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5-phosphatase, SHIP-2, binds filamin and
regulates submembraneous actin

 

Jennifer M. Dyson,

 

1

 

 Cindy J. O’Malley,

 

1

 

 Jelena Becanovic,

 

1

 

 Adam D. Munday,

 

1

 

 Michael C. Berndt,

 

2

 

Imogen D. Coghill,

 

1

 

 Harshal H. Nandurkar,

 

1

 

 Lisa M. Ooms,

 

1

 

 and Christina A. Mitchell

 

1

 

1

 

Department of Biochemistry and Molecular Biology, Monash University, Clayton, Victoria, 3800 Australia

 

2

 

Baker Medical Research Institute, Prahran, Victoria, 3181 Australia

 

HIP-2 is a phosphoinositidylinositol 3,4,5 trisphos-

 

phate (PtdIns[3,4,5]P

 

3

 

) 5-phosphatase that contains an
NH

 

2

 

-terminal SH2 domain, a central 5-phosphatase
domain, and a COOH-terminal proline-rich domain. SHIP-2
negatively regulates insulin signaling. In unstimulated cells,
SHIP-2 localized in a perinuclear cytosolic distribution and
at the leading edge of the cell. Endogenous and recombinant
SHIP-2 localized to membrane ruffles, which were mediated
by the COOH-terminal proline–rich domain. To identify
proteins that bind to the SHIP-2 proline–rich domain, yeast
two-hybrid screening was performed, which isolated actin-
binding protein filamin C. In addition, both filamin A and B
specifically interacted with SHIP-2 in this assay. SHIP-2
coimmunoprecipitated with filamin from COS-7 cells, and

S

 

association between these species did not change after
epidermal growth factor stimulation. SHIP-2 colocalized with
filamin at Z-lines and the sarcolemma in striated muscle
sections and at membrane ruffles in COS-7 cells, although
the membrane ruffling response was reduced in cells
overexpressing SHIP-2. SHIP-2 membrane ruffle local-
ization was dependent on filamin binding, as SHIP-2 was
expressed exclusively in the cytosol of filamin-deficient cells.
Recombinant SHIP-2 regulated PtdIns(3,4,5)P

 

3

 

 levels and
submembraneous actin at membrane ruffles after growth
factor stimulation, dependent on SHIP-2 catalytic activity.
Collectively these studies demonstrate that filamin-dependent
SHIP-2 localization critically regulates phosphatidylinositol
3 kinase signaling to the actin cytoskeleton.

 

Introduction

 

Phosphoinositides are ubiquitous membrane components
which regulate proliferation, differentiation, inhibition of
apoptosis, secretion, cell movement, and the actin cytoskeleton.
Receptor-regulated phosphoinositide 3 (PI-3)* kinases
phosphorylate phosphatidylinositol 4,5 bisphosphate (Ptd-

 

Ins[4,5]P

 

2

 

) forming phosphatidylinositol 3,4,5 trisphosphate

 

(PtdIns[3,4,5]P

 

3

 

) that is dephosphorylated by the inosi-
tol polyphosphate 5-phosphatases (5-phosphatase) to Ptd-
Ins(3,4)P

 

2 

 

(Majerus, 1996; Martin, 1997). Both PtdIns

(3,4,5)P

 

3

 

 and PtdIns(3,4)P

 

2

 

 localize signaling proteins to the
inner wall of the plasma membrane and allosterically regulate
these target proteins. PtdIns(3,4,5)P

 

3 

 

and PtdIns(3,4)P

 

2

 

 bind-
ing proteins include the serine/threonine kinase, Akt, which
inhibits apoptosis, and proteins such as cytohesins and cen-
taurins that regulate ADP ribosylation factor (ARF), and
thereby vesicular trafficking and the peripheral actin cyto-
skeleton (Corvera et al., 1999; Datta et al., 1999). Ptd-
Ins(3,4,5)P

 

3

 

 regulates growth factor–induced actin-depen-
dent extension of lamellipodia, membrane ruffle formation,
and cell migration.

 

PtdIns(3,4,5)P

 

3

 

 is metabolized by the removal of either
the 5- or 3-position phosphate by specific 5- or 3-lipid
phosphatases, respectively. The product of the tumor
suppressor gene phosphatase and tensin homologue deleted
on chromosome 10 (PTEN) is a PtdIns(3,4,5)P

 

3

 

 3-phosphatase
which hydrolyses PtdIns(3,4,5)P

 

3

 

, forming PtdIns(4,5)P

 

2

 

. The
lipid 3-phosphatase activity of PTEN is critical for its tumor
suppressor function (for review see Cantley and Neel, 1999).

The 5-phosphatases hydrolyze the 5-position phosphate from
both inositol phosphates and phosphoinositides and share the
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same catalytic mechanism to the apurinic/apyrimidinic
endonucleases (Majerus, 1996; Whisstock et al., 2000;
Tsujishita et al., 2001). SHIP-2 is a widely expressed 5-phos-
phatase which plays a significant role in negatively regulat-
ing insulin signaling (Ishihara et al., 1999; Clement et al.,
2001). SHIP-2 contains an NH

 

2

 

-terminal SH2 domain, a

central 5-phosphatase domain, and a COOH-terminal pro-
line–rich domain and bears significant sequence identity
with the 5-phosphatase, SHIP-1, except in the proline-rich
domain. SHIP-2 hydrolyses the 5-position phosphate from
PtdIns(3,4,5)P

 

3

 

 and PtdIns(4,5)P

 

2

 

, and in some, but not all,
studies has been shown to hydrolyze the soluble inositol

Figure 1. SHIP-2 localizes to actin-rich regions in COS-7 cells. (A) 
COS-7 cells were either left resting or serum-starved and then
stimulated with EGF (100 ng/ml) for the indicated times, costained 
with the SHIP-2 antibody and phalloidin, and then visualized by 
confocal microscopy. Arrows indicate membrane ruffle localization. 
(B) COS-7 cells were transiently transfected with GFP-SHIP-2 and 
either left unstimulated or serum-starved, then stimulated with EGF 
(100 ng/ml) for the indicated times, and fixed and phalloidin 
stained. Arrows indicate SHIP-2 membrane localization. (C) COS-7 
cells were transiently transfected with the indicated HA–SHIP-2 
constructs (see Table I) and where indicated, stimulated with EGF 
(100 ng/ml), fixed and stained with anti-HA antibodies, and
visualized by confocal microscopy. Arrows indicate SHIP-2 
membrane localization. (D) Immunoblot analysis of recombinant 
GFP–SHIP-2 or HA–SHIP-2 wild-type and mutant proteins. 100 �g 
of Triton X-100–soluble lysate from transfected cells (as indicated) 
was analyzed by immunoblot analysis using antibodies to GFP, or 
HA. The migration of molecular weight markers is shown on the left. 
Bars, 20 �m.
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phosphate Ins(1,3,4,5)P

 

4

 

 (Pesesse et al., 1997; Wisniewski et
al., 1999; Taylor et al., 2000). In contrast to SHIP-1, which
has a restricted hematopoietic expression, SHIP-2 is widely
expressed. SHIP-2 undergoes cytokine-, growth factor–, and
insulin-stimulated phosphorylation in a number of cell lines
(Habib et al., 1998; Wisniewski et al., 1999). In addition,
SHIP-2 is constitutively tyrosine phosphorylated and associ-
ated with Shc in chronic myeloid leukemic progenitor cells,
suggesting a role for SHIP-2 in 210

 

bcr/abl

 

-mediated myeloid
expansion (Wisniewski et al., 1999). SHIP-2, like PTEN,
regulates both PtdIns(3,4,5)P

 

3

 

-mediated Akt activation and
the induction of cell cycle arrest associated with increased
stability of expression of the cell cycle inhibitor p27

 

KIPI

 

 (Tay-
lor et al., 2000). Recent studies have demonstrated SHIP-2
negatively regulates insulin signaling. Homozygous mice
lacking SHIP-2 develop severe neonatal hypoglycemia and
prenatal death. Adult SHIP-2 heterozygous mutant mice
demonstrate insulin sensitivity associated with increased
translocation of GLUT4 to the plasma membrane in re-
sponse to insulin treatment (Clement et al., 2001).

