confirmed the interaction between
SKAP2 and WAVE2 and suggested that SKAP2 suppresses the
translocation of WAVE?2 and causes changes in the cell mem-
brane cytoskeleton.

SKAP?2 Interacts with Cortactin—WAVE?2 is known to con-
duct actin polymerization at the cell membrane (16, 17).
Among molecules known to be involved in actin assembly, we
found that cortactin associates with SKAP2. Cortactin is a scaf-
folding protein for different regulators and coordinates actin
assembly at the cell membrane (18). Cortactin was colocalized
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with SKAP2 at the edge of the cell membrane in NIH3T3 cells
(Fig. 5A). Association of SKAP2 with cortactin was reciprocally
detected by immunoprecipitation in the lysates of COS-1 cells
expressing these proteins (Fig. 5, B and C). Moreover, SKAP2-
cortactin interaction was also detected in NIH3T3 cells (Fig.
5D). In contrast to WAVE2, cortactin bound also to the W336K
SKAP2 mutant (Fig. 5B). GST pulldown assays showed that
cortactin binds to the SH3 domain of SKAP2 and weakly to the
PH domain of SKAP2 (Fig. 5E). The membrane localization of
cortactin itself was not affected by SKAP2, as the same level of
cortactin was detected at the cell membrane in SKAP2-KD

1178 JOURNAL OF BIOLOGICAL CHEMISTRY

NIH3T3 as in wild-type NIH3T3 cells 30 min after plating on
fibronectin (supplemental Fig. S4).

SKAP2 Inhibits Actin Assembly Induced by the WAVE2-Cor-
tactin Complex—As SKAP2 interacted with WAVE2 and cor-
tactin, we next examined how SKAP2 contributes to the func-
tions of these proteins. The interaction between WAVE2 and
cortactin in breast cancer cells was suggested using immuno-
fluorescence and a FRET-based approach (25). We observed
the interaction between WAVE2-cortactin in COS1 cells
expressing these proteins and in NIH3T3 cells by immunopre-
cipitation (Fig. 6, A and B). Although the significance of the
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WAVE2-cortactin interaction is not fully understood, we
observed that the membrane localization of WAVE2 and the
peripheral spreading of cells were suppressed by siRNA against
cortactin in NIH3T3 cells and partially restored by re-expres-
sion of wild-type cortactin (Fig. 6C). These results suggest the
significance of cortactin for the recruitment of WAVE2 to the
cell membrane.

The molecular interaction between WAVE2 and cortactin
and the effect of SKAP2 on their interaction were analyzed
using COS-1 cells cotransfected with EGFP-WAVE2, cortac-
tin-HA, and FLAG-SKAP2. WAVE2 was coimmunoprecipi-
tated with cortactin but to a lesser extent in the presence of
coexpressed SKAP2 (Fig. 6D). Furthermore, SKAP2 phos-
phorylation by cotransfected Fyn restored the interaction
between WAVE2-cortactin (Fig. 6D). Therefore, SKAP2
inhibits the physical interaction between WAVE?2 and cor-
tactin, and SKAP2 phosphorylation attenuates its inhibitory
effect.

We further examined whether SKAP2 affects actin assembly
induced by WAVE2 and cortactin using an in vitro actin polym-
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erization assay (21, 22). Cortactin-coated protein G beads
were incubated with WAVE2 expressed in U87MG cells
using adenovirus and rhodamine-conjugated monomeric
G-actin together with or without GST-tagged SKAP2 (Fig.
7A). The Arp2/3 protein complex, an essential actin polym-
erization factor (26), was supplied from HeLa cell extracts.
For quantitative analyses of polymerized actin, the beads
were washed and immunoblotted using an anti-rhodamine
antibody. Without the addition of WAVE2, polymerized
actin was little detected by cortactin alone (Fig. 7A4). How-
ever, actin polymerization was clearly detected in the pres-
ence of cortactin with WAVE2 but not when SKAP2 was
present (Fig. 7A). We also detected WAVE2 in the bead frac-
tions, which was reduced by the addition of SKAP2, indicat-
ing that the formation of the WAVE2-cortactin complex was
disturbed by SKAP2.

We also examined whether SKAP2 affects WAVE2-in-
duced actin polymerization without the addition of recom-
binant cortactin. The amount of polymerized actin at
WAVE-coated beads was not changed by the addition of
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SKAP2 (Fig. 7B). These results suggest that the negative
effect of SKAP2 on actin assembly largely depends on its
interference with WAVE2-cortactin interaction rather than
its direct effect on WAVE2.

