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Abstract. 

 

Focal adhesions are an elaborate network of 
interconnecting proteins linking actin stress fibers to 
the extracellular matrix substrate. Modulation of the 
focal adhesion plaque provides a mechanism for the 
regulation of cellular adhesive strength. Using interfer-
ence reflection microscopy, we found that activation of 
phosphoinositide 3-kinase (PI 3-kinase) by PDGF in-
duces the dissipation of focal adhesions. Loss of this 
close apposition between the cell membrane and the 
extracellular matrix coincided with a redistribution of 

 

a

 

-actinin and vinculin from the focal adhesion complex 
to the Triton X-100–soluble fraction. In contrast, talin 
and paxillin remained localized to focal adhesions, sug-
gesting that activation of PI 3-kinase induced a restruc-
turing of the plaque rather than complete dispersion. 

Furthermore, phosphatidylinositol (3,4,5)-trisphos-
phate (PtdIns (3,4,5)-P

 

3

 

), a lipid product of PI 3-kinase, 
was sufficient to induce restructuring of the focal adhe-
sion plaque. We also found that PtdIns (3,4,5)-P

 

3

 

 binds 
to 

 

a

 

-actinin in PDGF-treated cells. Further evidence 
demonstrated that activation of PI 3-kinase by PDGF 
induced a decrease in the association of 

 

a

 

-actinin with 
the integrin 

 

b

 

 subunit, and that PtdIns (3,4,5)-P

 

3

 

 could 
disrupt this interaction in vitro. Modification of focal 
adhesion structure by PI 3-kinase and its lipid product, 
PtdIns (3,4,5)-P

 

3

 

, has important implications for the 
regulation of cellular adhesive strength and motility.
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Introduction

 

Cell adhesion is an important mechanism by which cells
interact with the extracellular environment. Cell-surface
receptors bind specific extracellular matrix components,
thereby initiating signaling pathways that regulate the or-
ganization of the cytoskeleton and gene expression (Bur-
ridge and Chrzanowska-Wodnicka, 1996; Gumbiner, 1996).
The adhesive state of a cell has significant influence on
growth and survival, motility, and signal transduction
(Meredith et al., 1996; Howe et al., 1998). Cell adhesion to
the extracellular matrix is a continuous process that can be
separated into three stages: (1) attachment, (2) spreading,
and (3) formation of focal adhesions and stress fibers
(Couchman and Woods, 1996; Greenwood and Murphy-
Ullrich, 1998). Focal adhesions are the points of closest ap-
position between the cell membrane and the extracellu-

lar matrix substrate (Izzard and Lochner, 1976). These
plaquelike structures link bundles of actin microfilaments,
or stress fibers, to the extracellular matrix via transmem-
brane integrin and syndecan receptors, resulting in firm
adherence of the cell to the substrate.

Numerous structural and signaling proteins have been
localized to the focal adhesions of adherent cells (Miya-
moto et al., 1995, 1996; Plopper et al., 1995; Burridge and
Chrzanowska-Wodnicka, 1996). 

 

a

 

-Actinin, vinculin, and
talin are important structural components involved in the
formation and stability of focal adhesions. 

 

a

 

-Actinin and
talin have been demonstrated to link actin filaments di-
rectly to integrin receptors (Pavalko et al., 1991; Otey et
al., 1993). 

 

a

 

-Actinin is also an actin-binding and cross-link-
ing protein that may play an important role in the regula-
tion of stress fibers (Blanchard et al., 1989). Vinculin does
not bind directly to integrins, but does link actin filaments
to integrin receptors through interactions with other focal
adhesion proteins, such as talin (Craig and Johnson, 1996).
Although specific protein–protein interactions between
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many focal adhesions proteins have been identified, it is
not clear how this multimeric complex of proteins orga-
nize to form a focal adhesion.

The formation of focal adhesions is initiated by the
binding of integrins to specific extracellular matrix ligands
and subsequent clustering of these receptors (Burridge
and Chrzanowska-Wodnicka, 1996). Strong evidence im-
plicates the small GTP-binding protein Rho in the for-
mation of focal adhesions and stress fibers (Hall, 1998).
Activation of Rho during adhesion has been linked to
myosin-mediated contractility (Chrzanowska-Wodnicka
and Burridge, 1996) and the activation of PI 5-kinase and
phosphatidylinositol (4,5)-bisphosphate (PtdIns (4,5)-P

 

2

 

)

 

1

 

production (Chong et al., 1994). PtdIns (4,5)-P

 

2

 

 appears to
be essential for the formation of focal adhesions and stress
fibers, potentially by regulating the structure and function
of focal adhesion proteins such as 

 

a

 

-actinin and vinculin
(Fukami et al., 1992; Craig and Johnson, 1996; Gilmore
and Burridge, 1996). Both proteins have been demon-
strated to bind to different phospholipids and exhibit a
high affinity for PtdIns (4,5)-P

 

2

 

 (Burn et al., 1985; Fukami
et al., 1992; Johnson and Craig, 1995; Craig and Johnson,
1996; Gilmore and Burridge, 1996). PtdIns (4,5)-P

 

2

 

 bind-
ing to 

 

a

 

-actinin enhances its ability to promote actin poly-
merization (Fukami et al., 1992). PtdIns (4,5)-P

 

2

 

 binding to
vinculin increases its binding to both actin filaments and
the focal adhesion protein talin (Craig and Johnson, 1996;
Gilmore and Burridge, 1996). Talin also has been demon-
strated to bind PtdIns (4,5)-P

 

2

 

 (Heraud et al., 1998), how-
ever, the functional significance of this interaction is not
clear. The understanding of the mechanisms involved in
the formation of focal adhesions has advanced dramati-
cally in recent years; however, regulation of the plaque af-
ter the initial formation is only beginning to be addressed.

Extracellular factors exist that regulate cell function by
stimulating reversal of one or more of the stages of the ad-
hesion process. Modification of the structural link between
the cytoskeleton and the focal adhesion plaque is an im-
portant target for the regulation of cell adhesiveness. This
laboratory and others have demonstrated that the extra-
cellular matrix proteins thrombospondin (TSP; Murphy-
Ullrich and Hook, 1989; Murphy-Ullrich et al., 1993), ten-
ascin (Murphy-Ullrich et al., 1991; Chung et al., 1996), and
SPARC (Murphy-Ullrich et al., 1995), induce the disas-
sembly of focal adhesions in bovine aortic endothelial
(BAE) cells. In previous studies, we demonstrated that al-
teration of the integrity of focal adhesions by the extra-
cellular matrix protein TSP involved the activation of
phosphoinositide 3-kinase (PI 3-kinase) and the generation
of its lipid product phosphatidylinositol (3,4,5)-trisphos-
phate (PtdIns (3,4,5)-P

 

3

 

; Greenwood et al., 1998). In these
studies, we sought to determine how

 

 

 

PtdIns (3,4,5)-P

 

3 

 

acts
to modify these structures. We found that the activation of
PI 3-kinase by PDGF induces restructuring of focal adhe-
sion plaques in rat embryonic fibroblasts (REF). Further-

 

more, our results show that PtdIns (3,4,5)-P

 

3

 

, a lipid prod-
uct of PI 3-kinase, is sufficient for inducing restructuring of
focal adhesion plaques. We also present strong evidence
that PtdIns (3,4,5)-P

 

3

 

 binds to 

 

a

 

-actinin in PDGF-treated
cells, disrupting its interaction with the integrin 

 

b

 

 subunit.
These results suggest that PtdIns (3,4,5)-P

 

3

 

, as well as other
phosphoinositides, regulate the composition and structure
of focal adhesion plaques and, potentially, the adhesive
strength of the cell.

 

Materials and Methods

 

Reagents and Antibodies

 

Phospholipids were purchased from Matreya or Echelon Research Labo-
ratories Inc. Antiphosphotyrosine antibodies (PY20 and RC20) were pur-
chased from Transduction Laboratories. Anti–

 

a

 

-actinin (clone BM75.2),
antivinculin (clone VIN-11-5), antitalin (clone 8D4), purified 

 

a

 

-actinin,
and wortmannin were from Sigma Chemical Co. Antipaxillin (clone
Z035) was from Zymed Laboratories. Anti–

 

b

 

3

 

 integrin IgG (clone F-11)
and anti-PDGF receptor (958) were purchased from Santa Cruz Biotech-
nology, Inc. Anti–

 

b

 

3

 

 integrin IgM (clone 26) was purchased from Trans-
duction Laboratories; anti–

 

a

 

5

 

b

 

1

 

 integrin was from GIBCO BRL; and hu-
man recombinant PDGF-BB was from Upstate Biotechnology. LY294002
was purchased from BIOMOL. All other reagents were purchased from
Sigma Chemical Co.

 

Cell Culture

 

REFs (Woods and Couchman, 1992; a gift from Dr. Anne Woods, Univer-
sity of Alabama at Birmingham, Birmingham, AL) were cultured in DME
containing 4.5 g/liter glucose, 2 mM glutamine, and 10% FBS following
previously described procedures (Murphy-Ullrich et al., 1993). BAE cells
were isolated and cultured as previously described (Murphy-Ullrich et al.,
1993).

 

Interference Reflection Microscopy (IRM)

 

Focal adhesion assays were performed as previously described (Murphy-
Ullrich et al., 1993). In brief, REFs were grown on glass coverslips in 10%
FBS-DME until 80% confluence. The attached cells were rinsed three
times with 0.2% FBS-DME and incubated for 18 h in 0.2% FBS-DME.
Cells were rinsed three times with warm serum-free DME to remove se-
rum components and incubated in serum-free DME for 1 h at 37

 

8

 

C. Cells
were treated with 30 ng/ml PDGF for various times, fixed with warm 3%
glutaraldehyde in serum-free DME, and examined by IRM using a Zeiss
Axiovert 10 microscope. A minimum of 100 cells/condition was evaluated
for the presence of focal adhesions. A cell was scored positive if it con-
tained at least five adhesion plaques.