In this study we examine the intracellular location of the
5-phosphatase SHIP-2 and demonstrate the enzyme is located
at membrane ruffles mediated via its proline-rich domain.
SHIP-2 forms a complex with the actin binding protein, fil-
amin, and thereby regulates PtdIns(3,4,5)P

 

3

 

 and actin at the
leading edge of the cell. This may represent a mechanism for
the tight spatial regulation of PtdIns(3,4,5)P

 

3

 

 at specific sites
after growth factor or insulin stimulation.

 

Results

 

Intracellular localization of SHIP-2 in unstimulated 
and EGF-stimulated cells

 

We localized endogenous SHIP-2 in both COS-7 cells and
NIH3T3 cells (unpublished data) by indirect immunofluo-
rescence using affinity-purified antiserum raised to its unique
COOH-terminal sequence. Similar results were found in
both cell types. In unstimulated COS-7 cells, SHIP-2 was
detected diffusely in the cytosol and concentrated at the
plasma membrane at the leading edge of the cell (Fig. 1 A).
SHIP-2 colocalized with markers of submembraneous actin,
including 

 

�

 

-actin (unpublished data) and phalloidin stain-
ing. After EGF stimulation, conditions under which mem-
brane ruffles and actin are actively formed and remodeled,
SHIP-2 localized initially at membrane ruffles i.e., areas at
the edges of lamellipodia where the plasma membrane de-
taches from the support and rolls up. After 5–10 min EGF
stimulation, SHIP-2 was diffusely expressed at the mem-
brane and was detected in areas of active cytoskeletal rear-

rangement. However, SHIP-2 did not at any time associate
with stress fibers, although the enzyme was detected at focal
adhesions (unpublished data) as recently reported (Prasad et
al., 2001). Preimmune sera were nonreactive (unpublished
data). Localization of recombinant SHIP-2 tagged with ei-
ther green fluorescent protein (GFP) (Fig. 1 B) or hemagglu-
tinin (HA) (Fig. 1 C), matched that of the endogenous pro-
tein. In nonstimulated cells, GFP–SHIP-2 was expressed
diffusely in the cytosol and in many cells concentrated in a
perinuclear distribution. It was also present at the plasma
membrane at the leading edge of the cell, colocalizing at this
site with phalloidin staining. After EGF stimulation at 1
min, GFP–SHIP-2 concentrated at membrane ruffles, and
by 5 min localized diffusely at the plasma membrane, colo-
calizing as shown in the merged images with phalloidin-
staining of actin (Fig. 1 B). We noted membrane ruffling was
significantly reduced in many cells overexpressing SHIP-2
(see Fig. 9). Expression of HA-tagged SHIP-2 demonstrated
a similar intracellular location to GFP–SHIP-2 (Fig. 1 C).
GFP or HA alone were detected diffusely through the cytosol
and nucleus and localization did not change after EGF stim-
ulation (unpublished data). Recombinant GFP–SHIP-2 was
expressed as a 166-kD protein on SDS-PAGE, with little
proteolysis detected (Fig. 1 D).

 

Identification of peptide sequences mediating SHIP-2 
localization to membrane ruffles

 

SHIP-2 contains an NH

 

2

 

-terminal SH2 domain, a central cata-
lytic 300 amino acid 5-phosphatase domain, and an extensive
COOH-terminal proline–rich domain. To investigate the
structural domains mediating SHIP-2 intracellular location,
specifically to membrane ruffles, a series of wild-type and mu-
tant SHIP-2 recombinants tagged with HA were expressed in
COS-7 cells (Fig. 1 C and Table I). SHIP-2 that lacked the
SH2 domain (HA–SHIP-2

 

�

 

SH2) localized to membrane ruf-
fles similarly to wild-type SHIP-2 (Fig. 1 C). SHIP-2 that
lacked the proline-rich domain (HA–SHIP-2

 

�

 

PRD) showed
no membrane association in the resting cell and failed to dem-
onstrate membrane ruffle localization after 1 min of EGF stim-
ulation. However, after 5 min of stimulation, faint membrane-
ous localization of HA–SHIP-2

 

�

 

PRD was detected, although
this was much less intense than the wild-type protein, suggest-
ing that sequences independent of the proline-rich domain may
contribute to plasma membrane localization after prolonged
growth factor stimulation (Fig. 1 C). This result is consistent
with recent studies which have demonstrated SHIP-2 forms a
complex with the adaptor protein p130

 

cas

 

 via the SH2 domain
and localizes to membrane ruffles and focal adhesions after cell
adhesion (Prasad et al., 2001). Studies in which only the pro-

 

Table I. 

 

Oligonucleotides used for the generation of SHIP-2 truncation mutants

Name
of construct 5

 

� 

 

oligonucleotide 3

 

� 

 

oligonucleotide
Polypeptide
expressed

 

HA–SHIP-2

 

�

 

SH2
5

 

�

 

tattctagagagggtgagcgagagccg-3

 

�

 

5

 

�

 

-atatctagatcaatgatgatgatgatgatgcttgctgagctgcagggt-3

 

�

 

5-phosphatase and proline-rich
domain (aa 118–1,258 with
COOH-terminal hexa HisTag)

HA–SHIP-2

 

�

 

PRD
5

 

�

 

-gtctagaagccaggccccctcctgg-3

 

�

 

5

 

�

 

-tctagatcatggttcttcaaataacctgg-3

 

�

 

SH2 domain and
5-phosphatase domain (aa 16–936)

HA-PRD 5

 

�

 

-gtctagagagaaaccgccaccaacgggg-3

 

�

 

5

 

�

 

-tctagatcatggttcttcaaataacctgg-3

 

�

 

proline-rich domain
(aa 936–1,258)
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line-rich domain was expressed (HA-PRD) demonstrated this
domain localized to the leading edge of the cell in resting cells,
as shown for the wild-type enzyme, and concentrated at mem-
brane ruffles and submembraneous actin–rich structures imme-
diately after EGF stimulation. After 5-min stimulation, how-
ever, expression at the membrane was less intense than the
wild-type enzyme (Fig. 1 C). Wild-type and mutant HA–SHIP-2
proteins were expressed intact with little proteolysis and mi-
grated at their predicted molecular mass (Fig. 1 D). Collec-
tively, these studies demonstrate that the proline-rich domain
mediates SHIP-2 membrane ruffle localization in the resting
and in EGF-stimulated cells. In addition, sequences such as the

SH2 domain may contribute to membrane localization after
prolonged growth factor stimulation.

 

Identification of SHIP-2 binding partners using yeast 
two-hybrid analysis

 

The SHIP-2 COOH-terminal proline–rich domain contains
numerous “PXXP” motifs which conform to consensus se-
quences for SH3 binding domains, 1 WW binding domain
motif (PPLP) which may bind to WW domain-containing
proteins, and one EVH1 binding domain motif (E/DFPPP-
PXD/E) which may link the cytoskeletal network to signal
transduction pathways (Fedorov et al., 1999). The SHIP-2

Figure 2. SHIP-2 interacts with filamin A, B, and C in the yeast two-hybrid 
system. (A) Optimized alignment of the predicted amino acid sequences of 
human filamin A, B, and C. ↓ denotes the first amino acid of each domain; an
asterisk represents identical amino acids in all three sequences; a colon represents 
conservative substitutions. Modified from Xie et al. (1998). The FLNC sequence 
shown in bold represents that encoded by the clone isolated in skeletal muscle
library screening, using the SHIP-2 proline-rich domain as a bait. (B) Yeast
expressing DNA-BDPRD bait were transformed with filamin A, B, or C cDNA (1, 
3, and 5, respectively), and yeast expressing DNA-BDSHIP2�PRD were 
transformed with filamin A, B, or C (2, 4, and 6, respectively) and plated on
medium lacking Tryptophan, Leucine, Histidine, and Adenine. (C) FLNC wild-type 
(aa 2434–2705 pFLNC) or truncation mutants (Table II) were prepared as described 
in Materials and methods. Yeast strain AH109 expressing the DNA-BDPRD “bait” 
were transformed with each FLNC mutant individually. The transformants were 
plated onto media lacking Tryptophan, Leucine, Adenine, and Histidine and
assessed for LacZ. A strong or weak interaction is indicated by ��� or �,
respectively. No interaction is indicated by (�).
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proline–rich domain sequence demonstrates no significant se-
quence homology over the extreme COOH-terminal 322
amino acids with SHIP-1. We searched for proteins that spe-
cifically interact with the proline-rich domain using yeast two-
hybrid analysis. The entire SHIP-2 proline-rich domain
(amino acids [aa] 936–1258) was expressed in yeast cells with
a library of proteins expressed as fusions with the GAL4 tran-
scription activation domain. Several rounds of screening a hu-
man skeletal muscle library (4 

