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Abstract. 

 

Cell migration represents an important cellu-
lar response that utilizes cytoskeletal reorganization as
its driving force. Here, we describe a new signaling cas-
cade linking PDGF receptor stimulation to actin rear-
rangements and cell migration. We demonstrate that

 

PDGF activates Cdc42 and its downstream effector
N-WASP to mediate filopodia formation, actin stress fi-
ber disassembly, and a reduction in focal adhesion com-
plexes. Induction of the Cdc42 pathway is independent
of phosphoinositide 3-kinase (PI3K) enzymatic activity,

 

but it is dependent on the p85

 

a

 

 regulatory subunit of

PI3K. Finally, data are provided showing that activation
of this pathway is required for PDGF-induced cell mi-
gration on collagen. These observations show the essen-
tial role of the PI3K regulatory subunit p85

 

a

 

 in control-
ling PDGF receptor–induced cytoskeletal changes and
cell migration, illustrating a novel signaling pathway
that links receptor stimulation at the cell membrane
with actin dynamics.
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Introduction

 

Directed cell migration is a critical feature of several physi-
ological and pathological processes, including develop-
ment, wound healing, atherosclerosis, immunity, angiogen-
esis, and metastasis. The migratory response involves actin
cytoskeleton reorganization, polarization, cell adhesion,
and detachment. Thus, migration requires cell communica-
tion with adjacent cells and with extracellular matrix com-

 

ponents (ECM),

 

1 

 

and is triggered by a gradient of chemo-

 

tactic factors, such as platelet-derived growth factor (PDGF;
Hynes, 1992; Kundra et al., 1994; Huttenlocher et al., 1995).
Among the pathways triggered by PDGF receptor (PDGF-
R) stimulation, previous studies point to phosphoinositide
3-kinase (PI3K) and the small G proteins of the Rho fam-
ily, Rac, as essential components mediating PDGF-induced
actin cytoskeletal reorganization and cell migration (Fru-
man et al., 1998; Hall, 1998; Heldin et al., 1998).

 

Class IA PI3Ks are heterodimers composed of a regula-
tory (p85) and a catalytic (p110) subunit that phosphory-
late phosphoinositides at position 3 of the inositol ring.
These products, which are present at a low concentration
in resting cells, increase after stimulation with various
growth factors including PDGF (Panayotou and Water-
field, 1992; Fruman et al., 1998). Activation of PI3K me-
diates cell survival and division, but also participates in
regulating cytoskeletal changes, such as PDGF-induced
lamellipodium formation (Wennström et al., 1994a).

The small G proteins of the Rho family also play an es-
sential role in regulating actin cytoskeleton dynamics.
Small G proteins are activated by the exchange of bound
GDP for GTP, stimulated by guanine nucleotide exchange
factors (GEF), and inactivated by GTPase activating pro-
teins and GDP dissociation inhibitors (for review see Lim
et al., 1996). The study of Rho family member function has
been facilitated by the use of genetically engineered con-
stitutive active mutants (such as V12-Cdc42), exhibiting
decreased intrinsic GTPase activity, and the use of domi-
nant negative mutants (such as N17-Cdc42) that exhibit
greater affinity for GDP than for GTP (Lim et al., 1996).
Rho small G proteins control the formation of filopodia
(Cdc42), lamellipodia (Rac), and actin stress fibers (Rho
A) (Ridley and Hall, 1992; Ridley et al., 1992; Nobes and
Hall, 1995; Kozma et al., 1995), and also control cell polar-
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Abbreviations used in this paper:

 

 Ab, antibody; DN, dominant nega-
tive; ECM, extracellular matrix; F-actin, filamentous actin; GEF, guanine
nucleotide exchange factors; N-WASP, N-Wiskott-Aldrich Syndrome fam-
ily protein; LPA, lysophosphatidic acid; PDGF, platelet-derived growth

 

factor; PDGF-R, PDGF receptor;

 

 

 

PI3K, phosphoinositide 3-kinase. 
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ization (Nobes and Hall, 1999) as well as cell adhesion. In
fact, Rho A induces formation of focal adhesions, and
Rac/Cdc42 induce formation of peripheral focal contacts
(Ridley and Hall, 1992; Nobes and Hall, 1995; Burridge et
al., 1988). Several effectors of activated Rho family pro-
teins have been described previously (for reviews see Lim
et al., 1996; Aspenstrom, 1999); of these, a number of stud-
ies have recently focused on N-WASP, a Cdc42 effector
that belongs to the family of Wiskott-Aldrich syndrome
proteins (WASP) that, in association with the Arp 2/3
complex, can induce actin polymerization (Symons et al.,
1996; Rohatgi et al., 1999; Mullins et al., 1998; Zigmond,
1998; Machesky and Insall, 1999).

PDGF is a physiological chemotactic factor for fibro-
blasts that triggers several cytoskeletal changes including
lamellipodium formation, a decrease in actin stress fibers,
and a reduction in adhesion complexes (Bockus and Stiles,
1984; Ridley and Hall, 1994; Wennström et al., 1994a).
Whereas the mechanism involved in PDGF induction of
lamellipodia is well-established and known to involve the
activation of PI3K and Rac (Hawkins et al., 1995), the
mechanisms by which PDGF alters stress fibers and adhe-
sion complexes is unclear. Here, we analyzed the PDGF-
R–induced pathways that might be involved in promoting
these cytoskeletal changes. These studies revealed that
PDGF activates Cdc42, which in turn mediates filopodia
formation, a decrease in actin stress fibers, and a reduction
in focal adhesion complexes. We find that activation of the
Cdc42 pathway is independent of PI3K activity, but de-
pendent on the p85

 

a

 

 regulatory subunit of PI3K. We show
that the downstream effector of Cdc42, N-WASP, is essen-
tial not only for PDGF-induced filopodia formation (Miki
et al., 1998), but also contributes to the PDGF-induced
disassembly of actin stress fibers and adhesion complexes.
Finally, we show that induction of this pathway contrib-
utes to PDGF-induced cell migration on collagen. To-
gether, these results reveal a novel signaling function for
the p85 PI3K regulatory subunit. The activation of this
cascade, involving PDGF-R, the regulatory subunit of
PI3K, Cdc42, and N-WASP, represents a new signaling
pathway that links cell-surface receptors to actin cytoskel-
etal dynamics and cell migration.

 

Materials and Methods

 

Antibodies and Reagents

 

The following antibodies (Abs) were used: antihemagglutinin (HA) mAb
(12CA5) (BAbCO), anti-myc mAb (9E10) (Evan et al., 1985), anti-p85
polyclonal Ab (catalogue No. 06-195; Upstate Biotechnology), antipaxillin
mAb (Transduction Laboratories), anti–N-WASP polyclonal Ab (donated
by Drs. H. Miki and T. Takenawa, Institute of Medical Science, Tokyo, Ja-
pan; Miki et al., 1998), and Cy2- and Cy3-conjugated anti-mouse and anti-
rabbit Abs (Jackson ImmunoResearch Laboratories). Anti-p110

 

b

 

 Ab was
a gift of Dr. D. Waterfield (Ludwig Institute for Cancer Research, Lon-
don, UK; Vanhaesebroek et al., 1999). FITC-phalloidin was from Sigma
Chemical Co.; PDGF-BB was from Upstate Biotechnology; collagen type
VI was from Sigma Chemical Co.; G418 was from GIBCO BRL; and glu-
tathione-Sepharose 4B was from Amersham Pharmacia Biotech.