 

Fluorescence Microscopy

 

REFs were stained with rhodamine-phalloidin (Molecular Probes) or an-
tibodies recognizing 

 

a

 

-actinin, vinculin, talin, paxillin, and 

 

a

 

5

 

b

 

1

 

 integrin.
Cells double labeled with rhodamine-phalloidin (1:400) and anti–

 

a

 

-actinin
(1:500) were extracted with Triton X-100 buffer (20 mM Tris, pH 7.4, 50
mM NaCl, 1 mM EGTA, 5 mM EDTA, 100 

 

m

 

M Na

 

3

 

VO

 

4

 

, 50 mM sodium
pyrophosphate, 1 

 

m

 

g/ml leupeptin, 1 

 

m

 

g/ml aprotinin, and 0.5% Triton
X-100) for 2 min on ice, followed by fixation with 3% formaldehyde (Tousi-
mis) in PBS for 30 min at room temperature. Cells stained for vinculin (1:
20), talin (1:20), and paxillin (1:20), were fixed with 3% formaldehyde in
Triton X-100 buffer for 30 min at room temperature. After fixation, cells
were washed with PBS, blocked with 1% BSA in PBS, incubated with an-
tibodies, and examined using a Zeiss Axiovert 10 microscope. In some ex-
periments, coverslips were coated with vitronectin or fibronectin (Collab-
orative Biomedical Products) as described previously (Murphy-Ullrich
and Hook, 1989).

 

Immunoprecipitation

 

Cells were scraped into ice-cold lysis buffer (10 mM Tris, pH 7.4, 150 mM
NaCl, 1 mM EGTA, 1 mM EDTA, 2 mM Na

 

3

 

VO

 

4

 

, 1% Triton X-100,
0.5% NP-40, 1 

 

m

 

g/ml leupeptin, and 1 

 

m

 

g/ml aprotinin) and precleared by

 

1
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2
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2
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3
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centrifugation. Supernatants (1 mg/ml) were incubated with 4 

 

m

 

g/ml anti–
p85-PI 3-kinase, 10 

 

m

 

g/ml PY20, 10 

 

m

 

l anti–

 

a

 

-actinin, 5 

 

m

 

g/ml anti–

 

b

 

3

 

 inte-
grin, or 10 

 

m

 

l antitalin for 2 h on ice. 10 

 

m

 

l of either protein A–Sepharose
or anti–IgM-agarose, blocked with 2 mg/ml ovalbumin, was added and in-
cubated for 1 h at 4

 

8

 

C with shaking. Immunoprecipitates were washed
three times in lysis buffer and assayed for lipid content, PI 3-kinase activ-
ity, or immunoblotted. For each procedure, the identity of the immuno-
precipitated protein was confirmed by immunoblotting. Protein staining
of nitrocellulose blots with Ponceau S was also used to verify that equiva-
lent amounts of the protein was immunoprecipitated from the sample.

 

Immunoblotting

 

Protein was eluted from the immunoprecipitates by adding 60 

 

m

 

l of SDS-
PAGE sample buffer, followed by incubation at 100

 

8

 

C for 2 min. Samples
were resolved by electrophoresis on SDS–polyacrylamide gels and trans-
ferred to nitrocellulose. Blots were blocked, probed, and developed by en-
hanced chemiluminescence (NEN Research Products).

 

Phosphorus-32 Labeling of REFs and Lipid Analysis

 

Analysis of PDGF-stimulated incorporation of phosphorus-32 into the lip-
ids in intact cells was performed as described (Greenwood et al., 1998).
REFs were grown to 

 

z

 

80% confluency in 100-mm culture dishes. Cells
were incubated for 18 h in 0.2% FBS-DME. The attached cells were
rinsed three times with phosphate-free DME and incubated for 1 h in
phosphate-free DME containing 0.25 mCi/ml 

 

32

 

P

 

i

 

 (ICN). Cells were stimu-
lated with 30 ng/ml PDGF and the media were aspirated. To determine
the phosphoinositides associated with specific proteins (Chellaiah and
Hruska, 1996; Heraud et al., 1998), the cells were lysed with ice-cold lipid
lysis buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 2 mM Na

 

3

 

VO

 

4

 

, 1% Triton X-100, 0.5% NP-40, 1 

 

m

 

g/ml leupeptin,
1 

 

m

 

g/ml aprotinin, 50 mM NaF, and 30 mM sodium pyrophosphate) and
immunoprecipitated as described above. After immunoprecipitation, lip-
ids were extracted by adding 160 

 

m

 

l of methanol/chloroform (1:1), fol-
lowed by the addition of 80 

 

m

 

l of 1 M HCl. Samples were centrifuged to
separate the phases, and the lower phase was spotted on Silica Gel 60
plates (Whatman) precoated with 1% potassium oxalate. The TLC plates
were developed in chloroform/acetone/methanol/acetic acid/water (40:15:
13:12:7) and exposed for autoradiography using BioMax MS film and a
TranScreen HE intensifying screen (Amersham Pharmacia Biotech). Iso-
lation of the total lipid from 

 

32

 

P

 

i

 

-labeled cells was carried out as previously
described (Greenwood et al., 1998). The positions PtdIns-P, PtdIns-P

 

2

 

,
and PtdIns (3,4,5)-P

 

3

 

 migrated on the TLC plate was visualized by ex-
posing the plate to iodine vapor and identified using purified standards.

 

32

 

P-labeled standards were also prepared using immunoprecipitated PI
3-kinase (anti-p85 PI 3-kinase; Upstate Biotechnology) to phosphorylated
purified phospholipids.

 

PI 3-kinase Assay

 

PI 3-kinase activity was measured in antiphosphotyrosine immunoprecipi-
tates using PtdIns (4,5)-P

 

2

 

 (American Radiolabeled Chemicals) as a sub-
strate exactly as described previously (Greenwood et al., 1998).

 

Inositol(1,3,4,5)P

 

4

 

 Affinity Chromatography

 

20 

 

m

 

g of purified 

 

a

 

-actinin, 500 

 

m

 

g REF cell lysate, or 500 

 

m

 

g BAE cell ly-
sate, was incubated with 50 

 

m

 

l of a 1:1 slurry of Affigel-conjugated amino-
propyl-inositol(1,3,4,5)P

 

4

 

 (Hammonds-Odie et al., 1996; Theibert et al.,
1997; Blader et al., 1999) for 1 h at 4

 

8

 

C in binding buffer (50 mM Tris, pH
7.4, 50 mM NaCl, 1 mM EGTA, 0.2 mM PMSF, 10 

 

m

 

g/ml leupeptin, and
10 

 

m

 

g/ml aprotinin). The beads were washed three times with 1 ml of bind-
ing buffer containing 200 mM NaCl. Protein was eluted from the beads by
adding 60 

 

m

 

l of SDS-PAGE sample buffer followed by incubation at
100

 

8

 

C for 2 min. Samples were immunoblotted as described above.

 

Phosphoinositide Disruption of 

 

a

 

-Actinin Binding to

 

b

 

3

 

 Integrin

 

b

 

3

 

 Integrin was immunoprecipitated from REF cell lysate as described
above. Immunoprecipitates were washed twice with lipid incubation
buffer (10 mM Hepes, pH 7.0, and 1 mM EDTA) and incubated with 20

 

m

 

g of the indicated lipid, which had been sonicated into 500 

 

m

 

l of lipid in-
cubation buffer, for 30 min at room temperature. Immunoprecipitates

 

were washed twice with lysis buffer, protein was eluted by adding 60 

 

m

 

l of
SDS-PAGE sample buffer, followed by incubation at 100

 

8

 

C for 2 min, and
immunoblotted as described above.

 

a

 

-Actinin Binding to GST-

 

b

 

1 Cytoplasmic Tail

 

The construct encoding the glutathione-S-transferase (GST)–

 

b

 

1 cytoplas-
mic tail was provided by Dr. Fredrick M. Pavalko (Indiana University
School of Medicine,

 

 

 

Indianapolis, ID). The fusion proteins were ex-
pressed and purified as described previously (Sampath et al., 1998). 200
nM of purified 

 

a

 

-actinin was incubated with the 200-nM GST-

 

b

 

1 cytoplas-
mic tail for 1 h at room temperature in PBS. The protein mixture was
added to anti–

 

a

 

-actinin, bound to anti–IgM-agarose, and incubated with
shaking for 30 min at room temperature. The complex was washed three
times with lysis buffer, and the protein was eluted and immunoblotted. In
some experiments, the complex was further incubated in the presence of
various phospholipids as described above.

 

Results

 

Activation of PI 3-kinase by PDGF in REFs

 

Several studies have demonstrated that PDGF stimulates
potent activation of p85/p110 PI 3-kinase in various cell
culture systems (Heldin et al., 1998). PI 3-kinase is acti-
vated by association of the p85 regulatory subunit with
specific tyrosine-phosphorylated residues on the PDGF
receptor (Heldin et al., 1998). In REFs, a time and concen-
tration-dependent tyrosine phosphorylation of the PDGF
receptor was observed. Tyrosine phosphorylation of the
PDGF receptor was observed as early as 2 min after addi-
tion of PDGF, peaking at 10 min and decreasing signifi-
cantly by 60 min (Fig. 1 A). Tyrosine phosphorylation of
the PDGF receptor was detected at concentrations of
PDGF as low as 10 ng/ml, with maximum activation occur-
ring at 30 ng/ml (Fig. 1 B). Therefore, a concentration of
30 ng/ml PDGF was used for the remaining experiments.
The association of tyrosine-phosphorylated PDGF recep-
tor with the p85 regulatory subunit of PI 3-kinase was ob-
served after the same time course (Fig. 1 C). Activation of
PI 3-kinase also peaked at 10 min (Fig. 1 D), resulting in
an increase in the level of PtdIns (3,4,5)-P

 

3

 

 (Fig. 1 E). The
PDGF-induced increase in PtdIns (3,4,5)-P

 

3

 

 was inhibited
by preincubation with 100 nM wortmannin, a specific in-
hibitor of PI 3-kinase activity. Basal levels of PtdIns
(3,4,5)-P

 

3

 

 were also decreased in wortmannin-treated cells,
however, the levels of phosphatidylinositol (4)-phosphate
(PtdIns (4)-P) and PtdIns (4,5)-P

 

2

 

 were not significantly
affected (data not shown). These results demonstrate that
PDGF stimulates activation of PI 3-kinase and the produc-
tion of PtdIns (3,4,5)-P

 

3

 

 in REFs, which are consistent with
previously characterized systems (Heldin et al., 1998).