 

�

 

 10

 

6

 

 clones) identified a num-
ber of interacting clones in which growth on selective media
suggested the presence of bona fide interactors for the proline-
rich domain. Sequence analysis demonstrated that one clone,
an 818 bp fragment, encoded aa 2434–2705 of the last
COOH-terminal two and a half immunoglobulin repeats of
the cytoskeletal actin-binding protein filamin C (FLNC),
which were in frame with the GAL4 activation domain (Fig. 2
A). Filamin is located in the cortical cytoplasm subjacent to
the plasma membrane, and binds actin, promoting orthogo-
nal branching of actin filaments and thereby cell migration
and membrane stability (reviewed by Stossel et al., 2001). Fil-
amin forms a complex with a variety of cell surface receptors
including Fc

 

	

 

RI, the platelet von Willebrand factor receptor,
glycoprotein Ib-IX-V, 

 

�

 

1

 

 and 

 

�

 

2

 

 integrin receptors, and intra-
cellular proteins involved in various signaling cascades includ-
ing Traf 2, granzyme B, caveolin-1, and the stress-activated
protein kinase (reviewed by Stossel et al., 2001).

Three human gene filamin paralogues have been identified.
Filamin A encodes 

 




 

-filamin (also called ABP-280) (Gorlin et
al., 1990), filamin B codes for 

 

�

 

-filamin (also called ABP-278)
(Takafuta et al., 1998; Xu et al., 1998), and FLNC encodes for

 

	

 

-filamin (also called ABPL or FLN2), which is highly ex-
pressed in skeletal muscle (Xie et al., 1998). In addition, differ-
ential splicing has been demonstrated for each gene (Maestrini
et al., 1993; Xie et al., 1998; Xu et al., 1998). All three filamin
isoforms demonstrate a similar structure comprising an NH

 

2

 

-
terminal actin binding domain followed by 24 immunoglobu-
lin-like repeat domains creating an extended rod like structure.
The extreme COOH-terminal repeat 24 contains a ho-
modimerization domain which is linked to other repeats by a
calpain-sensitive “hinge II region” (reviewed by Stossel et al.,
2001). As each of the three filamin isoforms shows significant
sequence identity in the COOH-terminal region (Fig. 2 A), we
investigated if each isoform interacted in cotransformation as-
says with the proline-rich domain expressed in frame with the
DNA binding domain of GAL4 (DNA-BDPRD), or with re-
combinant mutant SHIP-2 which lacked the proline-rich do-
main (DNA-BDSHIP-2

 

�

 

PRD), versus control heterologous
baits. The proline-rich domain “bait” (DNA-BDPRD), but not
the SHIP-2 “bait” lacking the proline-rich domain (DNA-BD-
SHIP-2

 

�

 

PRD), interacted with the COOH-terminal four im-
munoglobulin repeats of filamin A and B, and the COOH-ter-
minal two and a half immunoglobulin repeats of FLNC,
indicated by expression of all three reporter genes 

 

HIS3

 

 and

 

ADE2

 

 (Fig. 2 B) and 

 

LacZ

 

 (unpublished data).

 

Identification of FLNC sequences mediating interaction 
with SHIP-2

 

To determine the region of FLNC specifically interacting
with SHIP-2, a series of wild-type and mutant FLNC con-
structs comprising the COOH-terminal immunoglobulin re-

peat regions R22–R24 (aa 2434–2705), which include a
“hinge II region” between R23 and R24, were cloned into the
activation domain and cotransformed with the DNA-BD-
PRD bait and interactions scored as strong (

 

���

 

), or weak
(

 

�

 

) (Fig. 2 C). The fragment containing FLNC repeats 22–
24 demonstrated the strongest binding to the proline-rich do-
main bait. FLNC repeats 23 and 24, either alone or in combi-
nation, did not interact with SHIP-2. Repeats 22 and 23 in
combination, with or without the hinge II region, interacted
with SHIP-2; however, this was weaker than repeats 22–24
(Fig. 2 C). All FLNC truncation mutants were expressed in
the yeast strain AH109 and were soluble (unpublished data).

We took several approaches to verify whether SHIP-2 in-
teracted with filamin in vivo and thereby regulated the

Figure 3. SHIP-2 associates with filamin in resting and
EGF-stimulated COS-7 cells. (A) COS-7 cells were transiently 
cotransfected with FLAG–SHIP-2 and HA empty vector, or
FLAG–SHIP-2 and HA-filamin (encoding aa 2,434 to 2,705). Cells 
were harvested and the Triton X-100–soluble lysate was 
immunoprecipitated with HA antibodies and immunoblotted with 
FLAG antibodies. (B) COS-7 cells were transiently cotransfected 
with FLAG empty vector and Myc-filamin (encoding aa 2,434–
2,705), or FLAG–SHIP-2 and Myc-filamin. Where indicated, COS-7 
cells were EGF treated (100 ng/ml) for 5 min. Cells were harvested 
and the Triton X-100–soluble lysate was immunoprecipitated with 
FLAG antibodies and immunoblotted with Myc antibodies.
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membrane localization of SHIP-2. First, we investigated us-
ing cotransfection and coimmunopreciptation assays if
filamin interacted with SHIP-2 in COS-7 cells. We also de-
termined association of endogenous proteins using immu-
noprecipitation and immunoblot analysis. Second, we dem-
onstrated colocalization of SHIP-2 and filamin at membrane
ruffles in resting and EGF-stimulated COS-7 cells. Third,
we showed colocalization of filamin and SHIP-2 in mouse
heart and skeletal muscle sections using immunolocalization
of both species. Finally, we showed the membrane localiza-
tion of SHIP-2 is dependent on filamin by determining the
intracellular localization of SHIP-2 in cells which do not ex-
press filamin.

Association of SHIP-2 and filamin was demonstrated in
COS-7 cells, which were cotransfected with FLAG-tagged
SHIP-2 and HA-tagged filamin (encoding aa 2434–2705 of
FLNC), followed by immunoprecipitation and immunoblot
analysis using antibodies to each tag. FLAG–SHIP-2 was de-
tected in HA immunoprecipitates of HA-filamin–trans-
fected cells, but not cells transfected with HA empty vector
(Fig. 3 A). We determined the effect of EGF stimulation
on association between recombinant SHIP-2 and filamin.
COS-7 cells were cotransfected with myc-filamin and
FLAG–SHIP-2, and after EGF stimulation for 5 min, Tri-
ton X-100–soluble lysates were immunoprecipitated using
FLAG antibody and immunoblotted with myc antibody.
The level of filamin in SHIP-2 immunoprecipitates was un-
changed after 5 min EGF stimulation, compared with non-
stimulated cells (Fig. 3 B). These studies were repeated
expressing SHIP-2 and filamin as fusion proteins with dif-
ferent tags with similar results (unpublished data).