 

Cell Culture and Stable Cell Line Preparation

 

NIH-3T3 cells and derivatives were maintained in DME (BioWhittaker)
containing 10% calf serum (GIBCO BRL). Cultures were maintained in a
humidified atmosphere at 37

 

8

 

C, 10% CO

 

2

 

. To study cytoskeletal changes
after cell stimulation, cells were preincubated for 16 h in medium contain-
ing 0.1% serum; this decreased serum-mediated signals but maintained via-
bility. p65

 

PI3K

 

 and p85

 

a

 

 NIH-3T3 stable cell lines were previously described
(Jiménez et al., 1998). NIH-3T3 p110-CAAX stable lines were obtained by
transfection (2 

 

3 

 

10

 

5

 

 NIH-3T3 cells) with 3 

 

m

 

g of pSG5-N-myc-p110-
CAAX (Jiménez et al., 1998) plus 1 

 

m

 

g of pSV-Neo using the Tfx-50 trans-
fection reagent (Promega) as indicated by the manufacturer. Transfected
clones were selected in medium containing G418 (2 mg/ml). N-myc-p110-
CAAX was poorly recognized in Western blot by anti-myc or anti-p110

 

a

 

Abs. Therefore, p110-CAAX expression was examined in the selected
clones by immunoprecipitation of cell lysates using anti-myc mAb, fol-
lowed by in vitro PI3K assays using phosphatidylinositol-(4,5)-biphosphate
(Sigma Chemical Co.) as a substrate as previously described (Jiménez et
al., 1998). For studies on collagen, plates were incubated overnight at 4

 

8

 

C
with a 20-

 

m

 

g/ml collagen VI solution in water. PAE cells expressing wt-
PDGF

 

b

 

-R and the F740/F751-PDGF

 

b

 

-R were provided by Drs. P. Haw-
kins (Barbraham Instititute, Cambridge, UK) and L. Claesson Welsh (Lud-
wig Institute for Cancer Research, Uppsala, Sweden; Wennström et al.,
1994b), and were maintained in Ham’s F12 nutrient mixture (GIBCO
BRL) containing 10% FCS.

 

Constructs, Transient Transfections,
and Microinjection

 

The following constructs were used: pSG5-HA-tagged-p65

 

PI3K

 

, pSG5-HA-
p85

 

a

 

, pSG5-N-myc-p110, pSG5-N-myc-p110CAAX, LXV-myc-N17-Rac
(DN-Rac), were previously described (Jiménez et al., 1998). LXV-myc-
N17-Cdc42 (DN-Cdc42), PcEXV-myc-Cdc42 (wtCdc42), and LXV-myc-

Figure 1. PDGF receptor stimulation induces
actin stress fiber disassembly and a decrease in
focal adhesion complexes. NIH-3T3 cells were
incubated for 16 h in 0.1% serum. After starva-
tion, cells were incubated for 10 min with me-
dium, or with PDGF (50 ng/ml), or with LPA (10
ng/ml), or with a combination of LPA (10 ng/ml)
and PDGF (50 ng/ml). Cells were stimulated,
fixed, and stained for filamentous actin using
FITC-conjugated phalloidin and for paxillin dis-
tribution by indirect immunofluorescence. Im-
ages were collected by confocal microscopy. Pax-
illin images in PDGF-treated samples were
overexposed to detect the low intensity periph-
eral focal adhesion complexes. The figure illus-
trates one representative experiment of five per-
formed with similar results. Bar, 100 mm.
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V12-Cdc42 (v-Cdc42) were donated by Dr. A. Hall (MRC Laboratory for
Molecular Cell Biology, London, UK. pEF-Bos-myc-V14-Rho (v-Rho)
was donated by Dr. J. Downward (Imperial Cancer Research Fund, Lon-
don, UK; Rodríguez-Viciana et al., 1997). PcDL-SRa-N-Wasp and PcDL-
SRa-

 

D

 

cof-N-Wasp (lacking amino acids 473–476: KRSK) were donated by
Drs. H. Miki and T. Takenawa (Miki et al., 1998), and the Gex-2T-CRIB
domain of Pak-1 was previously described (Sander et al., 1998). The
SH3Bcr mutant was obtained by PCR and encompassed the region be-
tween base pair 30 and 1,115 of p85

 

a

 

; this fragment (containing BamHI
sites at both ends) was subcloned into the BamHI site of the pcDNA
3-HA vector. The p50

 

a

 

 alternative splice form of p85

 

a

 

 was generously do-
nated by Dr. L. Cantley (Harvard Medical School, Boston, MA; Fruman
et al., 1996). For immunofluorescence studies, transient transfection was
performed using calcium phosphate (2 

 

3 

 

10

 

5

 

 NIH-3T3 cells, 5 

 

m

 

g cDNA).
For high efficiency transfections (for Cdc42 activity and cell migration as-
says), cells were transfected using Lipofectamine plus (GIBCO BRL) fol-
lowing the manufacturer’s instructions (1.7 

 

3 

 

10

 

6

 

 NIH-3T3 cells, 10 

 

m

 

g
cDNA), which yielded 

 

z

 

60% transfection efficiency. Transfected samples
were incubated for 16 h in medium containing 10% serum, to allow exoge-
nous protein expression, before starvation in medium containing 0.1% se-
rum for an additional 16 h. For microinjection, cells were seeded sparingly
on coverslips and starved for 16 h before microinjection in DME contain-
ing 0.1% serum. cDNA (0.2 mg/ml in 10 mM sodium phosphate, pH 7.2,

80 mM sodium chloride) or Abs (0.2 mg/ml anti-p110

 

b

 

 Ab or a 1:5 dilu-
tion of anti-p85 Ab in PBS) were microinjected using an automated injec-
tion system (AIS; Carl Zeiss) equipped with an Eppendorf microinjector
5242. After microinjection, cells were incubated in DME-0.1% serum at
37

 

8

 

C for 3 h (DNA injections) or 45 min (Ab injections) before analysis.

 

Biochemistry, Immunofluorescence, Videomicroscopy, 
and Cdc42 Activity Assay

 

Cells collected by trypsinization were lysed as previously described
(Jiménez et al., 1998). For immunoprecipitation, lysates (300 

 

m

 

g) were in-
cubated for 3 h with 1 

 

m

 

g of purified Ab or 2 

 

m

 

l of polyclonal Ab, followed
by a 1-h incubation with protein A-Sepharose. Immunoprecipitation, SDS-
PAGE, and Western blotting were performed as previously described
(Jiménez et al., 1998). For immunofluorescence, cell samples were cultured
on coverslips in medium containing 0.1% serum for 16 h, fixed in 4%
paraformaldehyde in PBS, permeabilized in 0.3% Triton X-100, and
blocked with 0.5% BSA and 1% FCS in PBS. After incubation with pri-
mary antibodies, cells were stained with Cy3- or Cy2-conjugated anti-
mouse or anti-rabbit Ab. Filamentous actin was stained with FITC-conju-
gated phalloidin. Confocal microscopy was performed using a Leica laser
scanning confocal microscope. For videomicroscopy studies, immunofluo-
rescent videomicroscopy yielded better results than phase-contrast videos,

Figure 2. The PDGF-induced decrease in stress
fibers is blocked by dominant negative mutants
of Cdc42. (A) NIH-3T3 cells (2 3 105) were
transfected with cDNA encoding myc-N17-Rac
(DN-Rac, 5 mg) or myc-N17-Cdc42 (N17-Cdc42,
5 mg; indicated) using calcium phosphate. Trans-
fected cells were incubated for 16 h in medium
containing 10% serum to allow exogenous pro-
tein expression, and then incubated for an addi-
tional 16-h period in medium containing 0.1%
serum. Cells were stimulated as in Fig. 1, fixed,
and stained with FITC-phalloidin. Transfected
cells (indicated by an arrow) were detected by si-
multaneous indirect immunofluorescence using
anti-myc primary Ab. The figure illustrates that
DN-Cdc42 blocks PDGF-induced stress fiber
disassembly, whereas DN-Rac inhibits PDGF-
induced lamellipodial extensions, enhancing
detection of PDGF-induced filopodium-like
structures. (B) 2 3 105 NIH-3T3 cells were
transfected with cDNA encoding GFP (2.5 mg)
or with cDNA encoding GFP plus cDNA encod-
ing DN-Rac (2.5 mg each). Cells were incubated
as in A, and videos were filmed before and upon
addition of PDGF (50 ng/ml) with images taken
every 15 s using a Leica laser confocal micro-
scope and TCS-NT software. The figure shows
selected time points after PDGF treatment. One
representative experiment of five performed
with similar results is shown. Bars, 100 mm.
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and, thus, cells were transfected either with the GFP control vector or with
the GFP control vector plus the vector encoding DN-Rac or DN-Cdc42.
After 16 h, cells were incubated in 0.1% serum for an additional 16 h and
filmed before and after the addition of PDGF (50 ng/ml); images were
taken every 15 s using a Leica laser confocal microscope and TCS-NT soft-
ware. Preparation of GST or GST-Pak-1 columns and detection of acti-
vated Cdc42 was previously described (Sander et al., 1998). In brief, NIH-
3T3 cells transfected with cDNA encoding wtCdc42 (or v-Cdc42) were
incubated, starved, and stimulated (see Figs. 3 and 5 B). Cells were lysed,
lysates were normalized for protein content, and 400 

 

m

 

g of the samples were
incubated on a GST-glutathione-Sepharose column or a GST-Pak-1-glu-
tathione-Sepharose column for 30 min at 4

 

8

 

C. Columns were washed with ly-
sis buffer and column-bound myc-wt-Cdc42 was examined after resolving
the retained material in SDS-PAGE by Western blot using anti-myc mAb.

