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Reorganization of the actin cytoskeleton is an early cellular response to a variety of extracellular signals.
Dissection of pathways leading to actin rearrangement has focused largely on those initiated by growth factor
receptors or integrins, although stimulation of G protein-coupled receptors also leads to cytoskeletal changes.
In transfected Cos-7SH cells, activation of the chemoattractant formyl peptide receptor induces cortical actin
polymerization and a decrease in the number of central actin bundles. In this report, we show that cytoskeletal
reorganization can be transduced by G protein 3y heterodimers (Gg, ), phosphoinositide 3-kinase y (PI3-K),
a guanosine exchange factor (GEF) for Rac, and Rac. Expression of inactive variants of either PI3-K_, the Rac
GEF Vav, or Rac blocked the actin rearrangement. Neither wortmannin nor LY294002, pharmacologic inhib-
itors of PI3-K, could inhibit the actin rearrangement induced by a constitutively active Rac. The inhibition of
cytoskeletal reorganization by the dominant negative Vav variants could be rescued by coexpression of a
constitutively active form of Rac. In contrast, a Vav variant with its pleckstrin homology (PH) domain missing
constitutively induced JNK activation and led to cytoskeletal reorganization, even without stimulation by
PI3-K,,. This suggests that the PH domain of Vav controls the guanosine exchange activity of Vav, perhaps by
a mechanism regulated by D3 phosphoinositides generated by PI3-K. Taken together, these findings delineate
a pathway leading from activation of a G protein-coupled receptor to actin reorganization which sequentially

involves G, PI3-K_, a Rac GEF, and Rac.

By

Multiple signal transduction pathways converge to induce
rearrangements of the actin cytoskeleton in order to mediate
motility, shape change, and attachment to substrate. These
pathways are initiated by a variety of extracellular stimuli
which activate transmembrane receptors of different classes.
Most studies have focused on pathways which are triggered by
activation of growth factor receptors. These pathways are pos-
tulated to involve a variety of signaling molecules, including
small GTP binding proteins, protein kinases, and lipid kinases.

Ras was the first small GTP binding protein to be implicated
in reorganization of the actin cytoskeleton (2). Microinjection
of Ras proteins was shown to induce cytoskeletal changes lead-
ing to the formation of ruffles in quiescent fibroblasts. Later,
small GTP binding proteins of the Rho family were demon-
strated to be critical in regulating specialized actin cytoskeletal
structures (9). Microinjection of active forms of Cdc42 leads to
the formation of filopodia, active Rac variants induce lamelli-
podia and membrane ruffles, and active forms of Rho cause
stress fiber and focal contact assembly (25). The formation of
these actin structures by extracellular stimuli can be blocked by
dominant negative variants of the corresponding Rho family
members. Further, at least in Swiss 3T3 fibroblasts, there is a
hierarchical order to these proteins, with Cdc42 able to acti-
vate Rac, which, in turn, can activate Rho.

Phosphoinositide 3-kinases (PI3-K enzymes) are enzymes
which phosphorylate phosphatidylinositide lipids at the D3

* Corresponding author. Mailing address: Hematology-Oncology
Division, University of Pennsylvania, Stellar Chance Labs no. 1005,
422 Curie Blvd., Philadelphia, PA 19104. Phone: (215) 898-1058. Fax:
(215) 573-7400. E-mail: abramsc@mail.med.upenn.edu.

4744

position of the inositol ring, leading to the formation of lipid
second messengers which are critical in the transduction of a
variety of signals. PI3-K enzymes are known to be involved in
the regulation of actin polymerization. The cortical actin as-
sembly initiated by platelet-derived growth factor or insulin
requires PI3-K, isoforms (12, 18, 32). G protein-coupled
receptors also induce actin rearrangement; however, no pub-
lished reports specifically address the role of PI3-K, the iso-
form of PI3-K activated by G protein By heterodimers (Gg,)
(28). Like the growth factor-activated PI3-K enzymes (p85/
p110,,s), this G protein-activated PI3-K also exists as a het-
erodimer composed of a catalytic subunit, p110,, and an
adapter subunit, p101 (29, 30).