To confirm a complex between endogenous SHIP-2 and
filamin, we transfected recombinant myc-tagged filamin
(encoding aa 2434–2705 of FLNC) into COS-7 cells and
after EGF stimulation performed immunoprecipitations us-
ing SHIP-2 antibodies, or preimmune sera, and immuno-
blotted with either SHIP-2 antibodies (top), or myc tag an-
tibodies to detect filamin (bottom) (Fig. 4 A). This study
demonstrated recombinant filamin formed a stable complex
with endogenous SHIP-2 and association did not change af-
ter growth factor stimulation. In addition, COS-7 cell Tri-
ton X-100–soluble lysates immunoprecipitated using SHIP-2
antibodies and immunoblotted using filamin antibodies
demonstrated a 280-kD polypeptide consistent with filamin
in SHIP-2 immune, but not preimmune immunoprecipi-
tates (Fig. 4 B). In control studies, immunoblot analysis of
COS-7 Triton X-100–soluble cell lysates demonstrated the
SHIP-2 and filamin antibodies recognized 148- and 280-kD
proteins, respectively, consistent with their predicted molec-
ular weight (Fig. 4 C). Collectively, these studies demon-
strate SHIP-2 and filamin form a complex in both resting
and EGF-stimulated COS-7 cells and the SHIP-2–filamin
complex remains unchanged after growth factor stimulation.

We colocalized endogenous filamin and recombinant
SHIP-2 after EGF stimulation of COS-7 cells. In nonstimu-
lated cells filamin was located in the cytosol and at the lead-
ing edge of the cell (Fig. 5 A). Although HA–SHIP-2 was
expressed in the cytosol and membrane, colocalization with
filamin was detected only at the membrane at the leading
edge of the cell. After EGF stimulation, filamin localized to

a subplasma membrane distribution, initially at membrane
ruffles and at the latter time points evenly throughout a fine
cortical rim at the periphery of the cell. Filamin colocalized
intensely with HA–SHIP-2 at membrane ruffles and the
cortical actin rim, but not in the cytosol.

We investigated whether the recombinant COOH-terminal
filamin domain (aa 2434–2705) localized as endogenous fil-
amin in COS-7 cells. We also determined whether this recom-
binant filamin COOH-terminal domain, which represents the
SHIP-2 binding site, when expressed at high levels, could dis-
place endogenous SHIP-2 localized at membrane ruffles. The
myc-filamin recombinant protein may actually inhibit the lo-
calization of SHIP-2 to membrane ruffles by blocking binding
to endogenous filamin. In both low and high myc-filamin–
expressing cells, the localization of the recombinant protein

Figure 4. Endogenous SHIP-2 associates with filamin in COS-7 
cells. (A) COS-7 cells were transiently transfected with Myc-filamin 
and treated with EGF (100 ng/ml) as indicated. Cells were harvested 
and the Triton X-100–soluble lysate was immunoprecipitated with 
either preimmune sera (Pre I) or anti–SHIP-2 sera and immunoblotted 
with myc antibodies (bottom), then reprobed with anti–SHIP-2 sera 
to confirm SHIP-2 immunoprecipitation (top). (B) COS-7 cells 
were harvested and the Triton X-100–soluble lysate was
immunoprecipitated with either preimmune sera (Pre I) or anti–SHIP-2 
sera and immunoblotted with antibodies to endogenous filamin. (C) 
COS-7 cells were harvested and 100 �g of the Triton X-100–soluble 
lysate was immunoblotted with SHIP-2 or filamin antibodies.
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matched that of endogenous filamin at membrane ruffles in un-
stimulated (unpublished data) and more prominently in EGF-
stimulated cells (Fig. 5 B). However, in cells expressing myc-fil-
amin at very high levels we noted increased expression of
filamin in the cytosol in addition to membrane staining. Local-
ization of endogenous SHIP-2 in myc-filamin–expressing cells
was determined by indirect immunofluorescence. In cells ex-
pressing low levels of myc-filamin, endogenous SHIP-2 local-
ized to membrane ruffles in both resting (unpublished data)
and more prominently in EGF-stimulated cells (Fig. 5 B). In
contrast, in cells expressing high levels of myc-filamin, SHIP-2
localized in a perinuclear distribution in the cytosol and staining
was less intense at the plasma membrane (Fig. 5 B).

 

Colocalization of filamin and SHIP-2 in heart and 
skeletal muscle

 

FLNC is highly expressed in striated muscle, where it is
predominantly localized in myofibrillar Z-discs, with a
minor fraction of the protein showing subsarcolemma lo-
calization (van der Ven et al., 2000). SHIP-2 is also ex-
pressed in skeletal muscle, although its intracellular lo-
cation in this tissue has not been reported. SHIP-2
homozygous null mice demonstrate increased sensitivity
to insulin (Clement et al., 2001). One of the major sites
of insulin action is skeletal muscle, where insulin stimu-
lates the translocation of the glucose transporter GLUT4
in a PI-3 kinase–dependent manner to the sarcolemma
(Khan et al., 2000). We investigated whether SHIP-2 and

filamin colocalized in striated muscle. Mouse heart stri-
ated muscle sections were isolated, fixed, and probed with
specific affinity purified SHIP-2 antibodies (Fig. 6 A).
Soleus muscle showed similar localization (unpublished
data). In longitudinal sections SHIP-2 antibodies stained
intensively in an alternate banding pattern at areas that
resembled Z-lines. No staining of any structure was ob-
served using preimmune serum (Fig. 6 B). Counter-stain-
ing sections using antibodies to filamin and the Z-line–
specific protein 

 




 

-actinin demonstrated both colocalized
with SHIP-2 (Fig. 6, C–H). Cross-sectional analysis of
skeletal muscle demonstrated both filamin and SHIP-2
localized to the sarcolemma, the site of insulin-stimulated
GLUT4 translocation (Fig. 6, I–L).

 

Intracellular localization of SHIP-2 in
filamin-deficient cells

 

To investigate if SHIP-2 membrane ruffle localization was
dependent on an interaction with filamin, we examined the
intracellular localization of SHIP-2 in a cell line (M2) de-
rived from a human malignant melanoma that does not ex-
press detectable filamin messenger RNA or protein (Cun-
ningham et al., 1992). M2 cells demonstrate a distinct
phenotype characterized by extensive membrane blebbing
and defective locomotion, which is reversed by the stable
transfection of filamin A cDNA (A7 subline). Equivalent
SHIP-2 expression was demonstrated in A7 and M2 cells as
shown by immunoblot analysis using SHIP-2 antipeptide

Figure 5. SHIP-2 colocalizes with filamin in resting and 
EGF-stimulated COS-7 cells. (A) COS-7 cells were transiently 
transfected with HA–SHIP-2. Cells were EGF (100 ng/ml) 
stimulated where indicated and fixed and costained with 
HA and filamin B antibodies. Cells were visualized by

confocal microscopy. (B) COS-7 cells were transiently transfected with myc-filamin (encoding aa 2,434–2,705) and EGF stimulated for 5 min. 
Cells were scored as expressing high or low levels of this recombinant protein, as determined by intensity of staining using antibodies to the 
myc tag by indirect immunofluorescence. The localization of endogenous SHIP-2 was determined using specific SHIP-2 antibodies in cells 
expressing either low or high levels of myc-filamin. Arrows indicate the localization of SHIP-2 to membrane ruffles. Bars, 20 �M.
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antibodies of 100 

 

�

 

g of cell lysate (Fig. 7, A and B). The in-
tracellular localization of SHIP-2 was determined by in-
direct immunofluorescence of endogenous enzyme using
SHIP-2 antipeptide antibodies, or cells transfected with HA-
tagged SHIP-2 with detection by staining with antibodies to
the tag (unpublished data) with the same result. In nonstim-
ulated M2 cells, SHIP-2 was expressed diffusely in the cyto-
sol and did not colocalize with markers of submembraneous
actin such as phalloidin (Fig. 7 A). Upon EGF stimulation,
M2 cells transiently form membrane ruffles, or membrane
“blebs,” which can be detected by phalloidin staining (for re-
view see Stossel et al., 2001). SHIP-2 remained in the cyto-
sol in stimulated cells and did not colocalize with filamin at
membrane ruffles. In contrast, in A7 cells, which have been
stably transfected with filamin, SHIP-2 localized to mem-

 

brane ruffles upon EGF stimulation (Fig. 7 B) and colocal-
ized with phalloidin staining. Collectively, these studies
demonstrate SHIP-2 localization at membrane ruffles is de-
pendent on filamin expression.