 

Cell Migration

 

For migration assays, NIH-3T3 cells were transiently transfected with the
indicated constructs. Transfection efficiency (

 

z

 

60%) was estimated by
cotransfecting a plasmid encoding green fluorescent protein (pE-GFP-N;
CLONTECH Laboratories, Inc.). Migration was studied in 96-well micro-
chambers using polyvinylpyrrolidone-free filters (10-

 

m

 

m pores; Neuro
Probe Inc.) precoated (for 16 h at 4

 

8

 

C) with 20 

 

m

 

g/ml type VI collagen
(Sigma Chemical Co.). Assays were performed with different numbers of
cells in the top wells and different PDGF concentrations in the serum-free
medium in the bottom wells. Linearity was observed (in 5-h assays) using
1–2 

 

3 

 

10

 

5

 

 cells/well and 1–100 ng/ml of PDGF. Chambers were incubated
for 5 h at 37

 

8

 

C in a humidified atmosphere with 10% CO

 

2

 

. After incuba-
tion, filters were removed and the nonmigrating cells in the top part were
wiped off. The migrating cells remaining on the bottom part of the filters
were fixed and stained with a crystal violet solution (0.5% crystal violet
and 20% methanol). Migration was quantitated by densitometry of the
corresponding violet spots (National Institutes of Health Image software).
The migration index was calculated as the ratio of migration observed in
the presence of PDGF and divided by the migration observed with the me-
dium alone. The percent cell migration was calculated by comparing the
migration index of control cells (considered 100%) with that of the trans-
fected samples. The proportion of the input NIH-3T3 cells that migrated in
response to PDGF (100 ng/ml) was calculated by cell counting and con-
firmed by measuring the OD at 595 nm of the migrating cells stained with
crystal violet. This value was interpolated on a standard curve representing
known numbers of cells versus their corresponding OD values.

 

Results

 

PDGF Induces Filopodia Formation, a Decrease in 
Actin Stress Fibers, and a Reduction of Adhesion 
Complexes via Cdc42

 

Here, we examine the mechanisms mediating PDGF-
induced cytoskeletal changes in NIH-3T3 cells. PDGF
treatment not only induces membrane ruffling and lamelli-
podial extensions, but also a decrease in LPA-stimulated
actin stress fibers and focal adhesions (Fig. 1; Bockus and
Stiles, 1984; Ridley and Hall, 1994; Wennström et al., 1994b).

Previous studies have shown that constitutive active
forms of Rac or Cdc42 inhibited Rho A activation and
LPA-induced (Rho A–dependent) actin stress fiber for-
mation (Dutartre et al., 1996; Manser et al., 1997; Sander
et al., 1999). We subsequently investigated whether
Cdc42- or Rac-dependent signaling pathways were re-
sponsible for the inhibition of stress fibers and the adhe-
sion complexes observed in PDGF-treated cells using
dominant negative (DN) interfering mutants. Expression
of DN-Rac in PDGF-treated cells partially restored actin
stress fiber formation in 

 

z

 

10% of the cells, although it ef-
ficiently inhibited Rac-dependent lamellipodium forma-
tion (in 

 

.

 

95% of the cells; Fig. 2 A). In addition, expres-
sion of DN-Rac, which increases filopodia stability (Nobes
and Hall 1995), revealed the formation of filopodium-like
structures in the majority of the transfected cells (Fig. 2

A). In contrast, expression of DN-Cdc42 efficiently re-
stored actin stress fiber formation in PDGF-treated cells
(in 60% of the cells), and also diminished Rac-dependent
membrane ruffling (in 50% of the cells; Fig. 2 A). Trans-
fection of DN-Rac and DN-Cdc42 in these experiments
yielded similar expression levels (not shown). The greater
ability of DN-Cdc42 compared with DN-Rac to restore

Figure 3. Stimulation of fibroblasts with PDGF activates Cdc42.
1.7 3 106 NIH-3T3 cells were transfected with 10 mg of control
cDNA, cDNA encoding myc-wt-Cdc42, or myc-V12-Cdc42 (myc-
v-Cdc42). After transfection, cells were incubated as in Fig. 2. In
A, PDGF-R stimulation (50 ng/ml) was performed for the indi-
cated periods of time (in minutes). (A) Lysates were resolved in
12% SDS-PAGE (60 mg, lane), transferred to nitrocellulose, and
membranes were blotted with anti-myc Ab (top). Alternatively,
lysates were immunoprecipitated (300 mg/sample) using anti-myc
Ab, and the PI3K activity associated with myc-Cdc42 was mea-
sured in vitro (bottom). (B) Cdc42 expression in the transfected
samples (indicated) was analyzed as in A, or, alternatively, ly-
sates (300 mg/sample) were passed through a GST-glutathione-
Sepharose column (control) or a Pak-1-GST-glutathione-
Sepharose column. The Myc-Cdc42 bound to the columns was
examined by Western blot using anti-myc Ab. (C) Cells were
transfected, starved, and stimulated for 5 min with PDGF and
LPA (doses as in Fig. 2 C). Cell lysates were processed as in B.
Specific wt-Cdc42 binding to Pak-1 columns is seen in PDGF-
stimulated cells. The figure illustrates one representative experi-
ment of three performed with similar results.
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stress fiber formation in PDGF-treated cells was con-
firmed in microinjection experiments (data not shown).

Neither DN-Rac nor DN-Cdc42 had a significant effect
on actin stress fiber content in LPA-treated cells, but DN-
Cdc42 expression allowed efficient stress fiber formation
in 

 

z

 

60% of PDGF- plus LPA-treated cells (Fig. 2 A). DN-
Cdc42 expression also allowed efficient formation of focal
adhesion complexes both in PDGF and in PDGF-plus
LPA-treated cells (not shown). These results confirm that
PDGF-induced lamellipodium formation is Rac-depen-
dent, but also reveal that the decrease in actin stress fibers
and adhesion complexes is mediated mainly via a Cdc42-
dependent pathway.

To check that PDGF induces filopodia formation, con-
trol cells or cells transfected with DN-Rac or DN-Cdc42
were PDGF-stimulated and examined by time-lapse video
microscopy. Evolution of filopodial structures was ob-

 

served in PDGF-treated cells (Fig. 2 B) and in DN-Rac–
expressing cells (Fig. 2 B, filopodia observed for pro-
longed periods of time). However, filopodia formation
was not observed in cells expressing DN-Cdc42 (not
shown). We conclude that PDGF induces filopodia forma-
tion and inhibits actin stress fibers as well as adhesion
complexes via a Cdc42-dependent pathway.