 

Activation of PI 3-kinase by PDGF Induces Focal 
Adhesion Disassembly

 

Focal adhesions are plaquelike accumulations of proteins
linking actin stress fibers to the extracellular matrix via
transmembrane receptors, resulting in firm adherence of
the cell to the substrate (Greenwood and Murphy-Ullrich,
1998). PDGF is a potent stimulator of cell motility and pro-
liferation (Heldin et al., 1998). These two cellular responses
involve changes in cell adhesion. To determine if PDGF
modulates the structure of focal adhesions, REFs were ex-
amined using IRM. Since focal adhesions are the points of
closest apposition, 

 

z

 

10–15 nm, between the cell membrane
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and the extracellular matrix substrate, IRM is an estab-
lished method for examining the structural integrity of focal
adhesions (Izzard and Lochner, 1976; Verschueren, 1985;
Greenwood and Murphy-Ullrich, 1998). REFs were grown
to 80% confluency and serum-deprived overnight as previ-
ously described in Materials and Methods. Before treat-
ment with PDGF, the cells were washed and incubated with
serum-free media to remove serum components. Under
these conditions, a majority of the cells contained several
large and stable focal adhesions, characterized by intense
black streaks organized longitudinally throughout the cells
(Fig. 2 A). In REFs treated with PDGF for 10 min, the
black streaks representing 10–15-nm contacts between the
cell membrane and the substrate were largely absent, being
replaced by smaller, more diffuse structures (Fig. 2 B). By
30 min of PDGF treatment, focal adhesions were com-
pletely lost throughout the cells (Fig. 2 C), however, the
cells remained attached and spread. A majority of the cells
responded to PDGF treatment as described (Fig. 2 G).

PI 3-kinase is a well characterized mediator of signaling by
the PDGF receptor involved in reorganization of the ac-
tin cytoskeleton (Heldin et al., 1998). To determine if PI
3-kinase activity is required for the PDGF-induced loss of
focal adhesions, REFs were treated after preincubation with
wortmannin, an inhibitor of PI 3-kinase activity acting at
the lipid-binding site. Wortmannin (100 nM) completely
blocked the focal adhesion disassembly induced by PDGF at
10 and 30 min (Fig. 2, E–G). Lower concentrations of wort-
mannin were also effective with an IC50 of z20 nM (data not
shown). 100 nM wortmannin alone did not have any signifi-
cant effects on the cells (Fig. 2 D). However, it does appear
that the focal adhesions of some cells were enhanced in the
presence of both PDGF and wortmannin (Fig. 2, E and F).
25 mM LY294002, an inhibitor of PI 3-kinase activity which
competes for the ATP-binding site, also blocked the loss of
focal adhesions stimulated by PDGF (data not shown).

Activation of PI 3-kinase by PDGF Induces 
Redistribution of Specific Focal Adhesion Proteins

To understand the mechanism for the loss of focal ad-
hesion structure observed using IRM, the effect of PI
3-kinase activation by PDGF on specific focal adhesion pro-
teins was examined by fluorescence microscopy. a-Actinin
is an actin-bundling protein involved in the formation of
actin stress fibers and the anchoring of stress fibers to focal
adhesions (Pavalko et al., 1991). Previous studies demon-
strated that the accessibility of antibodies to a-actinin lo-
calized to focal adhesions is limited (Pavalko et al., 1995).
Detergent extraction of the cells before fixation increases
accessibility, resulting in clear localization of a-actinin to
focal adhesions (Greenwood et al., 1998). Extraction re-
moves the Triton X-100–soluble fraction, leaving the insol-
uble cytoskeleton intact, which can be fixed and probed
using specific antibodies. One advantage of the extraction
procedure is that it allows the clear identification of pro-
teins redistributing between the two fractions.

REFs were treated in the absence or presence of PDGF
for 10 or 30 min, extracted, fixed, and stained for a-actinin
as described in Materials and Methods. Cells were double
labeled with rhodamine-phalloidin to visualize the actin mi-
crofilaments. In control cells, actin stress fibers were ob-
served throughout the cell body, terminating at the focal ad-
hesions (Fig. 3 a). Intense a-actinin staining was localized to
the focal adhesions, with a less intense beaded staining pat-
tern observed along the actin stress fibers (Fig. 3 A). When
REFs were stimulated with PDGF for 10 min, a-actinin
staining was almost completely removed by Triton X-100
extraction (Fig. 3 B). In contrast, the actin cytoskeleton re-
mained insoluble although the microfilament bundles were
absent and a finer filamentous phalloidin-staining actin net-
work was observed (Fig. 3 b). Although some a-actinin
colocalized with phalloidin-staining membrane ruffles (Fig.
3 c) after 30 min of PDGF treatment, much of the a-actinin

Figure 1. Activation of PI 3-kinase by PDGF in REFs. Cells were grown to 80%
confluence, serum-deprived for 18 h in 0.2% FBS-DME, and treated as indicated.
Cell lysates were prepared, immunoprecipitated with the indicated antibody, and
immunoblotted or assayed for PI 3-kinase activity as described in Materials and
Methods. PY20 and RC20 are antiphosphotyrosine antibodies. (A) Time course
of PDGF receptor tyrosine phosphorylation in REFs stimulated with 30 ng/ml
PDGF. (B) Concentration curve of PDGF receptor tyrosine phosphorylation in
cells stimulated with PDGF for 10 min. (C) Time course of the association of the
tyrosine-phosphorylated PDGF receptor with PI 3-kinase in cells treated with 30
ng/ml PDGF. (D) Time course of PI 3-kinase activity in antiphosphotyrosine im-
munoprecipitates from cells stimulated with 30 ng/ml PDGF. (E) PtdIns (3,4,5)-P3
levels from 32Pi-labeled REFs treated with 30 ng/ml PDGF for 10 min in the ab-
sence or presence of 100 nM wortmannin (10 min preincubation). Results are rep-
resentative of one to three separate experiments.
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appeared to be lost during extraction (Fig. 3 C). In cells that
were fixed without extraction, PDGF induced an increase in
diffuse a-actinin staining throughout the cell body (data not
shown). Preincubation of the cells with 100 nM wortmannin
(Fig. 3 E, e, F, and f) or 50 mM LY294002 (data not shown)
completely inhibited the PDGF-induced redistribution of
a-actinin and reorganization of the actin cytoskeleton. 100 nM
of wortmannin alone did not have any significant effects on
a-actinin localization and organization of the actin cytoskel-
eton (Fig. 3, D and d). To confirm the redistribution of a-acti-
nin from the Triton X-100–insoluble cytoskeleton to the sol-
uble cellular fraction, immunoblot analysis of the soluble
and insoluble fractions was performed. In control cells, only
a small percentage of the total a-actinin was found in the
soluble fraction. However, after treatment with PDGF, an
increase in soluble a-actinin was observed (Fig. 3 G). Prein-
cubation of the cells with 100 nM wortmannin inhibited the
increase in soluble a-actinin. In addition, a wortmannin-
sensitive decrease in insoluble a-actinin was observed after
PDGF treatment (Fig. 3 H). These results suggest that the
activation of PI 3-kinase by PDGF induces the redistribu-
tion of a-actinin from the insoluble focal adhesion plaques
and actin cytoskeleton to the soluble cellular fraction.

Vinculin is a structural protein that interacts with other
focal adhesion components to form the plaque (Burridge

and Chrzanowska-Wodnicka, 1996). Although vinculin can
be localized to the focal adhesions in fixed cells, the visual-
ization of vinculin staining in focal adhesions is improved by
fixing the cells in the presence of a detergent that removes
much of the soluble vinculin as described in Materials and
Methods. In control cells, vinculin staining was present in a
characteristic focal adhesion pattern (Fig. 4 A). Similar to
a-actinin, PDGF treatment of REFs for 10 and 30 min in-
duced an almost complete loss of vinculin staining with no
vinculin-staining focal adhesions present (Fig. 4, B and C).
Preincubation of the cells with 100 nM wortmannin (Fig. 4,
E and F) or 50 mM LY294002 (data not shown) completely
inhibited the PDGF-induced loss of vinculin staining. Wort-
mannin alone did not appear to have any significant effects
on vinculin localization (Fig. 4 D). These results suggest
that the stimulation of PI 3-kinase activity by PDGF in-
duces the redistribution of vinculin from the Triton X-100–
insoluble focal adhesion to the soluble cellular fraction.

Thus far, our results had demonstrated that PDGF activa-
tion of PI 3-kinase induced the loss of focal adhesion integrity
as determined by IRM, the loss of actin stress fibers, and the
loss of a-actinin and vinculin-staining focal adhesions. To de-
termine if PDGF induced complete dissipation of the focal
adhesion plaque, the distribution of talin and paxillin was ex-
amined. Talin is a well characterized focal adhesion protein

Figure 2. Activation of PI 3-kinase by PDGF induces focal adhesion disassembly.
REFs were grown to 80% confluence, serum-deprived for 18 h in 0.2% FBS-
DME, rinsed and incubated in DME for 1 h, treated as indicated, fixed with 3%
glutaraldehyde, and examined by IRM as described in Materials and Methods.
(A) Control; (B) PDGF 10 min; (C) PDGF 30 min; (D) wortmannin; (E) PDGF
10 min 1 wortmannin; (F) PDGF 30 min 1 wortmannin. The concentration of
PDGF was 30 ng/ml. Cells were preincubated with 100 nM wortmannin for 10
min. The percent of cells positive for focal adhesions was quantitated for each
treatment (G; n 5 3–4); error bars represent SEM.
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that interacts directly with the b subunit of integrins within
the plaque (Burridge and Chrzanowska-Wodnicka, 1996). In
control cells, talin staining was localized to the focal adhe-
sions (Fig. 5 A). After a 10- and 30-min treatment with

PDGF, talin-staining focal adhesions remained intact (Fig. 5,
B and C). Interestingly, the structure of the talin-staining fo-
cal adhesions after 30-min PDGF treatment appeared slightly
elongated (Fig. 5 C). Paxillin is a highly tyrosine-phosphory-