 

SHIP-2 regulates PtdIns(3,4,5)P

 

3

 

 and 

 

�

 

-actin at 
membrane ruffles

 

To establish that recombinant SHIP-2 localized at mem-
brane ruffles was active and to determine the functional
consequences on PtdIns(3,4,5)P

 

3

 

 levels, we employed the
pleckstrin homology (PH) domain of ARNO, which has
high affinity for PtdIns(3,4,5)P

 

3

 

 to assess local plasma
membrane concentrations of this phosphoinositide (Balla
et al., 2000). Several studies have demonstrated that GFP-
tagged PH domains with specificity for PtdIns(3,4,5)P

 

3

 

can be used to accurately detect PtdIns(3,4,5)P

 

3

 

 at the
leading edge of the cell (for review see Rickert et al., 2000).
Although it has been established that SHIP-2 regulates to-
tal cellular PtdIns(3,4,5)P

 

3

 

 levels, the membrane ruffle lo-
calized regulation of PtdIns(3,4,5)P

 

3 has not been reported
(Blero et al., 2001; Pesesse et al., 2001). In addition, the
functional role of SHIP-2 membrane location in regulating
PtdIns(3,4,5)P3 degradation has not been determined.
GFP-fused with the PH domain of ARNO (GFP-PH/
ARNO) was coexpressed with either empty vector (HA), or
HA–SHIP-2, or the proline-rich domain (HA-PRD), or
mutant SHIP-2 which lacked the proline-rich domain
(HA–SHIP-2�PRD) (Fig. 8). In addition, we determined
the effect of overexpressing the COOH-terminal filamin
fragment (aa 2434–2705) which binds SHIP-2 in COS-7
cells on PtdIns(3,4,5)P3 levels, as we have shown overex-
pression of recombinant myc-filamin displaces endogenous
SHIP-2 from membrane ruffles (Fig. 5 B). In nonstimu-
lated cells transfected with HA empty vector and GFP-PH/
ARNO, plasma membrane staining of GFP-PH/ARNO
was not detected. Upon EGF activation GFP-PH/ARNO
translocated rapidly to membrane ruffles after 1 min of
stimulation and by 5 min intense plasma membrane stain-
ing was detected (Fig. 8). In contrast, cells overexpressing
SHIP-2 demonstrated no or low expression of GFP-PH/
ARNO at the plasma membrane of EGF-stimulated cells.
However, cells expressing the SHIP-2 proline-rich do-
main (HA-PRD), which lacks the SH2 and catalytic do-
main, demonstrated strong plasma membrane expression
of GFP-PH/ARNO, comparable to HA empty vector ex-
pressing cells after EGF stimulation. In cells expressing
SHIP-2, which lacks the proline-rich domain (HA-SHIP-
2�PRD) but contains the SH2 and 5-phosphatase catalytic
domain, GFP-PH/ARNO demonstrated growth factor–
dependent relocalization to the plasma membrane. However,
staining was less intense at 5 min compared with empty
vector–expressing cells, but was greater than intact SHIP-2
expressing cells. To confirm these observations, transfected
cells were scored as showing high or low GFP-PH/ARNO
plasma membrane expression after 5 min of EGF stimula-
tion. Over 40 cells were scored per transfection for three
independent experiments by an independent observer. The
expression of GFP-PH/ARNO at the plasma membrane
was low or not detected in �90% of cells overexpressing
SHIP-2, with �10% of cells showing high plasma mem-

Figure 6. SHIP-2 colocalizes with filamin at Z-lines in mouse 
heart and skeletal muscle sections. Mouse adult heart longitudinal 
cryosections were cut 7 �m thick and stained with SHIP-2 antibodies 
(a, c, and f) or preimmune sera (b). SHIP-2 was colocalized with

-actinin (d) at the Z-line and also with antifilamin (g) at the Z-line. 
Merged images are indicated between SHIP-2 and filamin in panels 
e and h, respectively. Cross-sectional sections of skeletal muscle 
were stained with SHIP-2 antibodies (i and j) and counterstained 
with filamin antibodies (k). Merged images are shown in panel l. 
Sections were visualized by confocal microscopy. Bars, 20 �m.
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brane expression of GFP-PH/ARNO. In contrast, 35% of
cells in which mutant SHIP-2 lacking the proline-rich do-
main was overexpressed demonstrated high plasma mem-
brane expression of GFP/ARNO, with 60% of cells dem-
onstrating low expression. In control studies, the majority
of cells (�85%) expressing the proline-rich domain dem-
onstrated high expression of GFP/ARNO at the plasma
membrane. Finally, the effect of overexpression of myc-fil-
amin on PtdIns(3,4,5)P3 levels was determined. Cells ex-
pressing myc-filamin at high levels demonstrated a dra-
matic increase in GFP-PH/ARNO staining at the plasma
membrane of EGF-treated cells, most apparent after 5 min
stimulation. This result is consistent with the contention
that expression of this COOH-terminal filamin domain
displaces endogenous SHIP-2 from membrane ruffles and
therefore leads to enhanced PI-3 kinase signals. Collec-
tively, these studies indicate the SHIP-2–filamin interac-
tion regulates plasma membrane PtdIns(3,4,5)P3.

PI-3 kinase plays a key role in signaling to the actin cyto-
skeleton and inducing membrane ruffling via regulation of Rac
and Cdc42 (for review see Rickert et al., 2000). As SHIP-2
hydrolyses PtdIns(3,4,5)P3 and localizes to membrane ruffles
via association with filamin, we investigated the regulation of
actin at membrane ruffles by this 5-phosphatase. Cells over-
expressing SHIP-2 (HA–SHIP-2) or the proline-rich domain

of SHIP-2 (HA-PRD), which lacks the catalytic 5-phos-
phatase domain but localizes to membrane ruffles and com-
plexes with filamin, were stained for submembraneous actin
by �-actin immunoreactivity. �-actin is ubiquitously ex-
pressed and localizes specifically at the leading edge of the
cell at subplasma membrane cortical sites, rather than stress
fibers. HA–SHIP-2 colocalized with �-actin in both resting
and EGF-stimulated cells (Fig. 9 A). In addition, the inten-
sity of �-actin staining was significantly reduced in cells
overexpressing SHIP-2, compared with the SHIP-2 proline-
rich domain (Fig. 9 A) or vector alone (unpublished data).
To quantitate these differences, cells overexpressing HA–
SHIP-2 or the proline-rich domain were scored for the in-
tensity of �-actin staining after EGF stimulation (5 min): 40
cells per transfection for three experiments by an indepen-
dent observer. Greater than 80% of cells expressing HA–
SHIP-2, compared with �20% of cells overexpressing the
proline-rich domain which has no 5-phosphatase activity,
demonstrated low level �-actin staining. The minority of
HA-SHIP-2–expressing cells (�20%) demonstrated intense
�-actin staining compared with 75% of cells expressing the
proline-rich domain. To further establish whether SHIP-2
regulates submembraneous actin, cells overexpressing HA–
SHIP-2 or empty vector were stained with phalloidin which
stains polymerized actin (Fig. 9 B). Cells overexpressing high

Figure 7. Filamin is required for membrane localization of SHIP-2. (A) M2 (filamin-deficient) cells were fixed and costained with phalloidin 
and anti–SHIP-2 sera. Cells were visualized by confocal microscopy. M2 cells were harvested and 100 �g of the Triton X-100–soluble lysate 
was immunoblotted with anti–SHIP-2 sera. (B) A7 (filamin-replete) cells were fixed, costained, and immunoblotted as for M2 cells. Arrows
indicate SHIP-2 membrane ruffle localization. Cells were visualized by confocal microscopy. A7 cells were harvested and 100 �g of the
Triton X-100–soluble lysate was immunoblotted with anti–SHIP-2 sera. Bars, 20 �m.
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levels of HA–SHIP-2 demonstrated significantly decreased
staining of actin at membrane ruffles and decreased mem-
brane ruffling. In many HA–SHIP-2 overexpressing cells,
only a fine cortical rim of actin was stained by phalloidin af-
ter 5 min EGF stimulation. The intensity of phalloidin stain-
ing of actin at the membrane was scored as high or low after
5 min EGF stimulation in HA–SHIP-2 versus HA empty
vector expressing cells for 40 cells per transfection for three
independent experiments by an independent observer.
Greater than 70% of HA-SHIP-2–expressing cells, com-
pared with 30% of cells expressing the HA empty vector,
demonstrated low intensity phalloidin staining at membrane
ruffles. In addition, only 25% of SHIP-2 versus 75% of HA
empty vector–expressing cells demonstrated high intensity
phalloidin staining at membrane ruffles. Collectively, these
studies demonstrate SHIP-2 localizes to membrane ruffles
via association with filamin and regulates PtdIns(3,4,5)P3,
�-actin, and membrane ruffling.