 

PDGF Activates Cdc42

 

To determine whether PDGF activates Cdc42, we consid-
ered that activated Cdc42 binds to the p85

 

a

 

 regulatory
subunit of PI3K (Tolias et al., 1995). Thus, we examined
the ability of PDGF to induce p85

 

a

 

 association to Cdc42
by measuring p85/p110 lipid kinase activity in Cdc42
immune complexes (Fig. 3 A). Whereas recombinant
v-Cdc42 stably associated p85/p110 in starved cells, wt-
Cdc42 only bound p85/p110 after PDGF-R stimulation;

Figure 4. Increased p85a-
PI3K regulatory subunit ex-
pression induces a decrease in
actin stress fibers and adhe-
sion complexes. (A) N-myc-
p110-CAAX stable NIH-3T3
cells were prepared as de-
tailed in Materials and Meth-
ods. Lysates of selected clones
(200 mg/sample) were immu-
noprecipitated with anti-myc
Ab, and the associated PI3K
activity was tested in vitro as
in Fig. 3 A. Two representa-
tive N-myc-p110-CAAX–pos-
itive clones (lanes 2 and 3) are
shown. (B) NIH-3T3 stable
transfectants expressing p110-
CAAX, HA-p85a, or HA-
p65PI3K (indicated) were incu-
bated in 0.1% serum for 16 h.
Cells were subsequently fixed
and stained for filamentous
actin using FITC-conjugated
phalloidin as in Fig. 1. (C)
Cells were treated as in B and
stained for paxillin distribu-
tion by indirect immunofluo-
rescence as in Fig. 1. (D)
NIH-3T3 cells preincubated
in medium containing 0.1%
serum were microinjected
with different cDNAs (0.2
mg/ml) encoding HA-p65PI3K,
HA-p85a, or HA-p65PI3K plus
cDNA encoding N-myc-wt-
p110. Cells were incubated
for 3 h and subsequently fixed
and stained simultaneously
with FITC-phalloidin and
anti-HA Ab. Phalloidin stain-
ing is illustrated; microin-
jected HA-positive cells are
indicated by an arrow. In the
bottom right panel, HA stain-
ing is shown for the p85a sam-

ple. (E) NIH-3T3 cells were transfected with cDNA encoding either SH3Bcr mutant or p50a, and cells were incubated and stained as in Fig.
2. Quantitation of fluorescence intensity of F-actin (in arbitrary units) in the indicated cross-sections is shown beneath the SH3Bcr and p50
panels. The figure illustrates one representative experiment of four performed with similar results. Bars, 100 mm.
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this association was transient, with maximum levels de-
tected at 

 

z

 

5 min (Fig. 3 A). Formation of this complex
was confirmed by Western blotting (not shown).

Activation of Cdc42 by PDGF was validated by an alter-
native method, using the previously described pull-down as-
say, based on the ability of activated Cdc42 and Rac to asso-
ciate to the CRIB region of their effector Pak-1 (Sander et
al., 1998). To optimize the method, we first confirmed that
the activation of Rac by PDGF results in increased Rac as-
sociation to the GST-Pak columns (not shown) in agree-
ment with previous reports (Wennström et al., 1994a,b; Sander
et al., 1998). In addition, we confirmed that v-Cdc42, but
not wt-Cdc42, bind to GST-Pak-1 columns (Fig. 3 B; Sander
et al., 1999). Finally, we find that PDGF treatment, alone or
in combination with LPA, induces the association of wt-
Cdc42 to GST-Pak-1 columns (Fig. 3 C). Therefore, PDGF-
R stimulation induces Cdc42 activation and its transient as-
sociation to the regulatory subunit of PI3K.

 

The PI3K Regulatory Subunit Induces Filopodia 
Formation, a Decrease in Actin Stress Fibers, and a 
Reduction in Adhesion Complexes

 

PDGF treatment induces activation and translocation of
p85/p110 PI3K to its receptor, an essential event for Rac-
mediated lamellipodium formation (Klippel et al., 1992;
Wennström et al., 1994a,b). The molecular basis for Cdc42
activation after PDGF-R stimulation nonetheless remains
unclear. We previously noticed that cells expressing p85

 

a

 

or its truncation product p65

 

PI3K

 

 (Jiménez, et al., 1998)
exhibited filopodium-like extensions and contained de-
creased numbers of actin stress fibers (our unpublished
observations). Thus, we decided to study the ability of
PI3K regulatory subunit to mediate actin cytoskeleton
changes in greater detail. We have compared the pheno-
types of cells expressing p110-CAAX (a constitutive active
mutant of the p110 catalytic subunit; Jiménez et al., 1998),
the p85

 

a

 

 regulatory subunit, or p65

 

PI3K 

 

(a p85 mutant that
enhances p110 activation; Jiménez et al., 1998). p85

 

a

 

 and
p65

 

PI3K

 

 stable cell lines have been described previously
and express transfected proteins at levels similar to that of
endogenous p85

 

a

 

 (Jiménez et al., 1998); p110-CAAX cell
lines, described here, were prepared similarly (Fig. 4 A).

Whereas most p110-CAAX cells exhibited a flattened
morphology, extended lamellipodia (60%), and contained
stress fiber numbers similar to those of control cells
(

 

.

 

90%; Fig. 4 B), cells expressing p85

 

a

 

 (90%) were elon-
gated, did not extend lamellipodia, and contained fewer
stress fibers than mock-transfected cells (Fig. 4 B). p65

 

PI3K

 

cells showed lamellipodial extensions, as did p110-CAAX
cells, but similar to p85

 

a

 

 cells, most p65

 

PI3K

 

 cells (75%)
were elongated and contained fewer actin stress fibers
than the controls (Fig. 4 B). In addition, p110-CAAX cells
(90%) showed abundant paxillin-containing focal adhe-
sion complexes, whereas p85

 

a

 

 cells (90%) and p65

 

PI3K

 

cells (75%; Fig. 4 C) had a lower number of focal adhesion
complexes and contained smaller focal contacts located
at the peripheral extensions. In conclusion, expression
of constitutively activated mutants of PI3K induced la-
mellipodium formation, whereas expression of p85

 

a

 

 and
p65

 

PI3K

 

 regulatory molecules induced a decrease in actin
stress fibers and adhesion complexes.

 

Similar phenotypes were observed in cells microinjected
with plasmids encoding the different PI3K forms and ana-
lyzed 3 h later. Microinjection of p110-CAAX (not shown)
induced a phenotype similar to that observed in p110-
CAAX stable cell lines (Fig. 4 B). In a majority of cells,
expression of p65

 

PI3K

 

 or p85

 

a

 

 (75 and 90%, respectively)
induced a decrease in stress fibers compared with the sur-
rounding noninjected cells (Fig. 4 D), although at these
short times only 50% of the cells exhibited an elongated
morphology. Thus, it appears that whereas the decrease in
fibers occurs shortly after p85 expression, the change in
cell morphology is more efficient in stable transfectants
and, therefore, it may depend on gene expression associ-
ated to the prolonged expression of the PI3K regulatory
subunit. In addition, the short-term analysis upon micro-
injection revealed that 

 

z

 

30% of p65

 

PI3K

 

 or p85

 

a

 

-micro-
injected cells showed formation of filopodium-like structures
(Fig. 4 D). The appearance of filopodia in p85

 

a

 

-express-
ing cells was confirmed by videomicroscopy (not shown).
Cells microinjected with p85

 

a

 

 or p65

 

PI3K

 

 regulatory sub-
units in combination with wt-p110 also showed a decrease
in actin stress fibers and, in the case of p65

 

PI3K

 

, exhibited
lamellipodial extensions (Fig. 4 D). Microinjected cells
were detected by indirect immunofluorescence using anti-
HA Ab, which also revealed the cytosolic–perinuclear lo-
calization of the majority of p85

 

a

 

 (Fig. 4 D, lower left),
similar to that of endogenous p85

 

a and most p65PI3K and
p110-CAAX proteins (not shown).