Figure 3. Activation of PI 3-kinase by PDGF induces redistribution of a-actinin.
REFs were grown to 80% confluence, serum-deprived for 18 h in 0.2% FBS-
DME, rinsed and incubated in DME for 1 h, treated as indicated, and processed
for fluorescence microscopy as described in Materials and Methods. Cells were
double labeled with anti–a-actinin (A–F) and phalloidin (a–f). (A) Control; (B)
PDGF 10 min; (C) PDGF 30 min; (D) wortmannin; (E) PDGF 10 min 1 wort-
mannin; (F) PDGF 30 min 1 wortmannin. Results are representative of 6–13 sep-
arate experiments. The soluble (G) and insoluble (H) fractions, which were ex-
tracted with Triton X-100 buffer, were separated by electrophoresis and
immunoblotted using anti–a-actinin (1:10,000) or stained with Coomassie blue as
described in Materials and Methods. Results are representative of one to three
separate experiments. The concentration of PDGF was 30 ng/ml. Cells were pre-
incubated with 100 nM wortmannin for 10 min.
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Figure 4. Activation of PI 3-kinase by PDGF induces redistribution of vinculin. REFs were grown to 80% confluence, serum-deprived
for 18 h in 0.2% FBS-DME, rinsed and incubated in DME for 1 h, treated as indicated, and processed for fluorescence microscopy as
described in Materials and Methods. (A) Control; (B) PDGF 10 min; (C) PDGF 30 min; (D) wortmannin; (E) PDGF 10 min 1 wort-
mannin; (F) PDGF 30 min 1 wortmannin. The concentration of PDGF was 30 ng/ml. Cells were preincubated with 100 nM wortmannin
for 10 min. Results are representative of three to six separate experiments.

Figure 5. Talin- and paxillin-staining focal adhesion plaques remain in PDGF-treated REFs. Cells were grown to 80% confluence, se-
rum-deprived for 18 h in 0.2% FBS-DME, rinsed and incubated in DME for 1 h, treated as indicated, and processed for fluorescence
microscopy as described in Materials and Methods. Cells were stained with antitalin (A–C) or antipaxillin (D–F). (A and D) Control;
(B and E) PDGF 10 min; (C and F) PDGF 30 min; (E) PDGF 10 min; (F) PDGF 30 min. The concentration of PDGF was 30 ng/ml. Re-
sults are representative of two to three separate experiments.
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lated focal adhesion protein proposed to play an important
role in the formation of the plaque (Burridge and Chrza-
nowska-Wodnicka, 1996). In control cells, paxillin staining
was localized to focal adhesions (Fig. 5 D). Similar to talin,
paxillin-staining focal adhesions were also observed in cells
treated with PDGF for 10 and 30 min (Fig. 5, E and F). These
results demonstrate that PDGF stimulation of PI 3-kinase
does not induce complete loss of the focal adhesion complex,
but rather modulates a restructuring of the plaque.

Since talin, which binds directly to the b3 integrin, and
paxillin were maintained in plaque structures, we pro-
posed that the avb3 integrins also remained in an active
and clustered state. In an attempt to test this hypothesis di-
rectly, we stained REFs with various antibodies recogniz-
ing this receptor. However, we could not find an antibody
that would recognize avb3 integrin in fixed rat cells. As
an alternative approach, we examined the effect of PI
3-kinase activation on the localization of the a5b1 integrin
in REFs plated on purified fibronectin. Although a similar
loss of stress fibers and a-actinin–staining focal adhesions
was observed in the cells plated on fibronectin, the a5b1 in-

tegrin remained localized to the focal adhesion plaques in
PDGF-treated cells (Fig. 6). In addition, the loss of vincu-
lin-staining focal adhesions and maintenance of talin- and
paxillin-staining plaques was observed in PDGF-treated
REFs plated on fibronectin (data not shown). Focal adhe-
sion restructuring was also observed in PDGF-treated
REFs plated on purified vitronectin (data not shown).

Focal adhesion kinase (FAK) is an important mediator
of integrin signaling involved in the recruitment and ty-
rosine phosphorylation of focal adhesion proteins after in-
tegrin activation. The localization of FAK in PDGF-
treated REFs was also examined by immunofluorescence
microscopy. Staining of focal adhesion plaques with anti-
FAK was observed in control and PDGF (for 10 and 30
min)-treated cells (data not shown). However, the inten-
sity of the FAK-staining plaques in PDGF-treated cells
appeared to be decreased compared with control cells,
suggesting there was some relocalization of FAK. Similar
results were observed using antiphosphotyrosine (data not
shown). At this point, the significance of these observa-
tions remain unclear.

Figure 6. a5b1 integrin–staining focal adhesion plaques remain in PDGF-treated REFs plated on fibronectin. Cells were plated on fi-
bronectin-coated coverslips for 4 h in serum-free DME, treated as indicated, and processed for fluorescence microscopy as described in
Materials and Methods. Cells were double labeled with anti–a-actinin (A–C) and phalloidin (a–c) or stained with anti–a5b1 integrin (D–
F). (A, a, and D) Control; (B, b, and E) PDGF 10 min; (C, c, and F) PDGF 30 min. The concentration of PDGF was 30 ng/ml. Results
are representative of two to three separate experiments.
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PtdIns (3,4,5)-P3, a Major Product of PI 3-kinase 
Phosphorylation, Is Sufficient to Induce the 
Restructuring of Focal Adhesions

Signaling through PI 3-kinase–dependent pathways has
been demonstrated to be mediated by the lipid products
PtdIns (3,4,5)-P3 and PtdIns (3,4)-P2 (Toker and Cantley,
1997), and more recently, by the protein kinase activity of
PI 3-kinase (Bondeva et al., 1998). To further understand
the role PI 3-kinase plays in the restructuring of focal ad-
hesions, the lipid products of PI 3-kinase were examined
for the ability to independently induce the restructuring of
focal adhesions as observed with PDGF. Several indepen-
dent studies have demonstrated that purified lipids soni-
cated to form micelles or vesicles can be added to cells in
culture (Toker et al., 1995; Derman et al., 1997; Franke et
al., 1997; Heraud et al., 1998; Rizzo et al., 1999). The mi-
celles or vesicles fuse with the cell membrane, and the ex-
ogenous lipids are taken up into the cell and are biologi-
cally active. In these studies, micelles containing purified
phospholipids or vesicles containing the purified phospho-
lipid and phosphatidylserine were added to the cells in cul-
ture as described in Materials and Methods.

Treatment of the cells with 25 mM PtdIns (3,4,5)-P3 for
30 min induced the disassembly of focal adhesions (Fig. 7),
redistribution of a-actinin (Fig. 8, A–D), reorganization of
the actin cytoskeleton (Fig. 8, a–d), and redistribution of
vinculin (Fig. 9). Numerous cells (26.6–40.5%) were ob-
served with IRM images, a-actinin, rhodamine-phalloidin,
and vinculin staining nearly identical to that observed in
cells treated with PDGF for 10 min. These morphological
changes were also observed in cells treated for shorter
times (10 min) and lower concentrations (5 mM) of PtdIns
(3,4,5)-P3, however, fewer cells were affected. Although
PtdIns (3,4,5)-P3 induced reorganization of the actin stress
fibers into a filamentous actin network, membrane ruffling

was not observed (Fig. 8 c). As seen in PDGF-treated
cells, PtdIns (3,4,5)-P3 did not significantly affect talin- or
paxillin-staining focal adhesions (data not shown). Cells
were also treated with 25-mM concentrations of PtdIns
(4,5)-P2 (Figs. 7 and 9, C, and Fig. 8, D and d), PtdIns
(3,4)-P2, PtdIns (3)-P, and phosphatidylserine (data not
shown). None of these phospholipids induced significant
changes in the IRM images or immunostaining. Similar re-
sults were observed when the cells were treated with
mixed lipid vesicles containing a 25-mM concentration of
the specific phospholipid and 100 mM phosphatidylserine
(data not shown).

As an alternative approach, cells were treated with di-
C12-PIP3/AM, the heptakis (acetoxymethyl) ester of dilau-
roylphosphatidylinositol (3,4,5)-P3 (Jiang et al., 1998). The
AM esters of this uncharged and membrane-permeant de-
rivative are readily hydrolyzed by intracellular esterases
generating biologically active PtdIns (3,4,5)-P3 inside the
cell (Jiang et al., 1998). The loss of a-actinin–staining focal
adhesions and stress fibers was observed in 27.5 and 62.5%
of the cells treated with 50 and 100 mM di-C12-PIP3/AM,
respectively (Fig. 10). The restructuring of focal adhesions
and stress fibers was not observed in cells treated with
vehicle alone. These results suggest that PtdIns (3,4,5)-P3
is sufficient to induce restructuring of focal adhesions in
REFs.

PtdIns (3,4,5)-P3 Binds a-Actinin in
PDGF-treated Cells

During restructuring, loss of a-actinin from focal adhesion
plaques was observed. In contrast, the distribution of talin
and paxillin was not affected. These results suggest that
a-actinin is specifically involved in the restructuring of focal
adhesions induced by PDGF, and is a potential target for
the second messenger action of PtdIns (3,4,5)-P3. a-Acti-

Figure 7. PtdIns (3,4,5)-P3 induces focal adhe-
sion disassembly. REFs were grown to 80% con-
fluence, serum-deprived for 18 h in 0.2% FBS-
DME, rinsed and incubated in DME for 1 h,
treated as indicated, fixed with 3% glutaralde-
hyde, and examined by IRM as described in Ma-
terials and Methods. (A) Control; (B) 30 ng/ml
PDGF 10 min; (C) 25 mM PtdIns (4,5)-P2; (D) 25
mM PtdIns (3,4,5)-P3. Results are representative
of two separate experiments.
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nin previously has been demonstrated to bind acidic phos-
pholipids (Burn et al., 1985; Fukami et al., 1992); however,
the binding of a-actinin to PtdIns (3,4,5)-P3 has not been
examined. A P-1-aminopropyl inositol(1,3,4,5)P4 affinity
resin was used to test whether a-actinin can bind to PtdIns
(3,4,5)-P3. The structure of the active group of the ino-
sitol(1,3,4,5)P4 resin is analogous to the inositol phos-
phate head group of PtdIns (3,4,5)-P3 (Theibert et al.,
1997). Therefore, inositol(1,3,4,5)P4 affinity chromatogra-
phy provides a means of screening for PtdIns (3,4,5)-P3–

binding proteins (Hammonds-Odie et al., 1996; Theibert
et al., 1997; Blader et al., 1999). Purified a-actinin and a-acti-
nin from BAE and REF cell lysates were found to bind
specifically to the affinity resin (Fig. 11 A), indicating
that a-actinin may bind PtdIns (3,4,5)-P3 in vivo. Consis-
tent with previous studies (Hammonds-Odie et al., 1996;
Theibert et al., 1997), Ponceau S staining for the total pro-
tein showed that a majority of the protein bands from the
cell lysates did not bind to the affinity resin, demonstrating
a high level of specificity (data not shown).