Since relatively little is known about the signaling pathways
leading from activation of G protein-coupled receptors to cy-
toskeletal reorganization, we studied the events occurring after
stimulation of the chemoattractant formyl peptide receptor
(fPR), a seven-transmembrane-domain receptor coupled to a
pertussis toxin-sensitive, heterotrimeric G protein. In this re-
port, we show that stimulation of the fPR leads to a loss of
central F-actin cables and reappearance of the F-actin in a
cortical pattern in transfected Cos-7SH cells. We demonstrate
that the fPR-stimulated cytoskeletal change is pertussis toxin
sensitive, implying that it is mediated by the release of Gg,.
Signaling downstream of the fPR involves the activation of
PI3-K,,. This pathway is dependent on Rac-1 but is indepen-
dent of Cdc42. It also requires a guanosine exchange factor
(GEF) for Rac, such as Vav, situated between PI3-K, and Rac
in this signaling pathway. Lastly, we show that a variant of the
Rac GEF, Vav, missing its pleckstrin homology (PH) domain,
is constitutively active in leading to Rac activation as measured
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biochemically by JNK activation and assayed functionally by
the ability to induce cytoskeletal changes in the absence of
other upstream stimulatory signals. Taken together, these data
delineate a signaling pathway beginning with activation of a G
protein-coupled receptor and culminating in cytoskeletal rear-
rangement that sequentially involves PI3-K, a Rac GEF, and
Rac. Moreover, the data suggest a mechanism by which the PH
domain of a GEF may regulate its exchange activity.

MATERIALS AND METHODS

Mammalian expression vectors. The cDNA clone of p110, was obtained by
reverse transcription-PCR from HL-60 mRNA, and several individual isolates
were fully sequenced. Any region with ambiguity or discrepancy with the pub-
lished clone was sequenced in both directions. The sequences of all of the
full-length clones agreed with each other but disagreed with the sequence cur-
rently in the data bank at the following points: (i) an additional 3-base, in-frame
insertion corresponding to an alanine at nucleotides 408 to 410 and (ii) a mis-
sense mutation at amino acid 459 corresponding to an Arg-to-Gln substitution.
All of these sequence discrepancies were found in multiple independent isolates.
All p110,, variants were engineered to contain an additional 9-amino-acid hem-
agglutinin (HA) epitope tag, YPYDVPDYA, recognized by the monoclonal
antibody 12CAS5 (16). The plasmid that directs the expression of an EE epitope
(EEEEYMPME)-tagged variant of p101 was a gift from Len Stephens (Babra-
ham Institute, London, United Kingdom). Plasmids that direct the synthesis of
Gg; and G,, were a generous gift from Janet Robishaw (Geisinger Institute,
Danville, Pa.). pcDNA3-1 oncogenic vav (a gift from Linda Van Aelst, Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.), and pCMYV oncogenic dbl
were created by cloning the BamHI fragment from pclldbl (a gift from Ales-
sandra Eva, Cornell University, Ithaca, N.Y.) into pCMV6. The generation of
pcDNA3Jnkl1, which encodes FLAG-tagged Jnk1, has been described previously
(1). The catalytically inactive variants of p110,,, A948-981 p110y-HA (His** to
Arg”") and K833R p110,-HA, and the constitutively active variant, myr-
p110,-HA (which contains a fusion of the myristoylation sequence MGQSLT of
the Rasheed sarcoma virus to the alternative start site of p110,), were generated
by PCR mutagenesis by the techniques of Landt et al. (19) and Ho et al. (13).
Plasmids directing the expression of the Vav variants A342-348 Vav, L.213Q Vav,
Y174F Vav, and A407-510 Vav (Vav APH) were generated by PCR mutagenesis
and were also engineered to contain the HA epitope at their carboxyl terminus.
Plasmids encoding myc-tagged V12N17 Rac and myc-tagged N17 Cdc42 were a
gift from Alan Hall (University College, London, United Kingdom). The plasmid
directing the synthesis of myc-V12 Rac was a gift from Judy Meinkoth (Depart-
ment of Pharmacology, University of Pennsylvania, Philadelphia, Pa.). The plas-
mid encoding the D7 variant of Lsc was a gift from Ian Whitehead (University of
North Carolina, Chapel Hill, N.C.). The plasmid directing the expression of
A568-574 Lsc-HA was generated by PCR mutagenesis. All p110.,,, Vav, and Lsc
mutants were cloned into pCMVS5, and all sequences were fully confirmed.

Cell culture, immunoblotting, and indirect immunofluorescence. Cos-7SH or
Cos-7 cells grown in Dulbecco’s minimal essential medium (Gibco BRL, Gaith-
ersburg, Md.) with 10% fetal bovine serum (HyClone, Logan, Utah) and 1%
penicillin-streptomycin (Gibco BRL) were transiently transfected by calcium
phosphate-DNA coprecipitation. For immunoblotting, the cells were lysed in
boiling 1% sodium dodecyl (SDS), normalized for their protein concentration,
fractionated by SDS-polyacrylamide gel electrophoresis (PAGE), and immuno-
blotted with anti-HA (HA.11) or anti-myc (9E10) (Babco, Berkeley, Calif.).
Fixation, permeabilization, staining, and photography were done as previously
described (22). Rhodamine-labeled phalloidin (Molecular Probes, Eugene,
Oreg.) was used to stain the cells for the presence of F-actin, as specified by the
manufacturer’s protocol.