As v-Cdc42 induces filopodia formation and decreases
actin stress fibers (Nobes and Hall, 1995; Manser et al.,
1997), our results showing that p85 and p65PI3K expression
also induce these changes suggest that the regulatory sub-
unit of PI3K may trigger a Cdc42-dependent pathway.
Considering that p85 associates with Cdc42, we next exam-
ined whether p85 association to Cdc42 was required for
the regulatory subunit of PI3K to induce actin cytoskele-
ton changes. Association of Cdc42 to p85 occurs through
the Bcr homologous domain of p85 (Zheng et al., 1994).
Thus, we examined the phenotype of cells expressing a
mutant encompassing the SH3-Bcr regions of p85a and
the phenotype of cells expressing p50a, which is an alter-
native splice form of p85a that lacks the SH3 and the Bcr
regions (Fruman et al., 1996). Whereas expression of the
SH3-Bcr mutant induced stress fiber loss (in .95% of the
cells; Fig. 4 E) and triggered formation of filopodium-like
extensions (not shown), p50a expression did not appar-
ently affect actin cytoskeleton (Fig. 4 E). In addition, ex-
pression of the SH3-Bcr mutant, but not of p50a, was able
to inhibit LPA-induced stress fibers and adhesion com-
plexes (not shown). Quantitative examination of filamen-
tous actin (F-actin) fluorescence intensity along a cross-
section of these cells is shown beneath the SH3-Bcr and
p50 panels (Fig. 4 E). This examination confirms that in
SH3-Bcr–expressing cells, F-actin is located in the cell cor-
tex, and that the pattern with multiple peaks correspond-
ing to actin stress fibers is lost. However, in cells express-
ing p50a, a similar pattern to that of control cells is
obtained. These observations suggest that only the p85
forms containing the Bcr homologous region (p85, p65PI3K,
and the SH3-Bcr mutant) are capable of inducing a de-
crease in actin stress fibers and adhesion complexes.

In conclusion, these studies reveal a novel function for
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the PI3K regulatory subunit, which induces filopodia for-
mation, a decrease in actin stress fibers, and induces a re-
duction in focal adhesion complexes, resembling the
Cdc42-dependent cytoskeletal changes induced by PDGF.
Induction of these changes by p85 appears to depend on
the ability of p85a to bind Cdc42, since p50a, which does
not bind Cdc42, failed to induce these changes.

The Decrease in Stress Fibers Induced by the PI3K 
Regulatory Subunit Is Mediated by Cdc42

The increased expression of the PI3K regulatory subunit
reduces the basal stress fiber content of cells cultured in
low serum conditions (Fig. 4). In addition, p85a expression
also inhibited the fibers induced by LPA treatment (in
.95% of the cells) and by v-Rho expression (in .75% of
the cells) (Fig. 5 A), whereas expression of wt or constitu-
tively active p110 did not significantly affect stress fiber
content (not shown).

We previously have shown that the decrease in actin
stress fiber formation induced by PDGF was mediated
mainly via Cdc42 (Fig. 2). We next examined whether p85a
expression also induced inhibition of actin stress fibers via
Cdc42. Microinjection of cDNA encoding DN-Cdc42 in
combination with p85 cDNA restored actin stress fiber for-
mation (in .95% of the cells; Fig. 5 A), whereas microin-
jection of DN-Rac showed only a minor effect (restoring
stress fibers formation in z10% of the cells; not shown).
Microinjection of DN-Cdc42 also blocked the decrease in
stress fibers in cells expressing p65PI3K plus p110 (in .95%
of the cells; Fig. 5 A). Therefore, p85a (and p65PI3K) ex-
pression induced a decrease in actin fibers via Cdc42.

We next analyzed whether Cdc42 was activated in cells
overexpressing p85a or p65PI3K as described above (Fig. 3,
A and B). Examination of Cdc42 bound to PI3K (Fig. 5 B)
and examination of Cdc42 bound to GST-Pak-1 columns
(not shown) showed that, in cells overexpressing p85a or
p65PI3K, a small Cdc42 fraction was activated. In conclu-
sion, overexpression of p65PI3K or p85a mediates a de-
crease in actin stress fibers via Cdc42.

The PI3K Regulatory Subunit Mediates PDGF-induced 
Cdc42-dependent Cytoskeletal Changes

Examination of cells expressing PI3K mutants suggested
that activation of the Cdc42 pathway is independent of
PI3K activity, but could be engaged via the p85 regulatory
subunit. To examine whether PI3K activity is required for
PDGF-induced Cdc42-dependent cytoskeletal changes,
we analyzed the phenotype of cells treated with PDGF in
the presence of PI3K activity inhibitors. PI3K inhibitors
were effective in blocking PI3K activity–dependent lamel-
lipodium formation (in .95% of the cells; Fig. 6 A, wort-
mannin; Ly-294002, not shown). However, these inhibitors
only moderately affected the ability of PDGF to decrease
actin stress fibers (Fig. 6 A), with a partial formation of ac-
tin stress fibers observed in z15% of the cells. This shows
that the PDGF-induced reduction in stress fibers is, to a
large extent, independent of PI3K activity.

We next examined whether binding of the PI3K regula-
tory subunit to the PDGF-R (Klippel et al., 1992) was es-
sential for PDGF-induced Cdc42-dependent cytoskeletal

Figure 5. Expression of the p85a regulatory subunit of PI3K in-
hibits LPA and v-Rho–induced stress fibers. (A) 2 3 105 NIH-
3T3 cells were transfected as in Fig. 2 with control cDNA, cDNA
encoding HA-p85a, myc-v-Rho, or HA-p85a plus myc-v-Rho.
Other cells (serum-starved) were microinjected with HA-p85a
plus myc-DN-Cdc42 or with HA-p65PI3K plus N-myc-wt-p110
plus myc-DN-Cdc42. After transfection, cells were incubated, se-
rum-starved, and activated as in Fig. 2. After microinjection, cells
were incubated for 3 h before activation as in Fig. 2. Cells were
fixed and stained simultaneously with FITC-phalloidin (de-
picted) and with anti-myc or anti-HA Ab (indirect immunofluo-
rescence, not shown) to detect positive transfected cells (indi-
cated by an arrow). The figure represents one experiment of five
performed with similar results. (B) Samples were transfected
with wt-Cdc42 combined with control vector, vector encoding
p85a, or vector encoding p65PI3K (indicated). After transfection,
cells were incubated as in Fig. 2. Lysates were resolved in 10%
SDS-PAGE (60 mg per lane), transferred to nitrocellulose, and
membranes were blotted with either anti-p85 Ab (top) or anti-
myc Ab (middle). Alternatively, lysates were immunoprecipi-
tated (300 mg/sample) using anti-myc Ab, and the associated
PI3K activity was examined as in Fig. 3 A. The figure illustrates
one representative experiment of three performed with similar
results. Bar, 100 mm.
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changes. To this end, we analyzed the consequences of
blocking p85 translocation by sequestering this molecule
with microinjected anti-p85 Ab. The antibodies were
highly specific, as demonstrated by their specificity in de-

tecting p65PI3K and p85 in Western blot (Fig. 5 B), and
their selective ability to immunopurify p85/p110 com-
plexes from [35S]methionine-labeled cells (not shown). Mi-
croinjection of anti-p85 Ab reduced PI3K activity–depen-
dent lamellipodium formation in z80% of injected cells
since it blocked the p85/p110 complex translocation to the
cell membrane receptor, indicating that the treatment was
effective (Fig. 6 B). In addition, injected cells (80%)
showed higher levels of actin stress fibers than the sur-
rounding noninjected cells, suggesting that impairing p85
localization to the receptor inhibits the PDGF-induced
Cdc42-dependent decrease in actin stress fibers (Fig. 6 B).
As a control, microinjection of p110b-specific Ab had no
significant effect on PDGF-induced cytoskeletal changes
(Fig. 6 B), although they inhibit p110b kinase activity (not
shown) as described previously (Vanhaesebroek et al.,
1999; Hooshmand-Rad et al., 2000).