Figure 8. PtdIns (3,4,5)-P3 induces redistribution of a-actinin. REFs were grown to 80% confluence, serum-deprived for 18 h in 0.2%
FBS-DME, rinsed and incubated in DME for 1 h, treated as indicated, and processed for fluorescence microscopy as described in Mate-
rials and Methods. Cells were double labeled with anti–a-actinin (A–D) and phalloidin (a–d). (A) Control; (B) 30 ng/ml PDGF 10 min;
(C) 25 mM PtdIns (3,4,5)-P3 30 min; (D) 25 mM PtdIns (4,5)-P2 30 min. Results are representative of five separate experiments.

Figure 9. PtdIns (3,4,5)-P3 induces redistribution
of vinculin. REFs were grown to 80% conflu-
ence, serum-deprived for 18 h in 0.2% FBS-
DME, rinsed and incubated in DME for 1 h,
treated as indicated, and processed for fluores-
cence microscopy as described in Materials and
Methods. (A) Control; (B) 30 ng/ml PDGF 10
min; (C) 25 mM PtdIns (4,5)-P2 30 min; (D) 25
mM PtdIns (3,4,5)-P3 30 min. Results are repre-
sentative of two separate experiments.
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To examine the interaction of a-actinin with phospho-
inositides, a-actinin was immunoprecipitated from 32Pi-
labeled REFs stimulated with PDGF. In untreated cells,
a-actinin was found to bind PtdIns-P2 and to a lesser degree
PtdIns-P (Fig. 11 B), whereas no binding to PtdIns (3,4,5)-
P3 was detected (Fig. 11 C). When the cells were treated
with PDGF for 10 min, a-actinin clearly binds to PtdIns
(3,4,5)-P3 with no change detected in the binding to PtdIns-
P2 and PtdIns-P. After 30 min of PDGF treatment, de-
creased binding of a-actinin to PtdIns (3,4,5)-P3 was ob-
served, whereas binding to PtdIns-P and PtdIns-P2 was
increased. These results demonstrate that a-actinin binds
to PtdIns (3,4,5)-P3 both in vitro and in vivo, and suggest
that a-actinin function is regulated by phosphoinositide
binding. PtdIns (3,4,5)-P3 binding to a-actinin correlated
with focal adhesion restructuring. PtdIns-P and PtdIns-P2
binding to a-actinin appeared unchanged during the initial
restructuring of the focal adhesion plaque, but increased
during membrane ruffling. Consistent with the results
published by Heraud et al. (1998), binding of PtdIns-P and
PtdIns-P2 to talin immunoprecipitated from 32Pi-labeled
REFs was also observed, however, no binding to PtdIns
(3,4,5)-P3 was detected (data not shown).

PtdIns (3,4,5)-P3 Disrupts the Binding of a-Actinin to 
the Integrin b Subunit

a-Actinin has been demonstrated to link actin stress fibers
to focal adhesions by binding to the cytoplasmic tail of the
b1 and b3 integrins (Pavalko et al., 1991; Otey et al., 1993;
Sampath et al., 1998). Adhesion of cells plated in serum, of
which vitronectin is the primary extracellular matrix sub-
strate, occurs primarily through avb3 integrins (Fath et al.,
1989). To examine the effect of PI 3-kinase activation on
the interaction of a-actinin with the b3 integrin, the b3 in-
tegrin was immunoprecipitated from control and PDGF-
treated cells. In control cells, coprecipitation of a-actinin
was observed with b3 integrin (Fig. 12 A). However, in
cells treated with PDGF for 10 min, a decrease in the

amount of a-actinin coprecipitating with b3 integrin was
observed. After 30 min of treatment, coprecipitation of
a-actinin with b3 integrin returned to control levels. When
cells were preincubated with 100 nM wortmannin (Fig. 12
A), PDGF did not induce a decrease in a-actinin coprecip-
itation with b3 integrin at 10 min, but rather an increase.
These results suggest that PI 3-kinase activation is re-
quired for the loss of a-actinin association with b3 integrin
in PDGF-treated cells. The increased association of a-acti-
nin with b3 integrin, which was detected after 10 min of
PDGF treatment in cells preincubated with wortmannin
was unexpected; however, these results were also ob-
served in the presence of 25 mM LY294002 (data not
shown). These results are difficult to interpret, but might
suggest that in the absence of PI 3-kinase activation, other
signaling pathways stimulated by PDGF actually induce
the association of a-actinin with b3 integrin.

The above results indicate that there is a correlation be-
tween the binding of a-actinin to PtdIns (3,4,5)-P3 and the
loss of a-actinin association with b3 integrin after 10 min of
PDGF treatment. These data suggest that PtdIns (3,4,5)-P3
binding to a-actinin disrupts its interaction with b3 inte-
grin. To further investigate this hypothesis, we tested
whether the addition of exogenous PtdIns (3,4,5)-P3 to the
anti–b3 integrin immunoprecipitates could disrupt the in-
teraction between a-actinin and b3 integrin. PtdIns (3,4,5)-
P3 almost completely (z75%) disrupted the interaction
between a-actinin and b3 integrin (Fig. 12 B). PtdIns (3,4)-
P2 induced a slight disruption (z25%), whereas PtdIns
(4,5)-P2, PtdIns (3)-P, and phosphatidylserine did not af-
fect the interaction of a-actinin and b3 integrin in the anti–
b3 integrin immunoprecipitates. These results suggest that
PtdIns (3,4,5)-P3 disrupts the interaction of a-actinin with
b3 integrin.

a-Actinin has been demonstrated to bind to the highly
homologous cytoplasmic tail of the b1 or b3 integrin sub-
units (Pavalko et al., 1991; Otey et al., 1993; Sampath et
al., 1998). To confirm that PtdIns (3,4,5)-P3 was regulating

Figure 10. di-C12-PI (3,4,5)-P3/AM induces redis-
tribution of a-actinin. REFs were grown to 80%
confluence, serum-deprived for 18 h in 0.2%
FBS-DME, rinsed and incubated in DME for 1 h,
treated as indicated, and processed for fluores-
cence microscopy as described in Materials and
Methods. Cells were double labeled with anti–
a-actinin (A and B) and phalloidin (a and b). (A
and a) Control; (B and b) 100 mM di-C12-PI
(3,4,5)-P3/AM 30 min. Results are representative
of two separate experiments.
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Binding of the GST-b1 tail to a-actinin could be detected
and quantitated by immunoblotting for GST. Using this
assay, we reproduced the results of Sampath et al., show-
ing that the GST-b1 tail bound specifically to a-actinin
(Fig. 13 A). When exogenous phosphoinositides were
added to the complexes containing the GST-b1 tail bound
to a-actinin, only PtdIns (3,4,5)-P3 disrupted the interac-
tion between the two proteins (Fig. 13 B). These data pro-
vide strong evidence that PI 3-kinase activation and the
production of PtdIns (3,4,5)-P3 are important components
of the signaling mechanism regulating PDGF-induced re-
structuring of focal adhesions.

Discussion
Cell adhesion involves receptor-mediated cell-surface in-
teractions with the extracellular matrix (Burridge and
Chrzanowska-Wodnicka, 1996; Gumbiner, 1996). These
interactions play a central role in the organization of the
cytoskeleton, thereby regulating cell shape and function.
Focal adhesions are specialized structures linking the ex-
tracellular matrix to the actin microfilaments through inte-
grin and syndecan transmembrane receptors. The struc-
ture of the focal adhesion plaque consists of an elaborate
network of interconnecting proteins anchoring the mi-
crofilaments to the membrane at the contact site. As the
points of closest apposition linking the cytoskeleton to the
extracellular matrix, focal adhesions are ideally positioned
for regulating the adhesive strength of the cell. It may help
to think of the cell as having three grades of adhesiveness:
(1) weak adherence, meaning that the cell is attached but
not spread; (2) intermediate adherence, characterized by a
spread cell that lacks stress fibers and focal adhesions; and
(3) strong adherence, indicating a spread cell with stress fi-
bers linked to the extracellular matrix through focal adhe-
sion plaques. Cellular interactions with the extracellular
matrix are generally considered to promote adhesion.
However, extracellular factors also exist that regulate cell
function by stimulating reversal of one or more stages of

Figure 11. PtdIns (3,4,5)-P3
binds a-actinin in PDGF-
treated cells. (A) 20 mg of pu-
rified a-actinin, 500 mg REF
cell lysate, or 500 mg BAE
cell lysate, was incubated with
Affigel-aminopropyl-inositol
(1,3,4,5)P4, washed, and the
bound protein was eluted
and immunoblotted using
anti–a-actinin (1:10,000) as
described in Materials and
Methods. (B–D) REFs were
grown to 80% confluence, se-
rum-deprived for 18 h in
0.2% FBS-DME, rinsed and
incubated for 1 h in phos-
phate-free DME containing
0.25 mCi/ml 32Pi followed
by stimulation with 30 ng/ml
PDGF for the times indicated.
Cells were lysed, a-actinin
was immunoprecipitated, and
the associated phosphoinosi-
tides were extracted or the pro-

tein was eluted as described in Materials and Methods. (B) Auto-
radiograph of the TLC plate exposed for 17 h, optimal time for the
visualization of PtdIns-P and PtdIns-P2. (C) Autoradiograph of the
same TLC plate exposed for 48 h, the optimal time for the visual-
ization of PtdIns (3,4,5)-P3. (D) Immunoblot showing that equal
amounts of a-actinin were immunoprecipitated from each sample.
Results are representative of four separate experiments.