JNK assay. Cos-7 cells in 60-mm plates were transfected with a total of 2 to 5
ug of DNA by using Lipofectamine reagent (Life Technologies, Gaithersburg,
Md.). The cells were lysed in 0.5 ml of JLB (25 mM HEPES [pH 7.5], 150 mM
NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM EDTA, 25 mM NaF,
10 mM B-glycerol phosphate, 1 mM sodium vanadate, 10 pg of leupeptin per ml,
10 pg of aprotinin per ml) per plate, clarified by centrifugation, and then pre-
cleared with ~20 ul of protein G-Sepharose beads (Pharmacia Biotech, Piscat-
away, N.J.). The lysates were incubated for 2 h on ice with 2 to 3 ug of M2
anti-FLAG monoclonal antibody (Eastman Kodak, New Haven, Conn.). Im-
mune complexes were collected on 20 pl of protein G-Sepharose beads for 1 to
2 h. The beads were washed three times with JLB and once with JKB (40 mM
HEPES [pH 7.5], 10 mM MgCl,, 1 mM dithiothreitol) and resuspended in 60 pl
of JKB. Then 30 pl of beads was assayed for phosphorylation of glutathione
S-transferase—Jun (amino acids 1 to 79) in a 40-pl final volume with 50 uM ATP
and 5 to 10 wCi of [*>P]JATP. The reaction was stopped by the addition of
SDS-PAGE loading buffer, and samples were then subjected to SDS-PAGE
(10% polyacrylamide) and stained with Coomassie blue. FLAG-JNK expression
levels were checked by anti-FLAG Western blotting of immune complexes and
examination of the stained kinase gel (JNK visible).
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FIG. 1. Stimulation of the fPR, acting via PI3-K., leads to reorganization of
the actin cytoskeleton. Cos-7SH cells transiently expressing either empty vector
(pPCMV5) or the chemoattractant fPR with PI3-K, (p110,-HA and p101) were
fixed and stained with monoclonal anti-HA antibody 12CAS, followed by fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-mouse and rhodamine-la-
beled phalloidin. Transfected cells were identified by the presence of FITC
staining (C, E, and G), and their pattern of F-actin polymerization was assessed
by phalloidin staining (A, B, D, and F). (A) Mock-transfected cells. (B and C)
Cells expressing fPR and PI3-K, in the resting state. (D and E) Cells expressing
fPR and PI3-K, after a 30-min stimulation with 300 nM fMLP. (F and G) Cells
expressing fPR and PI3-K, after overnight exposure to 100 wM pertussis toxin
followed by a 30-min stimulation with 300 nM fMLP. Cells shown are represen-
tative of cells from at least three experiments. Bars, 25 um. When more than one
cell is shown in a field, transfected cells are indicated by arrows.

RESULTS

Effect of the chemoattractant fPR and PI3-K,, on the actin
cytoskeleton. We wished to determine whether the actin reor-
ganization initiated by stimulation of a G protein-coupled re-
ceptor is dependent on PI3-K . To do this, we transiently
expressed PI3-K, (p110,-HA and p101) with the fPR in Cos-
7SH cells (which express neither PI3-K, nor fPR endog-
enously) and analyzed the transfectants for actin rearrange-
ment before and after stimulation with the agonist peptide
formylmethionine-leucine-phenylalanine (fMLP). Cells which
were transfected with empty pCMVS5 vector had thick central
actin fibers and no peripheral actin staining (Fig. 1A). Cells
expressing PI3-K_ (p110_-HA and p101) and the fPR appeared
the same as mock-transfected cells prior to fMLP stimulation
(Fig. 1B). However, after a 30-min stimulation with 300 nM
fMLP, these cells showed a dramatic cortical actin polymer-
ization and a decrease in the number of central actin bundles
(Fig. 1D). The fPR-stimulated, PI3-K -mediated actin rear-
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FIG. 2. Overexpression of Gg, subunits, but not G,; subunits, stimulates
PI3-K,, to reorganize the actin cytoskeleton. Cos-7SH cells transiently expressing
PI3-K, (p110,-HA and p101) along with the G, and G, (A and B) or G; (C
and D) subunits of heterotrimeric G proteins were fixed and stained as described
in the legend to Fig. 1. Transfected cells were identified by the presence of FITC
staining (B and D), and their pattern of F-actin polymerization was assessed by
phalloidin staining (A and C). (A and B) Cells expressing Gy, and PI3-K,. (C
and D) Cells expressing G,; and PI3-K,. Cells shown are representative of cells
from at least three experiments. Bars, 25 wm. The bottom panel is a represen-
tative anti-HA Western blot showing equivalent levels of p110,-HA expression.
Lanes: 1, Gg, and PI3-K,; 2, G,; and PI3-K,,

rangements were blocked by overnight pretreatment with 100
wM pertussis toxin (Fig. 1F) and could be mimicked by coex-
pression of PI3-K, with Gg, subunits (Fig. 2A), but not G,
subunits (Fig. 2C). This is consistent with a model in which the
stimulated fPR initiates Gy, release from G;, thus activating
PI3-K, and triggering cytoskeletal changes.