As an alternative approach to confirm that p85 translo-
cation to the PDGF-R was required for PDGF to induce
the Cdc42-dependent decrease in actin bundles and adhe-
sion complexes, we examined the phenotypes of cells ex-
pressing a PDGFb-R mutant containing two point muta-
tions at the p85 interaction sites (Tyr740 and Tyr751;
Wennström et al., 1994b). For these experiments, wild-
type and Phe740/Phe751 PDGFb-R were expressed in
PAE cells, which do not express endogenous PDGFb-R.
In these cells, wt-PDGFb-R mediated the inhibition of
stress fibers and induction of lamellipodia (in z80% of the
cells), whereas the Phe740/Phe751 PDGFb-R mutant not
only failed to induce lamellipodium formation (Wenn-
ström et al., 1994b), but also failed to decrease the levels of
actin stress fibers (in .90% of the cells; Fig. 6 C) and ad-
hesion complexes (not shown). In conclusion, activation of
the Cdc42 pathway by PDGF is largely independent of
PI3K activity, but requires translocation of the PI3K regu-
latory subunit to its receptor.

N-WASP Participates in Mediating the 
Cdc42-dependent Decrease in Actin Stress Fibers

It has been shown that a-Pak contributes to mediating the
decrease in stress fibers observed in cells expressing v-Rac
or v-Cdc42 (Manser et al., 1997; Zhao et al., 1998). How-
ever, as the PDGF-induced decrease in stress fibers was,
to a large extent, Cdc42-dependent, we searched for a
Cdc42-specific effector that might mediate this action and
we considered N-WASP. N-WASP is an effector of Cdc42
that mediates filopodia formation, a function for which the
cofilin homologous region of N-WASP seems to be essen-
tial (Miki et al., 1996, 1998). Thus, we examined the conse-
quences on actin stress fiber formation of transfecting wt-
N-WASP or Dcof-N-WASP, which were expressed to a
similar extent (Fig. 7 A). Whereas in cells expressing
N-WASP, p85a mediated a pronounced decrease in actin
stress fibers, Dcof-N-WASP expression restored, to a large
extent, actin stress fiber formation in p85a-expressing cells
(in .95%; Fig. 7 B). Similar phenotypic changes were ob-
served when p85a and N-WASP plasmids were cotrans-
fected with wt-Cdc42 (not shown). In contrast, expression
of wt-Cdc42 alone, N-WASP alone, or Dcof-N-WASP in
serum-starved cells had no significant effects on the actin
cytoskeleton (our data not shown; Miki et al., 1998). Thus,
N-WASP appears to be an essential mediator of the p85a-
induced Cdc42-dependent decrease in actin stress fibers.

Figure 6. The PI3K regulatory subunit controls PDGF-induced
cytoskeletal changes. (A) NIH-3T3 cells were cultured 16 h in
0.1% serum and incubated for 1 h with 1 mM wortmannin before
stimulation as in Fig. 1. Cells were fixed and stained for filamen-
tous actin using FITC-conjugated phalloidin. (B) NIH-3T3 cells
were incubated for 16 h in 0.1% serum and microinjected with
anti-p85-PI3K Abs or anti-p110b Abs (see Materials and Meth-
ods). Upon microinjection, cells were incubated for 45 min in se-
rum-free medium before stimulation with PDGF and processing
as in A. Microinjected cells, identified by immunofluorescence
using Cy3 anti-rabbit Ig, are indicated by an arrow. (C) PAE cells
expressing either wild-type PDGFb-R or Phe740/Phe751
PDGFb-R (indicated) were treated and examined as in Fig. 1.
The figure illustrates one representative experiment of three per-
formed with similar results. Bar, 100 mm.
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Dcof-N-WASP expression also interfered with the
PDGF-triggered Cdc42-dependent decrease in stress fibers
(in 75% of the transfected cells; Fig. 7 B), with similar phe-
notypic changes observed when the Dcof-N-WASP plas-
mid was cotransfected with wt-Cdc42. Dcof-N-WASP also
increased focal adhesion complexes in PDGF- or PDGF-
plus LPA-treated cells (not shown), but did not affect
LPA-induced cytoskeletal changes (not shown).

The contribution of N-WASP to the Cdc42-induced de-
crease in stress fibers was validated by examining the
consequences of expressing Dcof-N-WASP on v-Cdc42–
expressing cells. Dcof-N-WASP expression not only
interfered with v-Cdc42–induced filopodia formation
(Miki et al., 1998; our data not shown), but also restored,
to a large extent, stress fiber formation in v-Cdc42–
expressing cells (in .95%; Fig. 7 B). These experiments
using interfering mutants of the Cdc42/N-WASP pathway
were also performed using normal murine embryonic fi-
broblasts, which yielded comparable results (not shown).
In conclusion, N-WASP not only mediates Cdc42-induced
filopodia formation (Miki et al., 1998), but also contributes

Figure 7. N-WASP mediates the inhibition of actin stress fibers
induced by PDGF and by p85a. 2 3 105 NIH-3T3 cells were
transfected as in Fig. 2 with a total of 5 mg cDNA. Different com-
binations of vectors encoding HA-p85a, N-WASP, D-cof-
N-WASP, and myc-v-Cdc42 were used (indicated). (A) 50 mg of
lysates from cells transfected with cDNAs encoding control vec-
tor, or N-WASP, or D-cof-N-WASP were resolved by SDS-
PAGE, transferred onto nitrocellulose, and examined by West-
ern blot using anti-N-WASP Ab. (B) After transfection with the
indicated plasmids, cells were cultured and activated as in Fig. 2.
Cells were subsequently fixed and stained simultaneously with
FITC-phalloidin (depicted) and with anti-myc, anti-HA, or anti–
N-WASP Ab (indirect immunofluorescence, not shown) to de-
tect positive transfected cells (indicated by an arrow). Through-
out the experiment, D-cof-N-WASP expression blocked stress
fiber disassembly, which was induced by p85a, PDGF, or
v-Cdc42. The figure illustrates one representative experiment of
five performed with similar results. Bar, 100 mm.

Figure 8. Actin cytoskeleton changes induced by PDGF stimula-
tion or p85a expression in NIH-3T3 cells cultured on collagen.
NIH-3T3 cells were cultured on collagen VI–coated plates. The
samples (2 3 105 NIH-3T3 cells) were transfected with different
combinations of vectors encoding HA-p85a, D-cof-N-WASP,
myc-wt-Cdc42, and myc-DN-Cdc42 (indicated). After transfec-
tion, cells were incubated in complete medium, starved, and sub-
sequently activated as in Fig. 2. (A) Cells were fixed and stained
with FITC-phalloidin or, in the case of transfected cells stained
simultaneously with FITC-phalloidin (depicted) and anti-myc,
anti-HA, or anti-N-WASP Ab to detect transfected cells (indi-
cated by an arrow). (B) Paxillin staining of NIH-3T3 cells cul-
tured on collagen and transfected, starved, and treated as in A
(indicated). The figure shows a representative experiment of four
performed with similar results. Bar, 100 mm.
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to mediate the Cdc42-dependent inhibition of actin stress
fibers induced by PDGF/p85a.

The p85/Cdc42/N-WASP Pathway Regulates
Cell Migration

We subsequently evaluated the contribution of the Cdc42/
N-WASP pathway to PDGF-induced migration using col-
lagen as a substrate. Cells cultured on collagen exhibited
cytoskeletal changes (Fig. 8) similar to those observed in
the absence of exogenous ECM components. In fact, p85a
expression triggered an N-WASP–dependent decrease in
actin stress fibers when cells were cultured on collagen
(Fig. 8 A), and PDGF treatment also induced cortical ac-
tin polymerization and a decrease in LPA-induced stress
fibers when cells were cultured on collagen (Fig. 8 A).
Moreover, the PDGF-induced decrease in stress fibers was
blocked by DN-Cdc42 or Dcof-N-WASP (Fig. 8 A), and
PDGF-R stimulation also induced a Cdc42-dependent de-

crease in focal adhesions (Fig. 8 B). Therefore, activation
of the p85/Cdc42/N-WASP pathway by PDGF induced
similar cytoskeletal changes when cells were cultured on
collagen or in the absence of exogenously added ECM.