Actin polymerization at cortactin or WAVE2-coated beads
was also analyzed using pyrene-actin instead of rhodamine-
actin, and a similar result showing that SKAP2 inhibits cortac-
tin-WAVE2 complex-induced actin polymerization was
obtained (supplemental Fig. S5).

SKAP2 Suppresses Tumor Invasion—To evaluate the biolog-
ical effects of SKAP2 on the invasion of tumor cells in brain
tissue, U87MG was examined in an ex vivo organotypic rat
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brain slice. The tumors of control U87MG mice exclusively
expanded in the brain, with a relatively clear margin (Fig. 84).
In contrast, SKAP2-KD displayed greater invasion into the
organotypic rat brain slice, and the margins of the expanding
SKAP2-KD tumors were irregularly shaped (Fig. 84, 5/5
explants). Re-expression of SKAP2 suppressed the invasion of
SKAP2-KD tumors (Fig. 84, 5/5 explants). U87F4 cells widely
invaded into the rat brain slices, which was partially inhibited
by overexpression of wild-type SKAP2 and was more effectively
suppressed by the Y260F SKAP2 mutant (Fig. 8B).

To further examine the effect of SKAP2 on tumor progres-
sion, U87MG cells were injected into the brain of nude mice.
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Tumor size was not significantly different between control
wild-type U87MG and SKAP2-KD or SKAP2-added back
U87MG (data not shown). However, a significant amount of
microsatellites of tumor cells was detected around capillar-
ies in the brain of mice injected with SKAP2-KD U87MG,
whereas such microsatellites were rarely detected in the con-
trol or SKAP2-added back U87MG group (Fig. 8C, 4/5 versus
0/5 and 0/5, respectively). Consistently, SKAP2-KD U87MG
was frequently observed in the perivascular space along the
capillaries leading to the tumor satellites (Fig. 8C, panel b,
b-3).

The effects of SKAP2 overexpression and phosphorylation
were also investigated in iz vivo tumor implantation. Tumors of
C6 cells are irregularly shaped and significantly invaded into the
mouse brain, although such invasion was not observed in mice
bearing tumors overexpressing wild-type or Y260F SKAP2 (Fig.
8D, 5/5 versus 0/5 and 0/5, respectively). The overexpression of
Y260F SKAP2 mutant in C6 cells suppressed tumor invasion to
a greater extent than that of wild-type SKAP2 (Fig. 8D). Over
all, these results suggest that SKAP2 suppresses the progression
of glioblastoma by exerting a negative effect on cell invasion,
which is attenuated by its phosphorylation.

DISCUSSION

SKAP2 is known as an adaptor protein for SFKs dominantly
analyzed in immune cells. We identified SKAP2 in the U87F4
glioblastoma cell line (supplemental Fig. S1B), and we further
detected its expression in NIH3T3 fibroblasts and some tumor
cells of the epithelial origin (supplemental Fig. S2). Our analyses
suggested that SKAP2 may be a negative regulator of cell migra-
tion in glioblastoma cells and fibroblasts. In response to the cell
adhesion, cortactin localized to the cell membrane independ-
ently of SKAP2 (supplemental Fig. S4). The knockdown of cor-
tactin suppressed the translocation of WAVE2 from the cytosol
to the cell membrane, which suggests that cortactin is impor-
tant as a scaffolding protein for WAVE2 at the cell membrane.
SKAP2 binds both to WAVE2 and cortactin and suppresses cell
migration by inhibiting actin assembly at the cell membrane
through interference of the membrane translocation of
WAVE2 and/or the physical interaction between WAVE2 and
cortactin. Phosphorylation of SKAP2 by SFKs negatively regu-
lates these inhibitory effects of SKAP2 (Fig. 9).