Treatment of cells with 100 nM wortmannin, a pharmaco-
logic inhibitor of PI3-K, blocked the Gg,- and PI3-K -medi-
ated effects on the actin cytoskeleton, suggesting that these
effects required D3 phosphoinositide production (Fig. 3A).
LY294002 (50 wM), another PI3-K inhibitor, also blocked the
actin rearrangements (Fig. 3C). As further evidence for the
second-messenger requirement, we generated two catalytically
inactive p110,, variants. Based on a report showing that dele-
tion of the putative ATP binding site within p110, destroyed
lipid kinase activity (14), we generated a plasmid which en-
codes an HA-tagged p110, variant with the analogous muta-
tion (A948-981 p110,-HA) and found that the expressed pro-
tein also fails to phosphorylate phosphatidylinositol to form
phosphatidylinositol 3-phosphate (22a). A second HA-tagged
p110,, variant, K833R p110,-HA, was recently shown to also
lack lipid kinase activity (21). Both of these catalytically inac-
tive p110,, variants were incapable of stimulating actin reorga-
nization when expressed with p101 and Gy, again supporting
the need for D3 phosphoinositide production to carry signals
from PI3-K, to the cytoskeleton (Fig. 3E and G). Although the
expression of the catalytically inactive mutants was variable
(Fig. 3, bottom panel), both A948-981 p110,-HA and K833R
p110-HA consistently failed to induce cortical actin reorgani-
zation.

A p110,, variant with a myristoyl group at its N terminus has

i’
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FIG. 3. Inhibition of PI3-K, activity blocks the Gg,-mediated actin rear-
rangements. Cos-7SH cells transfected with PI3-K, (p110,-HA and p101) along
with Gg; and G, were split and then treated overnight with either 100 nM
wortmannin (A and B), 50 puM LY294002 (C and D), or dimethyl sulfoxide
(DMSO) diluent alone as a control (not shown). Cos-7SH cells transiently
expressing pl01 and Gg,/G,, along with HA-tagged, catalytically inactive p110,,
variants A948-981 p110, (E and F) and K833R pl110, (originally defined as
K799R) (G and H) were fixed and stained as described in the legend to Fig. 1.
Transfected cells were identified by the presence of FITC staining (B, D, F, and
H), and their pattern of F-actin polymerization was assessed by phalloidin stain-
ing (A, C, E, and G). Cells shown are representative of cells from at least three
experiments. Bars, 25 wm. When more than one cell is shown in a field, trans-
fected cells are indicated by arrows. The bottom panel is an anti-HA Western
blot showing expression of HA-tagged p110, variants. Lanes: 1, Gg,, p101 and
wild-type p110,; 2, Gg,, pl01 and A948-981 p110,; 3, Gg,, p101 and K833R
pl110,.

been shown to be constitutively active biochemically (21).
When expressed in Cos-7SH cells, some of the myr-p110 -HA
was membrane associated (Fig. 4B) and caused cytoskeletal
reorganization, even in the absence of p101 and G, (Fig. 4A).
This suggests a potential role for Gy, in recruiting p110,, to the
membrane and further argues that this membrane localization
is sufficient to lead to cytoskeletal changes.

fPR and PI3-K, -mediated cell ruffling requires Racl but not
Cdc42. Small GTP binding proteins of the Rho family have
been demonstrated to play a critical role in the transduction of
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FIG. 4. Coexpression of a dominant negative Rac, but not dominant negative
Cdc42, blocks the myr-p110,-HA-induced cytoskeletal reorganization. Cos-7SH
cells transiently expressing a constitutively active, HA-tagged p110,, variant myr-
istoylated at its N terminus (myr-p110,-HA) alone (A and B) or along with
dominant negative variants of either Rac (myc-V12N17 Rac) (C and D) or Cdc42
(myc-N17 Cdc42) (E and F) or cells transfected with fPR, PI3-K,, and the
dominant negative Rac followed by a 30 min stimulation with 300 nM fMLP (G
and H) were fixed and stained as described in the legend for Fig. 1. Transfected
cells were identified by the presence of FITC staining (B, D, F, and H), and their
pattern of F-actin polymerization was assessed by phalloidin staining (A, C, E,
and G). Cells shown are representative of cells from at least five experiments.
Bars, 25 pm. When more than one cell is shown in a field, transfected cells are
indicated by arrows. The middle panel is an anti-HA Western blot showing
equivalent levels of myr-p110, or wild-type p110, expression. Lanes: 1, myr-
p110,-HA; 2, myr-p110,-HA and myc-V12N17 Rac; 3, myr-p110,-HA and myc-
N17 Cdc42; 4, fPR, PI3-K, (p110,-HA and p101), and myc-V12N17 Rac. The
bottom panel is an anti-myc Western blot showing approximately equivalent
levels of expression of myc-V12N17 Rac and mycN17 Cdc42. The lanes are as
described for the anti-HA blot in the middle panel.
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FIG. 5. Pharmacologic inhibitors of PI3-K do not inhibit the cytoskeletal
changes induced by a constitutively active Rac. Cos-7SH cells transiently express-
ing a constitutively active, HA-tagged Rac variant (HA-L61Rac) were treated
overnight with either DMSO diluent alone (A and B), 100 nM wortmannin (C
and D), or 50 uM LY294002 (E and F). The cells were fixed and stained as
described in the legend to Fig. 1. Transfected cells were identified by the pres-
ence of FITC staining (B, D, and F), and their pattern of F-actin polymerization
was assessed by phalloidin staining (A, C, and E). Cells shown are representative
of cells from at least three experiments. Bars, 25 wm. When more than one cell
is shown in a field, transfected cells are indicated by arrows.