We subsequently performed migration assays using
collagen-coated microchambers. Under optimized condi-
tions, migration was proportional to the cell numbers and
to the dose of PDGF used in the assay, inducing mobiliza-
tion of z20–25% of the 105 input cells (at 5 h with 100 ng/
ml PDGF; see Materials and Methods). Cell migration was
estimated in quadruplicate by densitometry of migrating
cells, and the migration index, representing the x-fold in-
crease in cell migration observed in the presence versus
the absence of chemoattractant, was calculated for each
condition. Fig. 9 A shows the migration index of control
NIH-3T3 cells in response to increasing PDGF doses. We
subsequently compared the migration indexes of the trans-
fected samples with those of the control cells. This com-
parison showed that the migration efficiency of p85a sta-
ble cell lines (expressing a two-fold increase in p85a
expression, Jiménez et al., 1998) was higher than the mi-
gration efficiency of control cells, particularly at subopti-
mal PDGF doses (10 ng/ml; Fig. 9 B). p110-CAAX cell mi-
gration was slightly lower than that of control cells at
suboptimal doses of PDGF (10 ng/ml; Fig. 9 B), but similar
at 100 ng/ml PDGF (not shown).

To evaluate the contribution of the Cdc42/N-WASP
pathway to PDGF-induced migration, we examined the
migration efficiency of cells transfected with cDNA encod-
ing interfering mutants of this pathway. The transfection
efficiency was monitored after GFP vector expression by
flow cytometry and was z60% in the different samples.
Since Rac previously has been shown to be required for
PDGF-induced migration (Ridley et al., 1992), DN-Rac
expression was included as a control. When compared with
cells transfected with the GFP control vector, DN-Rac–
and DN-Cdc42–transfected cells consistently showed a
lower migration efficiency than control cells both at 100
ng/ml of PDGF (Fig. 9 C) and at lower doses (not shown),
indicating that both Rac and Cdc42 pathways regulate
PDGF-induced cell migration. Moreover, whereas trans-
fection of cells with wt-Cdc42 plus N-WASP increased
PDGF-induced cell migration, expression of wt-Cdc42 plus
the interfering mutant Dcof-N-WASP inhibited PDGF-
induced migration on collagen matrix (Fig. 9 C). These re-
sults reveal that activation of the PDGF-R/p85/Cdc42/
N-WASP pathway plays an essential role in cell migration.

Discussion
Actin cytoskeleton reorganization is an essential process
required for cell migration. Here, we describe that stimu-
lation of PDGF-R on fibroblasts activates Cdc42 and its
effector N-WASP inducing filopodia formation, a de-
crease in actin stress fibers and a reduction in focal adhe-
sion complexes. The data presented also support that
p85a, the regulatory subunit of PI3K, is capable of activat-
ing the Cdc42/N-WASP pathway linking PDGF-R stimu-
lation to Cdc42 activation. These data, integrated into the
model depicted in Fig. 10, include the novel description on
PDGF’s ability to activate Cdc42 and a new role for the
PI3K regulatory subunit in controlling actin dynamics and
cell migration.

Figure 9. PDGF-induced fibroblast migration is blocked by ex-
pression of mutants interfering with the Cdc42/N-WASP path-
way. (A) PDGF-induced migration of GFP transiently trans-
fected NIH-3T3 cells was assayed in collagen VI–coated 96-well
microchambers and quantitated by densitometry of the spots.
Cell migration is expressed as a migration index and calculated as
the x-fold increase over the negative control (unstimulated cells).
Figure shows the mean of five experiments; SD is indicated. (B)
Percent migration (induced by 10 ng/ml PDGF) of p110CAAX-
or p85a stable transfectants compared with the migration of con-
trol stable transfectants (considered 100%). Figure shows the
mean of three experiments; SD is indicated. (C) Percent migra-
tion (induced by 100 ng/ml PDGF) of cells transfected with a vec-
tor encoding GFP plus the different cDNAs (indicated), com-
pared with the migration of control cells transfected only with
cDNA encoding GFP (considered 100%). Figure shows the mean
of four experiments; SD is indicated.
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We describe that PDGF activates Cdc42 and propose
that the regulatory subunit of PI3K is one of the molecules
controlling Cdc42 activation by PDGF. We base this con-
clusion on the observation that microinjection of anti-p85
Abs, which inhibit p85 binding to the PDGF-R, blocked
the Cdc42-dependent decrease in actin stress fibers and
the appearance of filopodium-like extensions. A similar
conclusion was reached after examination of PAE cells ex-
pressing a mutant PDGF-R form that does not bind p85
(Wennström et al., 1994b). Stimulation of this mutant re-
ceptor failed to induce not only PI3K activity–dependent
lamellipodia formation (Wennström et al., 1994b), but also
the PDGF-induced decrease in actin stress fibers and ad-
hesion complexes. The similarity between the p85a- and
PDGF-induced pathways as well as the ability of the
PDGF-R to induce transient Cdc42 and p85a association
(Fig. 3) both support the involvement of the PI3K regula-
tory subunit in PDGF-induced Cdc42 activation. There-
fore, we conclude that the change in the subcellular local-
ization of the regulatory subunit of PI3K, induced after
PDGF-R stimulation (Klippel et al., 1992; Gillham et al.,
1999; Watton and Downward, 1999), is required for
PDGF-mediated activation of the Cdc42 pathway.

The mechanism by which PDGF induces Cdc42 activa-
tion probably involves an additional protein that directly
controls the activation of this GTPase such as a GEF (Lim
et al., 1996). It is possible that p85a, which contains a num-
ber of adaptor protein domains in its sequence (Fruman et

al., 1998), brings a GTPase regulator into the complex that
mediates Cdc42 activation. In addition, considering that
p85 overexpression is sufficient to activate the Cdc42 path-
way, p85 may protect Cdc42 from deactivation. Support-
ing this view, the experiments performed with different
forms of the p85 regulatory subunit suggested that activa-
tion of the Cdc42 pathway by p85 required direct associa-
tion of p85 and Cdc42. Alternatively, considering that a
fraction of p85 localizes at the cell membrane (data not
shown; Gillham et al., 1999; Watton and Downward,
1999), p85 may mediate Cdc42 localization at the cell
membrane, where many GEFs are found (for review see
Hall, 1998). The ability of p85 to enhance Cdc42 activation
appeared specific, since expression of other molecules
such as Pak-1 and N-WASP, which also bind active-Cdc42,
did not trigger Cdc42-dependent cytoskeletal changes
(data not shown; Manser et al., 1997; Miki et al., 1998).
Therefore, p85 overexpression could enhance activation of
Cdc42 by protecting it from deactivation or by stabilizing
its membrane localization.

The ability of p85 to trigger Cdc42-dependent cytoskele-
tal changes represents a novel specific signaling capability
of the PI3K regulatory subunit in the control of actin dy-
namics and cell migration, thereby opening a new perspec-
tive on the mechanism of action of class IA PI3Ks. Our
data also confirm that constitutive activation of PI3K is
sufficient to induce lamellipodium formation (Reif et al.,
1996; Rodríguez-Viciana et al., 1997). Our view is that
PI3K exerts two independent actions on the actin cyto-
skeleton. The first, described previously, is dependent on
the PI3K activity that mediates Rac-dependent lamellipo-
dium formation (Wennström et al., 1994a), and the other,
described here, is dependent on the p85 regulatory subunit
and induces activation of the Cdc42 pathway.

The greater ability of DN-Cdc42 to restore stress fiber
and adhesion complex formation in PDGF-treated cells,
compared with DN-Rac, suggests that a Cdc42-specific ef-
fector, rather than a Rac effector, is involved in mediating
these actions. Nonetheless, we found that DN-Rac expres-
sion induced partial recovery of stress fibers in a small
proportion of cells, suggesting that Rac effectors such as
Pak-1 (effector of Rac and Cdc42; Zhao et al., 1998) could
contribute moderately to mediating this effect. In addi-
tion, the atypical PKCs l and z also mediate stress fiber
loss induced by v-Cdc42 (Coghlan et al., 2000), and could
potentially contribute to the PDGF-induced decrease in
stress fibers. We considered N-WASP as a potential Cdc42
effector contributing to the decrease in actin fibers since it
binds to the PDGF-R via Nck and grb2 adaptor molecules
and is an essential mediator of filopodia formation (Miki
et al., 1998; for review see Machesky and Insall, 1999). We
found that expression of an N-WASP mutant lacking the
cofilin homologous region inhibited not only filopodia for-
mation (not shown), as previously described (Miki et al.,
1998), but also blocked the decrease in stress fibers in-
duced by PDGF-R and p85a (Fig. 7).