In contrast to this study, in response to T-cell receptor sig-
naling, SKAP2 associates with adhesion- and degranulation-
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promoting adaptor protein (ADAP) (7, 27, 28), which is exclu-
sively expressed in T-lymphocytes and other immune cells, and
forms a complex with WASP and VASP (29, 30), which are
partners that have been suggested to sustain actin polymeriza-
tion. SKAP2 was also reported to promote ruffle generation in
bone marrow-derived macrophages (12). Although it is not well
known whether SKAP2 affects the motility of these cells,
SKAP2 seems to have multiple functions in actin assembly. For
example, in cells expressing ADAP such as T-cells and bone
marrow-derived macrophages, SKAP2 may act as an enhancer
of actin polymerization, whereas SKAP2 may negatively regu-
late actin assembly through association with WAVE?2 and cor-
tactin in other cells. The expression of ADAP was not detected
or was detected at a very low level in NIH3T3 and U87MG cells
by RT-PCR (data not shown). Further investigation is necessary
using other tissues and cell lines to elucidate the mechanisms by
which SKAP2 orchestrates actin polymerization and to deter-
mine in which tumors SKAP2 acts as a negative or positive
regulator of cell invasion.

Precise mechanisms of the negative effect of SKAP2 on actin
assembly are expected to be elucidated. In our results of the
immunoprecipitation analysis and the actin polymerization
assay, SKAP2 attenuated the physical association of cortactin
with WAVE2. However, we observed the almost complete inhi-
bition of actin polymerization by the addition of SKAP2,
despite detectable amounts of WAVE2 still attached to the cor-
tactin-coated beads (Fig. 7A). It is possible that the small
amount of the ternary complex WAVE2-SKAP2-cortactin
could be formed as cortactin binds both the SH3 and PH
domains of SKAP2 (Fig. 5E). SKAP2 may functionally suppress
the actin polymerization by interfering with the molecules
required for the actin assembly in the cortactin-WAVE2 com-
plex, which were included in the cell lysate used in this assay.

In the presence of SKAP2, the rapid translocation of WAVE2
from the cytosol to the cell membrane was disturbed after the
cells attached to the matrix. However, the membrane localiza-
tion of cortactin was not disturbed by SKAP2. The significance
of cortactin for actin remodeling is suggested by the observa-
tion that cortactin-knockdown inhibits the cell migration and
the formation of membrane protrusions (31). Our results sug-
gest that the cortactin-WAVE2 complex at the leading edge
of the cell membrane is required for the peripheral spreading
of the cells in response to the cell adhesion, which is nega-
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tively regulated by SKAP2. It should be elucidated whether
SKAP2 affects the membrane translocation of WAVE2
induced by other factors such as cytokines. As a physiologi-
cal role, SKAP2 may contribute to stabilize the cell mem-
brane in NIH3T3 cells. Removal of SKAP2 or modification of
SKAP2 activity may switch the state of cells from static to
actively mobile.

In this study, SKAP2 was identified as a tyrosine-phosphor-
ylated protein from a more malignant and invasive glioblas-
toma (U87F4, supplemental Fig. S1B), although SKAP2 has a
negative effect on the tumor invasion. From these facts, it was
hypothesized that SKAP2 phosphorylation attenuates the neg-
ative effect of SKAP2 on the invasion. We suggested that
SKAP2 phosphorylation suppressed its negative effects on the
invasion by inhibiting its interaction with WAVE2 and restor-
ing the interaction between WAVE2 and cortactin (Figs. 2, B
and C, 3E, 6D, and 8, B and D). However, the significance of
SKAP2 phosphorylation was not fully elucidated. For example,
the effect of SKAP2 on actin polymerization could not be ana-
lyzed in this report. Tyrosine 260 of SKAP2 was identified as the
major phosphorylation site by Fyn (8), which we also con-
firmed. However, the substantial level of phosphorylation
remained in SKAP2 Y260F mutant when it was exogenously
expressed (data not shown).

Our study indicates that SKAP2 plays an important role in
the control of actin assembly and cell migration. At least in a
glioblastoma, SKAP2 is suggested to have a negative effect on
tumor invasion. Knockdown of SKAP2 caused many microsat-
ellites of tumor nests in the mouse brain (Fig. 8C), which may
induce the dissemination of glioblastoma. To investigate
SKAP2 as the candidate for suppressor of tumor invasion,
expression of SKAP2 should be analyzed in the pathological
specimens of human brain tumors. Because we also detected
various amounts of SKAP2 expression in other types of can-
cers (supplemental Fig. S2), it is important to collect the
expression profiles of SKAP2 in the specimens of those can-
cers and evaluate the significance of SKAP2 as the indicator
of tumor progression. In the future, functional peptides
might be synthesized from SKAP2 and exert a suppressive
effect on tumor invasion.
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