Figure 12. PtdIns (3,4,5)-P3
disrupts the binding of a-acti-
nin to b3 integrin. (A) REFs
were grown to 80% conflu-
ence, serum-deprived for 18 h
in 0.2% FBS-DME, and rinsed
and incubated in DME for 1 h.
Cells were treated with 30 ng/
ml PDGF for the indicated
times in the absence or pres-
ence of 100 nM wortmannin
(10-min preincubation), ly-
sates were prepared for immu-
noprecipitation using anti–b3
integrin (IgG), and the precip-
itated protein was examined
by immunoblotting with anti–
a-actinin (1:5,000) or anti–b3

integrin (IgM, 1:250) as described in Materials and Methods. (B) b3 integrin immunoprecipitates were washed twice and incubated with 20
mg of the indicated phospholipid. Immunoprecipitates were washed, and the protein was eluted and immunoblotted using anti–a-actinin (1:
5,000) or anti–b3 integrin (IgM, 1:250) as described in Materials and Methods. In this experiment, two different forms of PtdIns (3,4,5)-P3, a
water-soluble form and a water-insoluble form sonicated to form micelles, were used. Anti–a-actinin immunoblots were analyzed by scan-
ning densitometry and quantitated using NIH Image. Error bars represent SEM (n 5 2–3). Asterisk indicates P , 0.05.

the interaction of a-actinin with its binding site within the
b subunit of the integrin, we developed a purified system
to assay the binding of a-actinin to the cytoplasmic tail of
the b1 integrin. Using a GST fusion protein containing
the cytoplasmic tail of the b1 integrin (Sampath et al.,
1998), binding was assayed by incubating the purified pro-
teins followed by immunoprecipitation with anti–a-actinin.
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the adhesion process. A shift from strong adherence to in-
termediate adherence, places the cell in a malleable state
favorable for dynamic processes such as cytokinesis, dif-
ferentiation, and motility.

Modification of the link between the cytoskeleton and
the extracellular matrix is a prominent structural target for
the regulation of cellular adhesive strength. Previously, we
have demonstrated that thrombospondin 1 stimulates a PI
3-kinase–dependent disassembly of focal adhesions in bo-
vine aortic endothelial cells (Murphy-Ullrich and Hook,
1989; Murphy-Ullrich et al., 1993). In this paper, we have
focused on the mechanisms by which PI 3-kinase regulates
the disassembly of focal adhesions. Data from studies us-
ing PDGF to stimulate the activation of PI 3-kinase in
REFs, direct addition of phosphoinositides to REFs, and
biochemical approaches suggest all of the following. First,
PDGF induces a PI 3-kinase–dependent loss of focal adhe-
sions as measured by IRM (Fig. 2), indicating a significant
decrease in the structural integrity of the link between the
actin cytoskeleton and the extracellular matrix. Second,
examination of the localization of focal adhesion proteins
indicates that the activation of PI 3-kinase by PDGF actu-
ally induces a restructuring of the focal adhesion plaque

rather than a complete dispersal of the complex (Figs.
3–6). Third, PtdIns (3,4,5)-P3, a lipid product of PI 3-kinase,
is sufficient to induce the restructuring of the focal adhe-
sion plaque and reorganization of the actin stress fibers into
a filamentous network (Figs. 7–10). Finally, PtdIns (3,4,5)-
P3 binds to a-actinin during the restructuring of the focal
adhesion plaque and reorganization of the actin cytoskele-
ton (Fig. 11), disrupting the interaction of a-actinin with
the integrin b subunit (Figs. 12 and 13). These results im-
plicate a-actinin as a specific target for PtdIns (3,4,5)-P3
involved in the restructuring of focal adhesion plaques and
reorganization of the actin cytoskeleton.

In this study, we show that the activation of PI 3-kinase
by PDGF and the lipid product PtdIns (3,4,5)-P3 induce
loss of the adhesive link between the actin stress fibers and
the extracellular matrix. Yet, the focal adhesion protein
complex was not completely dissipated. Rather, PI 3-kinase
and PtdIns (3,4,5)-P3 induced a restructuring of the plaque
characterized by the loss of a-actinin and vinculin and the
reorganization of the actin stress fibers into a filamentous
network. In contrast, the integrin receptor and the focal
adhesion proteins talin and paxillin remained localized to
the focal adhesion plaques. The effects of PI 3-kinase and
PtdIns (3,4,5)-P3 on the restructuring of focal adhesion
plaques indicate that a-actinin and vinculin play an impor-
tant role in the stabilization and maintenance of actin
stress fibers and their link to the extracellular matrix. The
presence of a-actinin– and vinculin-containing focal adhe-
sions is associated with decreased cell motility (Rodriguez
Fernandez et al., 1992, 1993; Gluck and Ben-Ze’ev, 1994).
We propose that the presence of a-actinin and vinculin in
focal adhesion plaques is important for the modulation of
cellular adhesive strength and motility. Therefore, under-
standing the mechanisms regulating a-actinin and vinculin
activity may provide potential targets for the control of
cell motility.

As a prominent structural component of focal adhesions
and actin-bundling protein, a-actinin is ideally positioned
to regulate the transition of the cell from a strong adhe-
sive to an intermediate adhesive state. The activation of PI
3-kinase, as well as the addition of PtdIns (3,4,5)-P3, in-
duced a redistribution of a-actinin from focal adhesions and
the actin stress fibers to the Triton X-100–soluble fraction.
The loss of a-actinin association correlates with the un-
bundling of the actin stress fibers and reorganization to a
filamentous actin network. Wachsstock et al. (1993) dem-
onstrated that mixtures of a-actinin and actin filaments
can form in vitro networks or bundles depending on their
concentration. At low concentrations, a-actinin and actin
filaments form networks indistinguishable from that of ac-
tin alone. At high concentrations, a-actinin and actin fila-
ment mixtures form bundles with the threshold for bun-
dling dependent on the affinity of a-actinin for the actin
filaments. We propose that upon binding of PtdIns (3,4,5)-
P3 to a-actinin, the affinity of a-actinin for actin filaments
is altered, resulting in the unbundling of the stress fibers
and reorganization to a filamentous network. Studies are
currently underway to test this hypothesis.

It has been known for some time that phosphoinositides
play an important role in the regulation of the actin cy-
toskeleton (Janmey, 1994). The activity of many actin-
binding proteins are modulated by interactions with vari-

Figure 13. PtdIns (3,4,5)-P3 disrupts the binding of a-actinin to
the cytoplasmic tail of the b1 integrin. (A) 200 nM of a-actinin
and 200 nM GST-b1 cytoplasmic tail were incubated for 1 h, the
complex was immunoprecipitated with anti–a-actinin, and the
precipitated protein was examined by Coomassie staining or im-
munoblotting with anti-GST (1:1,000) as described in Materials
and Methods. (B) a-Actinin immunoprecipitates were washed
twice and incubated with 20 mg of the indicated phospholipid.
Immunoprecipitates were washed, and the protein was eluted
and examined by Coomassie staining or immunoblotting with
anti-GST (1:1,000) as described in Materials and Methods. Anti-
GST immunoblots were analyzed by scanning densitometry and
quantitated using NIH Image. Error bars represent SEM (n 5 4).
Asterisk indicates P , 0.001.



The Journal of Cell Biology, Volume 150, 2000 640

ous phosphoinositides. Both a-actinin and vinculin have
been demonstrated to bind different phosphoinositides
and PtdIns (4,5)-P2, in particular, appears to play an im-
portant role in their activity during the formation of focal
adhesions (Fukami et al., 1992; Johnson and Craig, 1995;
Craig and Johnson, 1996; Gilmore and Burridge, 1996).
Talin also appears to bind PtdIns (4)-P and PtdIns (4,5)-
P2, although the functional significance of this binding is
not clear (Heraud et al., 1998). In this study, we not only
demonstrated that a-actinin is regulated by PtdIns (3,4,5)-
P3, but also found evidence of binding to PtdIns-P and
PtdIns-P2. The exact identity of these phosphoinositides
has not been determined, however, based on the quantities
present, it is likely to be PtdIns (4)-P and PtdIns (4,5)-P2.
Interestingly, binding of these phosphoinositides to a-acti-
nin was detected under basal conditions and remained un-
changed after 10 min of treatment with PDGF during focal
adhesion restructuring. However, after 30 min of PDGF
treatment, the levels of these phosphoinositides increased
significantly, correlating with the formation of membrane
ruffles. It is not known whether a-actinin binds more than
one phosphoinositide at a time, or if there are different
populations of a-actinin that bind the different phospho-
inositides. We favor the latter hypothesis and suggest that
the localized concentration of phosphoinositides deter-
mines binding and regulates a-actinin function. Compe-
tition between phosphoinositides for binding and the
regulation of protein structure and function has been dem-
onstrated to exist for Vav (Han et al., 1998), profilin (Lu et
al., 1996), and neurogranin (Lu and Chen, 1997). It will be
interesting to see if the same scenario exists for a-actinin
and other focal adhesion proteins. In any case, it is now
clear that phosphoinositides are present in focal adhesions
and play an important role in regulating the structure of
the plaque.

A strong link has been established between PI 3-kinase
and cell motility (Carpenter and Cantley, 1996). However,
much of the work has been focused on Rac and its ability
to induce membrane ruffling downstream of PI 3-kinase
(Wennstrom et al., 1994a,b; Hawkins et al., 1995; Rod-
riguez-Viciana et al., 1997; Reiske et al., 1999). In this
manuscript, we have presented evidence demonstrating that
the regulation of focal adhesion structure is another impor-
tant and direct target for the lipid products of PI 3-kinase.
Several studies have demonstrated that PI 3-kinase is local-
ized to focal adhesions (Geiger et al., 1992; Miyamoto et al.,
1995; Plopper et al., 1995; Gillham et al., 1999), further im-
plicating a role for PI 3-kinase in the regulation of plaques.
Strong evidence indicates that the strength of adhesion be-
tween the cell and the extracellular matrix plays an impor-
tant role in the regulation of cell motility with an intermedi-
ate level of adhesive strength correlating with maximal
speed (DiMilla et al., 1991, 1993; Huttenlocher et al., 1996;
Palecek et al., 1997). We propose that transition of the cell
from a strong adhesive state to an intermediate adhesive
state is important for the induction and maintenance of cell
motility. Therefore, modification of the link between the ac-
tin cytoskeleton and the extracellular matrix is a potential
target for the regulation of cell motility.