extracellular signals to the cytoskeleton (9). Several investiga-
tors have shown that Rac, a member of this family of GTPases,
acting downstream of PI3-K g, is required for the formation
of actin ruffles seen in response to growth factors or insulin (12,
18). We wished to determine if Rac was similarly involved in
the mediation of PI3-K,-dependent effects on the cytoskele-
ton. We therefore coexpressed a myc epitope-tagged, domi-
nant negative variant of Rac (myc-V12N17 Rac) with myr-
p110, and found that it completely inhibited the ability of
myr-p110,, to stimulate actin reorganization (Fig. 4C). By con-
trast, a myc-tagged, dominant negative variant of Cdc42 (myc-
N17 Cdc42) had minimal impact on the myr-p110_-initiated
actin effects (Fig. 4E), thus implying that the pathway between
PI3-K,, and the actin cytoskeleton is dependent on Rac but not
Cdc42. The actin changes induced by fMLP stimulation of the
fPR were also blocked by the dominant negative Rac variant
(Fig. 4G). Anti-HA Western blotting demonstrated approxi-
mately equal levels of myr-p110,-HA and p110,-HA (Fig. 4,
middle panel). Anti-myc epitope Western blotting demon-
strated approximately equal expression of myc-N17 Cdc42 and
myc-V12N17 Rac (Fig. 4, bottom panel).

Neither wortmannin nor LY294002 could inhibit the cortical
actin polymerization produced by the constitutively active Rac
variant L61 Rac (Fig. 5A, C, and E). Moreover, neither of the
catalytically inactive p110,, mutants (A948-981 p110,-HA and
K833R p110,-HA) could inhibit the cytoskeletal changes in-
duced by the constitutively active Rac variant V12 Rac (data
not shown). These data imply that in these cells, Rac functions
downstream of PI3-K.,.
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Signals between PI3-K,, and Rac are mediated by a GEF for
Rac. Rho family GTPases are regulated by proteins related to
the product of the dbl oncogene. Dbl family members act as
guanine nucleotide exchange factors (GEFs) for small GTP
binding proteins, activating these proteins by catalyzing the
exchange of GDP for GTP on Rho family members (3). Re-
cently, a member of this family, Vav, has been shown to stim-
ulate GDP/GTP exchange for Rac-1 (5). We wished to deter-
mine if the p110_-mediated cytoskeletal changes required the
action of a Rac GEF. To do this, we compared the cytoskeletal
effects of coexpressing either wild-type Vav or catalytically
inactive Vav variants along with myr-p110_-HA. Coexpression
of wild-type Vav had little influence on the ability of myr-
p110_-HA to induce cortical actin rearrangement (Fig. 6A). It
has been shown that an inactive Vav variant (L213Q Vav) is
unable to induce Rac activation (4). In contrast to wild-type
Vav, the inactive L213Q Vav completely inhibited the ability of
myr-p110,-HA to lead to cytoskeletal reorganization (Fig. 6C).
We constructed another Vav variant, missing 6 amino acids
within the Dbl homology (DH) domain (A342-348 Vav), anal-
ogous to a known inactivating mutation within Dbl (11). We
found that this Vav variant (A342-348 Vav) also blocked myr-
p110_-induced actin rearrangement (Fig. 6E). Lastly, another
inactive Vav variant which cannot be tyrosine phosphorylated
(Y174F Vav) was recently described by Han et al. (10). This
variant also blocked the myr-p110_-induced cortical actin re-
arrangements (Fig. 6G). These data support the concept that
exchange activity on Rac is necessary to transduce signals from
PI3-K, to Rac. Anti-HA immunoblotting of cell lysates dem-
onstrated that HA-wild-type Vav, HA-L213Q Vav, HA-A342-
348 Vav, and HA-Y174F Vav were expressed at approximately
equal levels and that the Vav variants did not influence the
expression of myr-p110,, (Fig. 6, bottom panel).