Discussion
The results of this study demonstrate the 5-phosphatase
SHIP-2 forms a functionally significant complex with the ac-
tin-binding protein, filamin. SHIP-2 interacts via its proline-
rich domain, specifically with filamin A, B, and C isoforms in
yeast two hybrid assays. Filamin and SHIP-2 colocalized to
Z-lines and the sarcolemma of skeletal muscle, and in mamma-
lian cell lines to membrane ruffles. We demonstrated by recip-
rocal coimmunoprecipitation studies that SHIP-2 and filamin
form a stable complex in COS-7 cells and the level of associa-
tion between these species does not change after EGF stimula-
tion. SHIP-2 membrane localization is dependent on filamin
expression, as membrane association was not detected in a
well-characterized melanoma cell line, which does not express
filamin. The association of SHIP-2 with filamin serves to reg-
ulate PtdIns(3,4,5)P3 and �-actin at membrane ruffles.

Inositol polyphosphate 5-phosphatases and
the cytoskeleton
Increasing evidence indicates that both mammalian and
yeast 5-phosphatase isoforms, via hydrolysis of PtdIns(4,5)P2

and or PtdIns(3,4,5)P3, play a significant role in regulating
cytoskeletal reorganization. The 5-phosphatases comprise 10
mammalian and 4 yeast isoforms with many spliced variants
described. Null mutation of any two yeast Sac-1 domain
containing 5-phosphatases results in a phenotype which in-
cludes disorganization of polymerized actin and delocaliza-
tion of actin patches from the growing yeast bud to the
mother cell (for review see Hughes et al., 2000). The yeast
5-phosphatases, Inp52p and Inp53p, translocate to actin
patches upon osmotic stress, the site of plasma membrane in-
vaginations. In addition, overexpression of Inp52p and
Inp53p, but not catalytically inactive Inp52p, results in a
significant reduction in the repolarization time of actin
patches after osmotic stress (Ooms et al., 2000). The
mammalian 5-phosphatase, synaptojanin-1, hydrolyses Ptd-
Ins(4,5)P2 bound to the actin regulatory proteins, 
-actinin,
vinculin, gelsolin, and profilin, and decreases the number of
stress fibers in the cell (Sakisaka et al., 1997). Synaptojanin-2
directly interacts with Rac1 in a GTP-dependent manner, re-
sulting in translocation of the 5-phosphatase to membrane
ruffles and inhibition of endocytosis (Malecz et al., 2000).
Overexpression of SKIP (skeletal muscle and kidney-
enriched inositol phosphatase) results in loss of actin stress
fibers in areas of SKIP expression (Ijuin et al., 2000). The
recently identified proline-rich inositol polyphosphate
5-phosphatase (PIPP) localizes to membrane ruffles, but un-
like SHIP-2 does not appear to regulate the actin cytoskele-
ton (Mochizuki and Takenawa, 1999). SHIP-2 regulation of
submembraneous actin levels is most probably mediated
via localized regulation of PtdIns(3,4,5)P3. However, both
SHIP-1 and SHIP-2 also hydrolyze PtdIns(4,5)P2, forming
PtdIns(4)P (Kisseleva et al., 2000; Taylor et al., 2000).

Figure 8. SHIP-2 regulates
PtdIns(3,4,5)P3 at membrane ruffles. 
COS-7 cells were transiently cotransfected 
with the GFP-PH/ARNO and with either 
empty vector (HA), HA–SHIP-2, the
proline-rich domain (HA-PRD), mutant 
SHIP-2 which lacked the proline-rich 
domain (HA–SHIP-2�PRD), or
Myc-filamin. Cells were EGF treated 
(100 ng/ml) for the indicated times and 
stained with HA or Myc antibodies to 
identify cotransfected cells (unpublished 
data). Cells were visualized by confocal 
microscopy for GFP-PH/ARNO expression 
which is shown. Arrows indicate areas of 
high GFP-PH/ARNO expression. Bar 
equals 20 �m.
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Role of SHIP-2 association with FLNC in insulin signaling
The recent characterization of SHIP-2 homozygous null mice
has demonstrated that this 5-phosphatase plays a significant
role in regulating insulin sensitivity (Clement et al., 2001). Al-
though the signaling pathways mediating the phenotype of in-
sulin hypersensitivity have yet to be fully determined, insulin-
stimulated GLUT4 translocation to the plasma membrane
appears to be enhanced in mice lacking SHIP-2. In addition,

overexpression of SHIP-2, but not catalytically inactive SHIP-2,
in 3T3-L1 adipocytes results in negative regulation of insu-
lin-induced signaling (Wada et al., 2001). The submembra-
neous actin microfilament network links various signaling
proteins, including IRS-1 and PI-3 kinase, that regulate GLUT4
translocation to the plasma membrane. Insulin-induced reor-
ganization of the subplasma membrane actin filaments may
allow exocytic GLUT4 vesicles to fuse with the plasma mem-

Figure 9. SHIP-2 regulates �-actin expression at membrane
ruffles. (A) COS-7 cells were transiently transfected with either
HA–SHIP-2 or HA-PRD. Where indicated, cells were treated with 
EGF (100 ng/ml) for 1, 5, or 10 min. Cells were fixed and costained 
with HA and �-actin antibodies and visualized by confocal
microscopy. Arrows indicate areas of high �-actin expression. (B) 
COS-7 cells were transiently transfected with either HA–SHIP-2 or 
HA empty vector. Where indicated, cells were treated with EGF 
(100 ng/ml) for 5 min. Cells were fixed and stained with HA antibodies 
and actin stained with phalloidin. Cells were visualized by confocal 
microscopy. Arrows indicate areas of high phalloidin staining. Bars, 
20 �m.
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brane during stimulation by insulin (Khayat et al., 2000).
GLUT4 expression is restricted to muscle and adipose tissue.
Insulin-stimulated glucose disposal in skeletal muscle ac-
counts for 80% of glucose uptake postprandial (Khayat et al.,
2000), localizing GLUT4 to the sarcolemma. Filamin may
provide a scaffold for the juxtaposition of SHIP-2 to the sar-
colemma, localizing the enzyme to PtdIns(3,4,5)P3 after insu-
lin treatment and thereby regulating GLUT4 translocation.

Filamin forms a scaffold for the binding of Rho GTPases,
including Rac1, Cdc42, Rho A, and RalA, and their activa-
tors such as Trio, a Rho guanine nucleotide exchange factor
(GEF) (Ohta et al., 1999). The localization of both Rho
GTPases and their activators on filamin may allow spatial
coordination of actin nucleation at sites where newly assem-
bled actin filaments are cross-linked. It is noteworthy that
many filamin-binding proteins, including Trio and SHIP-2,
bind to the extreme COOH-terminal repeats 21–24 of fil-
amin, by a variety of interacting modules, including proline-
rich domains, as is the case for SHIP-2 and PH domains as
shown for Trio. This would therefore provide close proxim-
ity between all these signaling proteins, including SHIP-2,
that regulate actin polymerization on a filamin scaffold.

Several recent studies in fibroblasts and the neutrophil
cell line HL60 have demonstrated using the PH domain of
PtdIns(3,4,5)P3-binding proteins fused to GFP, that PI-3
kinase signals are generated at the leading edge of the cell
(Blomberg et al., 1999; Watton and Downward, 1999;
Balla et al., 2000; Servant et al., 2000). These PH domains
function as an accurate probe for the localized agonist-
dependent accumulation of PtdIns(3,4,5)P3. It has been
proposed, but not previously shown, that this asymmetric
distribution of PtdIns(3,4,5)P3 may result from its localized
synthesis or degradation (Rickert et al., 2000). The results
of the study reported here are consistent with this conten-
tion. We have shown the spatially controlled synthesis of
PtdIns(3,4,5)P3 at membrane ruffles is regulated by the Ptd-
Ins(3,4,5)P3 5-phosphatase SHIP-2, which also localizes to
membrane ruffles.