Recent attention has been focused on PI 3-kinase and its
role in tumor growth and metastasis (Cantley et al., 1991;
Keely et al., 1997; Shaw et al., 1997). Not only does the ac-

tivity of PI 3-kinase appear to be upregulated, but PTEN, a
phosphatase which dephosphorylates PtdIns (3,4,5)-P3, is
also mutated in some tumor cells resulting in increased lev-
els of PtdIns (3,4,5)-P3 (Cantley and Neel, 1999; Maehama
and Dixon, 1999). The relationship of PI 3-kinase activity
and PtdIns (3,4,5)-P3 to cancer progression emphasizes the
importance of understanding the specific mechanisms by
which PtdIns (3,4,5)-P3 regulates cellular function.

The authors thank Dr. Anne Woods for providing the REFs, Dr. Roger Y.
Tsien (Univ. of California at San Diego, San Diego, CA) for the di-C12-
PIP3/AM, and Dr. J. Chen and Mr. B. Mehrotra for preparation of the IP4

resin. We would also like to Dr. Fredrick M. Pavalko (Indiana University
School of Medicine) for the constructs encoding the GST-b1 cytoplasmic
tail and Echelon Research Laboratories Inc. for providing dipalmitoyl
phosphoinositides. 

This research was supported in part by the National Institutes of
Health grants MH50102 and DDRCP-50-HD-32901 (to A.B. Theibert),
NS29632 (to G.D. Prestwich), and HL44575 (to J.E. Murphy-Ullrich).
J.A. Greenwood was supported by Postdoctoral Fellowship No. PF-4439
from the American Cancer Society.

Submitted: 30 September 1999
Revised: 23 May 2000
Accepted: 13 June 2000

References

Blader, I.J., M.J. Cope, T.R. Jackson, A.A. Profit, A.F. Greenwood, D.G.
Drubin, G.D. Prestwich, and A.B. Theibert. 1999. GCS1, an arf guanosine
triphosphate-activating protein in Saccharomyces cerevisiae, is required for
normal actin cytoskeletal organization in vivo and stimulates actin polymer-
ization in vitro. Mol. Biol. Cell. 10:581–596.

Blanchard, A., V. Ohanian, and D. Critchley. 1989. The structure and function
of a-actinin. J. Muscle Res. Cell Motil. 10:280–289.

Bondeva, T., L. Pirola, G. Bulgarelli-Leva, I. Rubio, R. Wetzker, and M.P. Wy-
mann. 1998. Bifurcation of lipid and protein kinase signals of PI3Kg to the
protein kinases PKB and MAPK. Science. 282:293–296.

Burn, P., A. Rotman, R.K. Meyer, and M.M. Burger. 1985. Diacylglycerol in
large a-actinin/actin complexes and in the cytoskeleton of activated plate-
lets. Nature. 314:469–474.

Burridge, K., and M. Chrzanowska-Wodnicka. 1996. Focal adhesions, contrac-
tility, and signaling. Annu. Rev. Cell Dev. Biol. 12:463–519.

Cantley, L.C., K.R. Auger, C. Carperter, B. Duckworth, A. Graziani, R. Kapel-
ler, and S. Soltoff. 1991. Oncogenes and signal transduction. Cell. 64:281–
302.

Cantley, L.C., and B.G. Neel. 1999. New insights into tumor suppression: PTEN
suppresses tumor formation by restraining the phosphoinositide 3-kinase/
AKT pathway. Proc. Natl. Acad. Sci. USA. 96:4240–4245.

Carpenter, C.L., and L.C. Cantley. 1996. Phosphoinositide kinases. Curr. Opin.
Cell Biol. 8:153–158.

Chellaiah, M., and K. Hruska. 1996. Osteopontin stimulates gelsolin-associated
phosphoinositide levels and phosphatidylinositol triphosphate-hydroxyl ki-
nase. Mol. Biol. Cell. 7:743–753.

Chong, L.D., A. Traynor-Kaplan, G.M. Bokoch, and M.A. Schwartz. 1994. The
small GTP-binding protein Rho regulates a phosphatidylinositol 4-phos-
phate 5-kinase in mammalian cells. Cell. 79:507–513.

Chrzanowska-Wodnicka, M., and K. Burridge. 1996. Rho-stimulated contractil-
ity drives the formation of stress fibers and focal adhesions. J. Cell Biol. 133:
1403–1415.

Couchman, J.R., and D.A. Rees. 1979. The behaviour of fibroblasts migrating
from chick heart explants: changes in adhesion, locomotion and growth, and
in the distribution of actomyosin and fibronectin. J. Cell Sci. 39:149–165.

Couchman, J.R., and A. Woods. 1996. Syndecans, signaling, and cell adhesion.
J. Cell. Biochem. 61:578–584.

Craig, S.W., and R.P. Johnson. 1996. Assembly of focal adhesions: progress,
paradigms, and portents. Curr. Opin. Cell Biol. 8:74–85.

Derman, M.P., A. Toker, J.H. Hartwig, K. Spokes, J.R. Falck, C.-S. Chen, L.C.
Cantley, and L.G. Cantley. 1997. The lipid products of phosphoinositide
3-kinase increase cell motility through protein kinase C. J. Biol. Chem. 272:
6465–6470.

DiMilla, P.A., K. Barbee, and D.A. Lauffenburger. 1991. Mathematical model
for the effects of adhesion and mechanics on cell migration speed. Biophys.
J. 60:15–37.

DiMilla, P.A., J.A. Stone, J.A. Quinn, S.M. Albelda, and D.A. Lauffenburger.
1993. Maximal migration of human smooth muscle cells on fibronectin and
type IV collagen occurs at an intermediate attachment strength. J. Cell Biol.
122:729–737.



Greenwood et al. PIP3 Disrupts a-Actinin–Integrin Interaction 641

Dunlevy, J.R., and J.R. Couchman. 1993. Controlled induction of focal adhesion
disassembly and migration in primary fibroblasts. J. Cell Sci. 105:489–500.

Fath, K.R., C.J. Edgell, and K. Burridge. 1989. The distribution of distinct inte-
grins in focal contacts is determined by the substratum composition. J. Cell
Sci. 92:67–75.

Franke, T.F., D.R. Kaplan, L.C. Cantley, and A. Toker. 1997. Direct regulation
of the Akt proto-oncogene product by phosphatidylinositol-3,4-bisphos-
phate. Science. 275:665–668.

Fukami, K., K. Furuhashi, M. Inagaki, T. Endo, S. Hatano, and T. Takenawa.
1992. Requirement of phosphatidylinositol 4,5-bisphosphate for a-actinin
function. Nature. 359:150–152.

Geiger, B., O. Ayalon, D. Ginsberg, T. Volberg, J.L. Rodriguez Fernandez, Y.
Yarden, and A. Ben-Ze’ev. 1992. Cytoplasmic control of cell adhesion. Cold
Spring Harbor Symp. Quant. Biol. 52:631–642.

Gillham, H., M.C Golding, R. Pepperkok, and W.J. Gullick. 1999. Intracellular
movement of green fluorescent protein-tagged phosphatidylinositol 3-kinase
in response to growth factor receptor signaling. J. Cell Biol. 146:869–880.

Gilmore, A.P., and K. Burridge. 1996. Regulation of vinculin binding to talin
and actin by phosphatidylinositol-4,5-bisphosphate. Science. 381:531–535.

Gluck, U., and A. Ben Ze’ev. 1994. Modulation of a-actinin levels affects cell
motility and confers tumorigenicity on 3T3 cells. J. Cell Sci. 107:1773–1782.

Greenwood, J.A., and J.E. Murphy-Ullrich. 1998. Signaling of de-adhesion in
cellular regulation and motility. Microsc. Res. Tech. 43:420–432.

Greenwood, J.A., M.A. Pallero, A.B. Theibert, and J.E. Murphy-Ullrich, 1998.
Thrombospondin signaling of focal adhesion disassembly requires activation
of phosphoinositide 3-kinase. J. Biol. Chem. 273:1755–1763.

Gumbiner, B.M. 1996. Cell adhesion: the molecular basis of tissue architecture
and morphogenesis. Cell. 84:345–357.

Hall, A. 1998. Rho GTPases and the actin cytoskeleton. Science. 279:509–514.
Hammonds-Odie, L.P., T.R. Jackson, A.A. Profit, I.J. Blader, C.W Turck,

G.D. Prestwich, and A.B. Theibert. 1996. Identification and cloning of cen-
taurin-a: a novel phosphatidylinositol 3,4,5-trisphosphate-binding protein
from rat brain. J. Biol. Chem. 271:18859–18868.

Han, J., K. Luby-Phelps, B. Das, X. Shu, Y. Xia, R.D. Mosteller, U.M. Krishna,
J.R. Falck, M.A. White, and D. Broek. 1998. Role of substrates and products
of PI 3-kinase in regulating activation of Rac-related guanosine triphos-
phatases by Vav. Science. 279:558–560.

Hawkins, P.T., A. Eguinoa, R.-G. Qiu, D. Stokoe, F.T. Cooke, R. Walters, S.
Wennstrom, L. Claesson-Welsh, T. Evans, M. Symons, and L. Stephens.
1995. PDGF stimulates an increase in GTP-Rac via activation of phospho-
inositide 3-kinase. Curr. Biol. 5:393–403.

Heldin, C.-H., A. Ostman, and L. Ronnstrand. 1998. Signal transduction via plate-
let-derived growth factor receptors. Biochim. Biophys. Acta. 1378:F79–F113.