To demonstrate that Vav was truly acting upstream of Rac,
we coexpressed a constitutively active Rac variant (myc-V12
Rac) along with dominant negative Vav variants. As shown in
Fig. 7A and 7C, the constitutively active Rac rescued the block
of cytoskeletal reorganization induced by two different domi-
nant negative Vav variants, showing that Vav was situated
upstream of Rac. As another control, we constructed an inac-
tive Lsc variant with the analogous 6-amino-acid deletion
(A568-574 Lsc) and showed that it had no effect on the myr-
p110,-initiated cytoskeletal changes (Fig. 7E). Since Lsc is a
GEF that is known to be active on Rho and not Rac (8), this
provides further evidence for the necessity of Rac-specific ex-
change activity in this pathway. Anti-HA immunoblotting of
cell lysates demonstrated approximately equal expression of
the mutant GEFs and myr-p110,, (Fig. 7, bottom panel).

The PH domain of Vav plays an inhibitory role in Vav
function. All GEFs in the Dbl family have PH domains imme-
diately adjacent to their DH domains (3). PH domains are
sequences of approximately 100 amino acids which are postu-
lated to recruit molecules to membranes by specific interac-
tions with polyphosphoinositide lipids (7, 20, 23). We wished to
determine the role of the PH domain of Vav in the function of
this molecule. We therefore constructed a Vav variant with its
PH domain deleted (Vav APH, missing residues 407 to 510)
and tested its ability to affect cytoskeletal reorganization me-
diated by myr-p110,,. In contrast to the three inactive variants
(L213Q Vav, A342-348 Vav, and Y174F Vav), Vav APH did
not block the ability of myr-p110,-HA to cause actin rear-
rangement (data not shown). Moreover, this Vav variant was
able to induce Rac activation and lead to cytoskeletal reorga-
nization, even in the absence of transfected PI3-K, or other
upstream stimulatory molecules (Fig. 8A). By contrast, expres-
sion of wild-type Vav alone had no effect on the actin cytoskel-
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FIG. 6. Coexpression of inactive variants of Vav inhibits myr-p110,-induced
cytoskeletal reorganization. Cos-7SH cells were transiently transfected with plas-
mids encoding myr-p110,-HA and either wild-type Vav or inactive Vav variants
and then fixed and stained as described in the legend to Fig. 1. Transfected cells
were identified by the presence of FITC staining (B, D, F, and H), and their
pattern of F-actin polymerization was assessed by phalloidin staining (A, C, E,
and G). The cells were transfected with myr-p110,-HA and either wild-type Vav
(A and B), L213Q Vav (C and D), A342-348 Vav (E and F), or Y174F Vav (G
and H). Cells shown are representative of cells from at least four experiments.
Bars, 25 pm. When more than one cell is shown in a field, transfected cells are
indicated by arrows. The bottom panel is an anti-HA Western blot showing
approximately equivalent levels of myr-p110,-HA and HA-tagged Vav and Vav
variants. Lanes: 1, myr-p110,-HA and HA-wild-type Vav; 2, myr-p110,-HA and
HA-L213Q Vav; 3, myr-p110,-HA and HA-A342-348 Vav; 4, myr-p110,-HA
and HA-Y174F Vav.

eton (Fig. 8C). Anti-HA immunoblotting of cell lysates dem-
onstrated equal expression of Vav APH and wild-type Vav
(Fig. 8, bottom panel).

As another test of the constitutive activity of the Vav APH
variant, we compared the ability of this variant with that of the
wild-type and oncogenic Vav to stimulate JNK activity (Fig. 9).
Previously, Vav-induced activation of JNK was shown to occur
through a Rac-dependent pathway (4). As shown in Fig. 9,
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FIG. 7. Coexpression of a constitutively active Rac variant rescues the block
produced by the inactive Vav variants on myr-p110,-HA-induced cytoskeletal
reorganization, and an inactive variant of Lsc fails to block this pathway. Cos-
7SH cells were transiently transfected with plasmids encoding myr-p110,-HA
and either inactive Vav variants along with a constitutively active Rac variant or
an inactive Lsc variant and then fixed and stained as described in the legend to
Fig. 1. Transfected cells were identified by the presence of FITC staining (B, D,
and F), and their pattern of F-actin polymerization was assessed by phalloidin
staining (A, C, and E). (A and B) Cells expressing a constitutively active Rac
variant, myc-V12 Rac, along with myr-p110,-HA and the inactive L213Q Vav
variant. (C and D) Cells expressing a constitutively active Rac variant, myc-V12
Rac, along with myr-p110,-HA and the inactive A342-348 Vav variant. (E and F)
Cells coexpressing myr-p110,-HA along with an inactive variant of Lsc, a GEF
for Rho and not Rac, with the analogous 6-amino-acid deletion within the DH
domain (A568-574 Lsc-HA). Cells shown are representative of cells from at least
four experiments. Bars, 25 um. The bottom panel is an anti-HA Western blot
demonstrating equivalent levels of expression of myr-p110,-HA and HA-tagged
Vav and Lsc variants. Lanes: 1, myr-p110,-HA, L213Q Vav, and V12 Rac; 2,
myr-p110,-HA, A342-348 Vav, and V12 Rac; 3, myr-p110,-HA and A568-574
Lsc.