We have demonstrated SHIP-2 localization to membrane
ruffles is mediated by its COOH-terminal proline-rich do-
main binding to the actin binding protein filamin. The ex-
pression of SHIP-2 in filamin deficient cells is exclusively cy-
tosolic. In addition, SHIP-2 membrane localization appears
to contribute to localized PtdIns(3,4,5)P3 hydrolysis. SHIP-2
COOH-terminal truncation mutants were not as efficient
at regulating PtdIns(3,4,5)P3 at membrane ruffles as intact
SHIP-2. Furthermore, displacement of endogenous SHIP-2
by overexpression of the SHIP-2 filamin binding domain
(myc filamin aa 2434–2705) lead to the marked enhance-
ment of the PI-3 kinase signal PtdIns(3,4,5)P3. Several re-
cent reports have shown the membrane localization of the
highly related SHIP-2 homologue SHIP-1 is also important
for PtdIns(3,4,5)P3 hydrolysis (Phee et al., 2000). Enforced
plasma membrane localization of SHIP-1, mediated by over-
expression of a human CD8–SHIP-1 chimera, decreased the
total cellular levels of PtdIns(3,4,5)P3. Membrane targeting
of SHIP-1 mediated by the COOH-terminal proline-rich
domain appears to be important in B cell inhibitory func-
tion (Aman et al., 2000). In addition, the SHIP-1 COOH
terminus is essential for PtdIns(3,4,5)P3 hydrolysis and inhi-
bition of mast cell degranulation (Damen et al., 2001). Col-

lectively, these studies show membrane targeting of these
two 5-phosphatases mediated by their respective COOH-
terminal proline-rich domains plays an important functional
role in regulating PI-3 kinase signals.

SHIP-2 associates with the p130Cas adaptor protein at focal
adhesions and regulates cell spreading, which is dependent on
the SHIP-2 SH2 domain and is enhanced by tyrosine phos-
phorylation and cell adhesion (Prasad et al., 2001). We have
shown SHIP-2 and filamin also form a functionally signifi-
cant complex both in the resting cells and after cellular activa-
tion at membrane ruffles. We therefore propose the binding
of SHIP-2 to filamin provides a mechanism for exquisite lo-
calized hydrolysis of PtdIns(3,4,5)P3 in resting, growth fac-
tor– and insulin–stimulated cells at the leading edge of cell.

Materials and methods
Restriction and DNA-modifying enzymes were obtained from New En-
gland Biolabs, Inc., Fermentas, or Promega. Big dye terminator cycle se-
quencing was from PE Applied Systems. Synthetic peptides were from Chi-
ron Mimotopes. COS-7 cells were purchased from the American Type
Culture Collection. M2 and A7 cell lines were a gift from Dr. T. Stossel
(Brigham and Women’s Hospital, Boston, MA). Oligonucleotides were ob-
tained from Bresatec and the Department of Microbiology, Monash Uni-
versity, Melbourne, Australia. Partially purified rabbit polyclonal antibod-
ies to human filamin B were a gift from Dr. Dominic Chung (Department
of Biochemistry, University of Washington School of Medicine, WA). Goat
polyclonal antibodies to chicken gizzard filamin and monoclonal antibod-
ies to 
-actinin (
-actinin) and FLAG were obtained from Sigma-Aldrich.
Monoclonal antibodies to HA were obtained from Silenus, GFP antibodies
were from Boehringer, �-actin antibodies were from Sigma-Aldrich, and
antifilamin antibodies (raised to platelet filamin) were from Chemicon.
Phalloidin stain was obtained from Molecular Probes. The GFP-PH/ARNO
construct was a gift from Dr. Tamas Balla (National Institutes of Health,
Bethesda, MD). The yeast two-hybrid system Matchmaker 3 and the
pEGFP-C2 vector were obtained from CLONTECH Laboratories, Inc. and
the pCGN vector was a gift from Dr. Tony Tiganis (Monash University,
Melbourne, Australia). pEFBOS-Myc and pEFBOS-FLAG vectors were a gift
from Dr. Tracey Willson (Walter and Eliza Hall Institute of Medical Re-
search, Melbourne, Australia). Filamin A and B cDNAs were a gift from Dr.
Joe Trapani and Kylie Browne (Peter MacCallum Cancer Institute, Mel-
bourne, Australia). All other reagents were from Sigma-Aldrich unless oth-
erwise stated.

Production of antipeptide antibodies
SHIP-2 antipeptide antibodies were generated to a fusion peptide compris-
ing the NH2-terminal seven amino acids of SHIP-2 fused to the COOH-ter-
minal seven amino acids of SHIP-2 (MASACGADTLQLSK) (SHIP-2NC), or
to the amino acid sequence, 1019–1030 (ITVPAPQLGHHRH) (SHIP-2P).
SHIP-2NC antibodies were used for all experiments except indirect immu-
nofluorescence of COS-7, M2, and A7 cells in which the SHIP-2P antibody
was used. Peptide conjugated to diphtheria toxoid was injected subcutane-
ously into female New Zealand white rabbits. Affinity-purified antipeptide
antibodies were obtained by chromatography of immune sera on the spe-
cific peptide coupled to thiopropyl-Sepharose 6B resin. After extensive
washing, specific antibodies were eluted from the column with 0.1 M gly-
cine-HCl, pH 2.5.

Generation of full-length SHIP-2 and SHIP-2 truncation mutants
Human SHIP-2 cDNA was generated by ligation of EST aa 279072 to the
cDNA encoding INPPL-1, obtained from Dr. James Hejna (Oregon Health
Sciences University, Portland, OR) (Hejna et al., 1995). Several rounds of
PCR amplification enabled prolongation of the 5�-end of the clone to en-
compass SHIP-2 nucleotides 257–3988, which correspond to aa 16–1258
plus a COOH-terminal hexa-His-tag. SHIP-2 cDNA was cloned in-frame
into pCGN (XbaI site), pEGFP-C2 (EcoRI site) and pEFBOS (MluI site) vec-
tors, that encode for HA, GFP, and FLAG-tagged SHIP-2 fusion proteins,
respectively, using PCR amplification with the introduction of specific re-
striction sites. Truncation mutants of SHIP-2 were also generated and were
subsequently cloned into the XbaI site of pCGN. The oligonucleotide se-
quences and a description of the constructs generated are listed in Table I.
Fidelity of all PCR products and the final constructs was confirmed by
dideoxy sequencing.
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Yeast two-hybrid analysis
The yeast two-hybrid Matchmaker III GAL4-based system was used for all
yeast two-hybrid studies. The proline-rich domain of human SHIP-2 com-
prising nucleotides 3017–3989 (aa 936–1258), was cloned into the EcoRI
site of pGBKT7, creating a GAL4 fusion protein, the “bait.” “Bait” protein-
expressing yeast (AH109) were transformed with human skeletal muscle
cDNA library (CLONTECH Laboratories, Inc.) according to the manufac-
turer’s guidelines. Yeast plasmid was extracted from positive clones as de-
scribed (Ausubel et al., 1991).

SHIP-2 proline-rich domain–expressing yeast were transformed with fil-
amin A and B isoforms cDNA (aa 2171–2647 and 2130–2602, respec-
tively) to investigate an interaction. Specificity of the interactions with the
SHIP-2 proline-rich domain was confirmed using a p53 “bait.” In addition,
a “bait” lacking the proline-rich domain of SHIP-2, but containing the SH2
domain and 5-phosphatase domain (comprising nucleotides 210–3016)
was constructed using a PCR based strategy and was also used as a nega-
tive control “bait.”