WASP family members promote nucleation of new ac-
tin filaments through association with the Arp 2/3 com-
plex, thereby triggering Cdc42-induced filopodia formation
(Miki et al., 1998; Mullins et al., 1998; Zigmond, 1998; Ro-
hatgi et al., 1999). However, the mechanism through which
N-WASP mediates the decrease in actin bundles and adhe-
sion complexes remains unclear. N-WASP could mediate

Figure 10. PDGF-PI3K–derived pathways that affect cytoskeletal
organization and cell migration. Model illustrating the signaling
pathways initiated by the PDGF-R that affect actin cytoskeleton
and cell migration, including the previously described p110/PI3K
activity–dependent Rac pathway, which promotes lamellipodial
extensions and the novel p85-PI3K regulatory subunit-triggered
Cdc42 pathway. Activation of the Rac pathway triggers a number
of effectors, of which Por 1, inducing lamellipodium formation,
and Pak, mediating inhibition of actin stress fibers in v-Rac and
v-Cdc42–expressing cells, are indicated (Lim et al., 1996; Van
Aelst et al., 1996). Activation of the Cdc42 pathway also triggers a
number of effectors of which, N-WASP promotes filopodia for-
mation, and contributes to mediate the decrease in actin stress fi-
bers and adhesion complexes induced by PDGF. Induction of
both pathways control PDGF-induced cell migration on collagen.
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this effect directly, since N-WASP is proposed to sever ac-
tin polymers (Miki et al., 1996, 1998), however, this func-
tion of N-WASP remains controversial (Loisel et al., 1999;
Machesky and Insall, 1999). Alternatively, N-WASP’s par-
ticipation in decreasing stress fibers may be indirect and
mediated via another protein associated to N-WASP (for
review see Machesky and Insall, 1999). The best candidate
to mediate the decrease in actin stress fibers would be
a protein directly associated to the cofilin region of
N-WASP since deletion of this region blocks N-WASP’s
ability to decrease stress fibers. Alternatively, mutation of
the cofilin region could alter N-WASP structure or subcel-
lular localization, possibly affecting the action of proteins
associated at other regions of N-WASP. Among the pro-
teins known to bind N-WASP, profilin has been shown to
suppress Rho-induced stress fibers (Suetsugu et al., 1999),
and, thus, could be a good candidate effector for mediat-
ing the loss of actin bundles. Despite the open questions,
the data shows that N-WASP mediates not only PDGF-
induced Cdc42-dependent filopodium formation, but also
contributes to induce the decrease in actin bundles and fo-
cal adhesions observed in cells treated with PDGF, illus-
trating an elegant mechanism by which N-WASP reorga-
nizes F-actin. These results were obtained in NIH-3T3
cells. Similar results showing the ability of PDGF to acti-
vate the Cdc42/N-WASP pathway were obtained using
murine embryonic fibroblasts (not shown), suggesting that
this pathway is used by normal murine fibroblasts.

We present data showing that Cdc42/N-WASP activa-
tion is essential for PDGF-induced cell migration on col-
lagen. The ability of inhibitory mutants of the Cdc42/
N-WASP pathway to decrease PDGF-induced migration
on collagen correlated with their ability to block PDGF-
induced filopodia formation, a decrease in fibers, and a re-
duction in adhesion complexes. This suggests that Cdc42/
N-WASP may regulate cell migration not only by inducing
migratory structures such as filopodium, but also by dimin-
ishing strong adhesion. The relevance of the Cdc42 path-
way in cell migration was also examined using p85 stable
cell lines. It has been previously shown that under high
overexpression conditions, p85 inhibits PI3K activity and
membrane ruffling (Rodríguez-Viciana et al., 1997). How-
ever, the twofold p85 overexpression level in the p85 stable
cell lines did not inhibit PI3K activation (Jiménez et al.,
1998), and the constitutive induction of the Cdc42 pathway
in these cells resulted in an increased cell migration in re-
sponse to PDGF (Fig. 9). Stably transfected p110-CAAX
cells, in contrast, exhibited a slightly decreased PDGF-
induced migration. It is possible that the increased number
of structures mediating strong adhesion in these cells (Fig.
4), impairs cell migration. Apart from the relevance of the
Cdc42 pathway to control PDGF-induced migration, tran-
sient activation of the Rac pathway is essential for PDGF-
induced migration (Fig. 9; Ridley et al., 1992). Thus, we
propose that Cdc42-regulated pathways may cooperate
with Rac-derived pathways to promote PDGF-induced mi-
gration. Cooperation has been observed at the level of mi-
gratory structures since interference with the Cdc42 path-
way partially inhibited PDGF-induced Rac-dependent
membrane ruffling (Figs. 2 and 8), showing that Cdc42 ac-
tivation facilitates lamellipodium formation, in agreement
with Nobes and Hall (1995). In addition, Cdc42 can coop-

erate with Rac to establish a polarized cell phenotype
(Small et al., 1999; Nobes and Hall, 1999). Finally, Cdc42
and Rac pathways cooperate to reduce Rho A–mediated
cellular adhesion (discussed below). In conclusion, PDGF-
induced migration is controlled both by the Cdc42 pathway
and the Rac pathway, and both cascades probably cooper-
ate to drive cell migration.

A number of recent observations point to the activation
of Cdc42 and/or Rac as a general mechanism to inhibit
Rho A–triggered cell responses. A recent report has
demonstrated that a constitutively active Cdc42 mutant
(F28ACdc42) inhibited the GTP loading of Rho A and
that PDGF also inhibited Rho A GTP loading (Sander et
al., 1999). Our study showing that PDGF activates Cdc42
offers a link between these observations, suggesting that
PDGF inhibits Rho A via Cdc42. We propose that Cdc42
inhibits Rho A not only at the level of GTP loading, as
proposed by Sander et al. (1999), but also through the ac-
tion of effectors such as N-WASP that control actin poly-
merization. This is supported by the observation that p85a
overexpression, via Cdc42, blocks actin stress fiber forma-
tion induced by the constitutively active mutant v-Rho.
Cdc42 activation after bradykinin receptor ligation also in-
hibited LPA-induced stress fibers (data not shown). In ad-
dition, Rac activation by Tiam-1 inhibits Rho A-GTP
loading and Rho A–mediated phosphorylation of the my-
osin II heavy chain (Sander et al., 1999; van Leeuwen et
al., 1999). Finally, the effector of v-Cdc42 and v-Rac, Pak-1,
also contributes to mediating inhibition of actin stress fi-
bers (Manser et al., 1997; Zhao et al., 1998). Together, all
these observations indicate that Rho-mediated cellular ac-
tions are counteracted by Cdc42/Rac pathways using sev-
eral mechanisms. The inhibition of Rho pathways when
Cdc42 and Rac pathways are activated may result in a de-
crease in strong adhesion, when migratory structures, such
as filopodia and lamellipodia, are induced, thereby facili-
tating cell migration.

In conclusion, PDGF activates Cdc42 and its downstream
effector N-WASP, which in turn influences actin dynamics
not only by triggering filopodia formation, but also by de-
creasing stress fibers and focal adhesions. In addition, our
data support that the p85a regulatory subunit of PI3K is an
upstream regulator of Cdc42 in PDGF-R signaling. These
observations demonstrate that PDGF activates Cdc42 and
ascribe a novel function to the PI3K regulatory subunit in ac-
tin cytoskeleton regulation. Induction of the PDGF/p85/
Cdc42/N-WASP pathway contributes to the regulation of
adhesion and motility, which are processes required for
physiological migration and metastatic spread of tumor cells.
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