overexpression of wild-type Vav had little influence on JNK
activity, but the Vav APH variant was essentially as active as
oncogenic Vav. Western blot analysis demonstrated that Vav
APH consistently expressed at dramatically lower levels than
wild-type Vav or oncogenic variants of Vav (data not shown).
Despite lower levels of expression, APH Vav always led to an
increase in Rac activation roughly equivalent to that of onco-
genic Vav. Deletion of the PH domain within Vav thus appears
to create a constitutively active variant, arguing that the PH
domain plays an autoinhibitory role within this protein in the
resting state.

DISCUSSION

Taken together, the above findings delineate a pathway lead-
ing from activation of a G protein-coupled receptor to actin

anti HA

FIG. 8. A Vav variant missing its PH domain is constitutively active in lead-
ing to cytoskeletal reorganization. Cos-7SH cells transiently expressing Vav APH
alone (A and B) or wild-type Vav alone (C and D) were fixed and stained as
described in the legend to Fig. 1. Transfected cells were identified by the pres-
ence of FITC staining (B and D), and their pattern of F-actin polymerization was
assessed by phalloidin staining (A and C). Cells shown are representative of cells
from at least five experiments. Bars, 25 pwm. Transfected cells are indicated by
arrows. The bottom panel is an anti-HA Western blot demonstrating equivalent
levels of expression of HA-tagged Vav APH and wild-type Vav. Lanes: 1, HA-
Vav APH; 2, HA-wild-type Vav.

cytoskeletal reorganization which sequentially involves Gg,,
PI3-K,, a Rac GEF, and Rac. The involvement of PI3-K_, and
Rac in the mediation of cytoskeletal changes initiated by G
protein-coupled receptors might have been inferred by analogy
to the pathway used by growth factor receptors. However, the
interaction between PI3-K, and Vav in this assay system sug-
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FIG. 9. Effect of Vav variants on Rac activation. Cos-7 cells were transiently
transfected with plasmids encoding Vav variants and FLAG-tagged JNK. Rac
activation was measured as the ability to activate JNK. JNK kinase assays were
performed after the anti-FLAG immunoprecipitations. Lane vector contains
empty vector and shows the background level of JNK activity. Expression of
wild-type Vav leads to no, or minimal, increases in JNK activity (lane WT Vav),
while the Vav variant with its PH domain deleted markedly stimulates JNK
activity (lane Vav APH), to a level similar to that of oncogenic Vav (lane onco
Vav), although not as powerfully as oncogenic Dbl (lane Dbl).
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gests that Rac GEFs may be activated by D3 phosphoinositi-
des. These observations raise several issues, including (i) the
relative positions of PI3-K and Rac within this signaling path-
way, (ii) the mechanism by which the inactive Vav variants are
able to block signaling, (iii) the mechanism by which D3 phos-
phoinositides activate Rac GEFs, (iv) the role of tyrosine phos-
phorylation in Vav activation, and (v) the identity of the en-
dogenous Rac GEF present in Cos-7SH cells.

The first issue is whether Rac lies upstream or downstream
of PI3-K in this pathway. Several investigators have found that
Rho family members can bind to the p85 subunit of PI3-K, s
isoforms and thereby lead to enzyme activation (31, 33). Re-
cently, Keely et al. have shown that Rac and Cdc42 induce cell
motility and invasion in T47D mammary epithelial cells (15).
Since the Rac-induced effects were blocked by treatment with
the PI3-K inhibitors wortmannin and LY294002, these inves-
tigators argued that PI3-K activation was downstream of
Cdc42 and Rac. In contrast to these data, Hawkins et al.
demonstrated that the platelet-derived growth factor-stimu-
lated activation of Rac in porcine aortic endothelial cells oc-
curred downstream of PI3-K, since neither wortmannin nor a
dominant negative p85 (Ap85) could inhibit ruffle formation
induced by expression of a constitutively active Rac, V12 Rac-1
(12). Our data show that neither treatment with pharmacologic
inhibitors of PI3-K (wortmannin or LY294002) nor coexpres-
sion of catalytically inactive variants of p110,, had an effect on
the cytoskeletal changes induced by V12 Rac. This suggests
that in Cos-7SH cells, as in porcine aortic endothelial cells, Rac
lies downstream of a PI3-K. This positioning is further sup-
ported by our finding that a dominant negative Rac blocks both
PI3-K,-mediated actin changes induced by fPR stimulation or
G, overexpression and the actin rearrangement induced by a
constitutively active PI3-K,, variant.