Immunoblot of endogenous SHIP-2, HA, and GFP-tagged
SHIP-2 constructs
M2 and A7 cells were maintained as described (Cunningham et al., 1992;
Ohta et al., 1999). COS-7 cells were maintained in DME, 10% (vol/vol) fetal
calf serum containing 2 mM glutamine, and transfected using the DEAE-dex-
tran procedure and allowed to grow for 2 d (Sambrook and Russel, 2001).
Cells were washed briefly with PBS and treated with lysis buffer (50 mM Tris,
pH 8.0, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA (ethylenediaminetetra-
acetic acid DI-sodium salt), 1 mM benzamidine, 2 mM phenylmethylsulfo-
nylfluoride, 2 �g/ml leupeptin, and 2 �g/ml aprotinin) for 2 h at 4
C. Lysates
were centrifuged at 15,400 g for 10 min to obtain the Triton X-100–soluble
supernatant which was analyzed by immunoblot analysis using antibodies to
the specific tag, affinity-purified SHIP-NC sera, or antifilamin antibodies.

Intracellular localization of SHIP-2 in COS-7 cells
COS-7 cells were transiently transfected with GFP–SHIP-2, Myc-filamin,
HA–SHIP-2, HA-SHIP-2�PRD, HA–SHIP-2�SH2, or HA-PRD truncation
mutants (Table I), fixed/permeabilized, and stained. Alternatively, in some
studies, 24 h after transfection, cells were placed in DME containing 0.1%
FCS and 2 mM glutamate for a period of �15 h and then stimulated with
EGF (100 ng/ml). Cells expressing GFP-tagged proteins were gently
washed with PBS and fixed with 3.7% formaldehyde. Cells expressing Myc
and HA-tagged proteins were gently washed with PBS and then fixed and
permeabilized for 10 min in PBS with 3.7% formaldehyde and 0.2% Triton
X-100. Expression of Myc and HA-tagged proteins was localized using
Myc and HA monoclonal antibodies and detected using tetramethyl-
rhodamine isothiocyanate–conjugated TRITC anti–mouse IgG and fluo-
rescein isothiocyanate–conjugated FITC anti–mouse IgG, respectively.
Endogenous SHIP-2 was detected in nontransfected and Myc-filamin–
transfected cells using the SHIP-2P antibody and FITC anti–rabbit IgG.
Colocalization was performed using antibodies to filamin B detected with
tetramethylrhodamine isothiocyanate–conjugated TRITC anti–rabbit IgG
and specific actin markers, either phalloidin staining and/or antibodies to
�-actin detected using TRITC anti–mouse IgG. Coverslips were mounted
using SlowFade and visualized by confocal microscopy.

Immunoprecipitations
COS-7 cells were transfected via electroporation (Sambrook and Russel,
2001) and either harvested in lysis buffer 48 h posttransfection or EGF

stimulated for 1 or 5 min as outlined above and harvested. Transfected and
nontransfected cells were harvested and Triton X-100 extracted as outlined
above. Triton X-100–soluble lysates were immunoprecipitated with either
10 �g of monoclonal FLAG or HA antibody, 5 �g of polyclonal anti–SHIP-
2NC sera or preimmune sera and 60 �l of 50% slurry of protein A–Seph-
arose. Immunoprecipitates were immunoblotted with either FLAG, Myc, or
filamin monoclonal antibodies.

Intracellular localization of SHIP-2 in A7 and M2 cells
Human filamin–deficient melanoma cell line (M2) and full-length filamin
replete cell line (A7) were maintained as described (Cunningham et al.,
1992; Ohta et al., 1999). Endogenous SHIP-2 was localized in resting and
EGF-treated A7 and M2 cells as described above for COS-7 cells.

Assessment of �-actin, phalloidin, or GFP-PH/ARNO staining
COS-7 cells were transiently transfected via DEAE dextran-chloroquine
with HA–SHIP-2 or HA-PRD, stimulated for 5 min with EGF (100 ng/ml),
and costained with HA- and �-actin–specific antibodies, as outlined
above. Cells were assessed for �-actin staining at the plasma membrane as
a percentage of the total transfected cells. COS-7 cells were transiently
transfected with HA–SHIP-2 or empty vector HA, stimulated for 5 min with
EGF (100 ng/ml), and costained with HA antibodies and phalloidin. Cells
were scored for phalloidin staining. COS-7 cells were transiently cotrans-
fected with HA–SHIP-2, HA-SHIP2�PRD, or HA-PRD, or myc-filamin and
GFP fused to the PH domain of ARNO, (GFP-PH/ARNO), or empty vector
HA and GFP-PH/ARNO, stimulated for 5 min with EGF (100 ng/ml), and
stained with HA antibody as outlined above. Cells were assessed for GFP-
PH/ARNO expression at the plasma membrane. Approximately 40 cells
were scored by an independent observer for each experiment.

Generation of FLNC truncation mutants
A PCR-based strategy was employed to generate FLNC truncation mutants
which were subcloned into the EcoRI site of pGADT7, creating HA-tagged
GAL4 recombinant proteins. The oligonucleotide and construct descrip-
tions are given in Table II. Nucleotides 2,434–3,252 of FLNC was sub-
cloned into the XbaI site and MluI site of pCGN and pEFBOS-Myc tagged,
respectively. Fidelity of all PCR products and the final constructs were con-
firmed by dideoxy sequencing.

Localization of SHIP-2 and filamin in murine heart and
soleus muscle
Mice were killed humanely following National Health and Medical Research
Council guidelines, Monash University animal ethics number BAM/B/2000/
17. Murine heart and soleus were dissected from 12-wk-old male mice,
C57B/6. Organs were snap frozen in isopentane chilled with liquid nitrogen
and blocked in OCT (10.24% wt/wt polyvinyl alcohol, 4.26% wt/wt polyeth-
ylene glycol, and 85.5% wt/wt nonreactive ingredients) compound and
stored at �70
C until used. Blocks were equilibrated to �20
C before sec-
tioning. Cross-sections and longitudinal sections were cut 7-�m thick and
placed on superfrost plus slides before staining. They were then fixed in PBS/
4% paraformaldehyde for 5 min at room temperature, washed with PBS, then
blocked and permeablized with PBS, 10% horse serum, and 0.1% Triton
X-100 for 15 min at room temperature. Slides were washed and stained with
anti–SHIP-2NC sera, and detected with FITC anti–rabbit IgG. Antifilamin was
detected with TRITC anti–goat IgG and anti–
-actinin was detected with
TRITC anti–rabbit IgG; overnight incubation at 4
C. Sections were washed
with PBS, mounted using SlowFade, and visualized by confocal microscopy.

Table II. Oligonucleotides used for the generation of FLNC truncation mutants in pGADT7

Name of construct 5� oligonucleotide 3� oligonucleotide FLNC polypeptide expressed

pFLNC�R24 5�-cgaattctgctacgtctctgagctg-3� 5�-cgaattctcaggcatctgaggagaactt-3� Nucleotides 2,434–2,476 of repeat 22 and 23
and Hinge II region; aa 2,654–2,705

pFLNC�H2�R24 5�-cgaattctgctacgtctctgagctg-3� 5�-cgaattctcacagcctcggaccagtgac-3� Nucleotides 2,434–2,476 of repeat 22 and 23;
aa 2,434–2,578

pFLNC�R22 5�-cgaattcatgcccttcaagatccgcgttg-3� 5�-ggaattctcaagggaccttgactttg-3� Repeat 23 and 24 and Hinge II region;
aa 2,471–2,705

pFLNCR23H2 5�-cgaattcatgcccttcaagatccgcgttg-3� 5�-cgaattctcaggcatctgaggagaactt-3�' Repeat 23 and Hinge II region;
aa 2,471–2614

pFLNCR22 alone 5�-cgaattctgctacgtctctgagctg-3� 5�-gaattctcaagcctggctctgctcccc-3� Nucleotides 2,434–2,476 of repeat 22;
aa 2,434–2,481

pFLNCR23 alone 5�-cgaattcatgcccttcaagatccgcgttg-3� 5�-cgaattctcacagcctcggaccagtgac-3� Repeat 23; aa 2,471– to 2,577
pFLNC24 alone 5�-cgaattcatgagctacagctccatcccc-3� 5�-cgaattctcaagggaccttgactttg-3� Repeat 24; aa 2,602–to 2,705
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