Heraud, J.-M., C. Racaud-Sultan, D. Gironcel, C. Albiges-Rizo, T. Giacomini,
S. Roques, V. Martel, M. Breton-Douillon, B. Perret, H. Chap. 1998. Lipid
products of phosphoinositide 3-kinase and phosphatidylinositol 49,59-bisphos-
phate are both required for ADP-dependent platelet spreading. J. Biol.
Chem. 273:17817–17823.

Howe, A., A.E. Aplin, S.K. Alahari, and R.L. Juliano. 1998. Integrin signaling
and cell growth control. Curr. Opin. Cell Biol. 10:220–231.

Huttenlocher, A., M.H. Ginsberg, and A.F. Horwitz. 1996. Modulation of cell
migration by integrin-mediated cytoskeletal linkages and ligand-binding af-
finity. J. Cell Biol. 134:1551–1562.

Izzard, C.S., and L.R. Lochner. 1976. Cell-to-substrate contacts in living fibro-
blasts: an interference reflexion study with an evaluation of the technique. J.
Cell Sci. 21:129–159.

Janmey, P.A. 1994. Phosphoinositides and calcium as regulators of cellular ac-
tin assembly and disassembly. Annu. Rev. Physiol. 56:169–191.

Jiang, T., G. Sweeney, M.T. Rudolf, A. Klip, A. Traynor-Kaplan, and R.Y.
Tsien, 1998. Membrane-permeant esters of phosphatidylinositol 3,4,5-tris-
phosphate. J. Biol. Chem. 273:11017–11024.

Johnson, R.P., and S.W. Craig. 1995. The carboxy-terminal tail domain of vin-
culin contains a cryptic binding site for acidic phospholipids. Biochem. Bio-
phys. Res. Commun. 210:159–164.

Keely, P.J., J.K. Westwick, I.P. Whitehead, C.J. Der, and L.V. Parise. 1997.
Cdc42 and Rac 1 induce integrin-mediated cell motility and invasiveness
through PI(3)K. Nature. 390:632–636.

Lu, P.-J., and C.-S. Chen. 1997. Selective recognition of phosphatidylinositol
3,4,5-trisphosphate by a synthetic peptide. J. Biol. Chem. 272:466–472.

Lu, P.-J., W.-R. Shieh, S.G. Rhee, H.L. Yin, and C.-S. Chen. 1996. Lipid prod-
ucts of phosphoinositide 3-kinase bind human profilin with high affinity.
Biochemistry. 35:14027–14034.

Maehama, T., and J.E. Dixon. 1999. PTEN: a tumor suppressor that functions
as a phospholipid phosphatase. Trends Cell Biol. 9:125–128.

Meredith, J.E., Jr., S. Winitz, J.M. Lewis, S. Hess, X.-D. Ren, M.W. Renshaw,
and M.A Schwartz. 1996. The regulation of growth and intracellular signal-
ing by integrins. Endocr. Rev. 17:207–220.

Miyamoto, S., H. Teramoto, O.A. Coso, J.S. Gutkind, P.D. Burbelo, S.K. Ak-
iyama, and K.M. Yamada. 1995. Integrin function: molecular hierarchies of
cytoskeletal and signaling molecules. J. Cell Biol. 131:791–805.

Miyamoto, S., H. Teramoto, J.S. Gutkind, and K.M. Yamada. 1996. Integrins
can collaborate with growth factors for phosphorylation of receptor tyrosine

kinases and MAP kinase activation: roles of integrin aggregation and occu-
pancy of receptors. J. Cell Biol. 135:1633–1642.

Murphy-Ullrich, J.E. 1995. Anti-adhesive proteins of the extracellular matrix:
thrombospondin, tenascin, and SPARC. Trends GlycoSci. Glycotechnol.
7:89–100.

Murphy-Ullrich, J.E., and M. Hook. 1989. Thrombospondin modulates focal
adhesions in endothelial cells. J. Cell Biol. 109:1309–1319.

Murphy-Ullrich, J.E., V.A. Lightner, I. Aukhil, Y.Z. Yan, H.P. Erickson, and
M. Hook. 1991. Focal adhesion integrity is downregulated by the alterna-
tively spliced domain of human tenascin. J. Cell Biol. 115:1127–1136.

Murphy-Ullrich, J.E., S. Gurusiddappa, W.A. Frazier, and M. Hook. 1993. Hep-
arin-binding peptides from thrombospondins 1 and 2 contain focal adhesion-
labilizing activity. J. Biol. Chem. 268:26784–26790.

Murphy-Ullrich, J.E., T.F. Lane, M.A. Pallero, and E.H. Sage. 1995. SPARC
mediates focal adhesion disassembly in endothelial cells through a follistatin-
like region and the Ca11-binding EF-hand. J. Cell. Biochem. 57:341–350.

Murphy-Ullrich, J.E., M.A. Pallero, N. Boerth, J.A. Greenwood, T.M. Lincoln,
and T.L. Cornwell. 1996. Cyclic GMP-dependent protein kinase is required
for thrombospondin and tenascin mediated focal adhesion disassembly. J.
Cell Sci. 109:2499–2508.

Otey, C.A., G.B. Vasquez, K. Burridge, and B.W. Erickson. 1993. Mapping of
the a-actinin binding site with the b1 integrin cytoplasmic domain. J. Biol.
Chem. 268:21193–21197.

Palecek, S.P., J.C. Loftus, M.H. Ginsberg, D.A. Lauffenburger, and A.F. Hor-
witz. 1997. Integrin-ligand binding properties govern cell migration speed
through cell-substratum adhesiveness. Nature. 385:537–540.

Pavalko, F.M., C.A. Otey, K.O. Simon, and K. Burridge. 1991. Alpha-actinin: a
direct link between actin and integrins. Biochem. Soc. Trans. 19:1065–1069.

Pavalko, F.M., G. Schneider, K. Burridge, and S.S. Lim. 1995. Immunodetec-
tion of alpha-actinin in focal adhesions is limited by antibody inaccessibility.
Exp. Cell Res. 217:534–540.

Plopper, G.E., H.P. McNamee, L.E. Dike, K. Bojanowski, and D.E. Ingber.
1995. Convergence of integrin and growth factor receptor signaling path-
ways within the focal adhesion complex. Mol. Biol. Cell. 6:1349–1365.

Reiske, H.R., S.-C. Kao, L.A. Cary, J.-L. Guan, J.-F. Lai, and H.-C. Chen. 1999.
Requirement of phosphatidylinositol 3-kinase in focal adhesion kinase-pro-
moted cell migration. J. Biol. Chem. 274: 12361–12366.

Rizzo, M.A., K. Shome, C. Vasudevan, D.B. Stolz, T.-C. Sung, M.A. Frohman,
S.C. Watkins, and G. Romero. 1999. Phospholipase D and its product, phos-
phatidic acid, mediate agonist-dependent Raf-1 translocation to the plasma
membrane and the activation of the mitogen-activated protein kinase path-
way. J. Biol. Chem. 274:1131–1139.

Rodriguez Fernandez, J.L., B. Geiger, D. Salomon, A. Ben Ze’ev. 1992. Over-
expression of vinculin suppress cell motility in Balb/C 3T3 cells. Cell Motil.
Cytoskeleton. 22:127–134.

Rodriguez Fernandez, J.L., B. Geiger, D. Salomon, A. Ben Ze’ev. 1993. Sup-
pression of vinculin expression by antisense transfection confers changes in
cell morphology, motility, and anchorage-dependent growth of 3T3 cells. J.
Cell Biol. 122:1285–1294.

Rodriguez-Viciana, P., P.H. Warne, A. Khwaja, B.M. Marte, D. Pappin, P. Das,
M.D. Waterfield, A. Ridley, and J. Downward. 1997. Role of phosphoinosi-
tide 3-OH kinase in cell transformation and control of the actin cytoskeleton
by Ras. Cell. 89:457–467.

Sampath, R., P.J. Gallagher, and F.M. Pavalko. 1998. Cytoskeletal interactions
with the leukocyte integrin b2 cytoplasmic tail. J. Biol. Chem. 273:33588–33594.

Shaw, L.M., I. Rabinovitz, H.H.-F. Wang, A. Toker, and A.M. Mercurio. 1997.
Activation of phosphoinositide 3-OH kinase by the a6b4 integrin promotes
carcinoma invasion. Cell. 91:949–960.

Theibert, A.B., G.D. Prestwich, T.R. Jackson, and L.P. Hammonds-Odie. 1997.
Identification of inositide binding proteins. In Signaling by Inositol Lipids
and Inositol Phosphates. S. Shears, editor. Oxford University Press. 117–150.

Toker, A., and L.C. Cantley. 1997. Signalling through the lipid products of
phosphoinositide-3-OH kinase. Nature. 387:673–676.

Toker, A., C. Bachelot, C.-S. Chen, J.R. Falck, J.H. Hartwig, L.C. Cantley, and
T.J. Kovacsovics. 1995. Phosphorylation of the platelet p47 phosphoprotein
is mediated by the lipid products of phosphoinositide 3-kinase. J. Biol.
Chem. 270:29525–29531.

Verschueren, H. 1985. Interference reflection microscopy in cell biology: meth-
odology and applications. J. Cell Sci. 75:279–301.

Wachsstock, D.H., W.H. Schwarz, and T.D. Pollard. 1993. Affinity of a-actinin
for actin determines the structural and mechanical properties of actin fila-
ment gels. Biophys. J. 65:205–214.

Wennstrom, S., P. Hawkins, F. Cooke, K. Hara, K. Yonezawa, M. Kasuga, T.
Jackson, L. Claesson-Welsh, and L. Stephens. 1994a. Activation of phospho-
inositide 3-kinase is required for PDGF-stimulated membrane ruffling. Curr.
Biol. 4:385–393.

Wennstrom, S., A. Siegbahn, K. Yokote, A.-K. Arvidsson, C.-H. Heldin, S.
Mori, and L. Claesson-Walsh. 1994b. Membrane ruffling and chemotaxis
transduced by the PDGF b-receptor require the binding site for phosphati-
dylinositol 39 kinase. Oncogene. 9:651–660.

Woods, A., and J.R. Couchman. 1992. Protein kinase C involvement in focal
adhesion formation. J. Cell Sci. 101:277–290.