The next question is the mechanism by which the inactive
Vav variants are able to block this signaling pathway. This
could be explained by two hypotheses. First, the dominant
negative Vav variants might bind and sequester either PI3-
or the active lipid products of PI3-K. Second, they might bind
and sequester Rac, their downstream target. Since coexpres-
sion of the active Rac can rescue the block conferred by the
inactive Vav molecules, the first hypothesis seems more likely.
Preliminary experiments have failed to show a direct associa-
tion between p110, and Vav (21a), but experiments designed
to explore this issue are under way in our laboratory.

The next issue is the mechanism of activation of a Rac GEF
by PI3-K,,. The role of the PH domain within the Dbl family
members has been a source of speculation since they were first
described. As has been shown for other PH domains, it is
possible that the PH domain of the Rac GEF plays a role in
targeting the GEF to specific intracellular locations (27, 34). It
is also possible that the PH domain regulates Rac GEF func-
tion through binding to D3 phosphoinositide second messen-
gers produced by PI3-K.,. Consistent with the latter possibility
is work by Han et al., who showed that, in vitro, the exchange
activity of Vav is inhibited when its PH domain is bound to
phosphatidylinositol 4,5-bisphosphate and is stimulated when
bound to phosphatidylinositol 3,4,5-trisphosphate (10). Our
data show that deletion of the PH domain allows Vav to acti-
vate JNK and to mediate cytoskeletal changes in the absence of
other stimuli. Our observations could be explained by either
hypothesis, i.e., that D3 phosphoinositides and the PH domain
act cooperatively either to affect the intracellular localization
of Vav or to merely release its intrinsic exchange activity. The
latter hypothesis is supported by (i) the observation that the
boundaries of Sos PH and DH domains are overlapping and
hence interdependent (17), (ii) our indirect immunofluores-
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cence data for HA-tagged Vav which indicate that the intra-
cellular localization of Vav is not grossly influenced by deletion
of its PH domain (Fig. 8D and F), and (iii) the recently pub-
lished work from the Bar-Sagi laboratory showing that the
ability of the DH domain of Sos to activate Rac was inhibited
by the PH domain (24). Our data and the studies by the
Bar-Sagi (24) and Broek (10) groups support the concept that
the PH domains of Rac GEFs regulate guanosine exchange
activity in a fashion determined by binding to products of
PI3-K enzymes.

Tyrosine phosphorylation by Src family members is critical
for Vav function (5), and others have used tyrosine phosphor-
ylation of Vav as a marker for its activation (6). Han et al. have
shown that a Y-to-F mutation at position 174 on Vav abolishes
phosphorylation by Lck in vitro (10). Our data and those of
others have shown that the PH domain of Vav also regulates
Vav activity (10). This raises the question of the relative con-
tribution of phosphorylation or lipid binding to Vav activation.
Han et al. have shown that phosphatidylinositol 3,4,5-trisphos-
phate binding to the PH domain of Vav increases the tyrosine
phosphorylation on Vav, thus arguing that tyrosine phosphor-
ylation is the critical step in Vav activation. An alternative
hypothesis is that phosphorylation at Y174 is required to allow
the proper phosphoinositide to bind to the PH domain and
that the phosphoinositide binding to the PH domain then ac-
tivates Vav. Preliminary experiments from our laboratory sug-
gest that this latter hypothesis may be correct, since a Vav
variant with both the phosphorylation site mutation and PH
domain truncation (Y174F APH Vav) appears to constitutively
induce cytoskeletal reorganization (21a). This suggests that if
the inhibitory PH domain is deleted, tyrosine phosphorylation
is no longer required for Vav activation. Experiments are un-
der way in our laboratory to further explore the steps required
in Vav activation.

The last issue is the identity of the endogenous Rac GEF in
our transfected cells. Since Vav-1 expression is restricted to
hematopoietic cells, it cannot account for the activation of Rac
in Cos-7SH cells when activated PI3-K, is expressed alone. A
nonhematopoietic Vav (Vav-2 or Vav-T) has recently been
identified, although it is not known whether this has exchange
activity for Rac (26). Certainly, the striking inhibition of actin
reorganization seen when the inactive Vav variants are ex-
pressed implies that these variants are competing with an en-
dogenous exchange factor with similar binding characteristics.
However, at this point, the identity of that endogenous Rac
exchange factor is unknown.

In conclusion, our observations show a potentially linear
signaling pathway that is initiated by a G protein-coupled re-
ceptor and leads to cytoskeletal reorganization via the sequen-
tial action of Gg,, PI3-K, a Rac GEF, and Rac. The data also
suggest that the Rac GEF, Vav, is activated, directly or indi-
rectly, by D3 phosphoinositide products of PI3-K.,. Lastly, our
findings suggest that the PH domain located carboxyl to the
Dbl motif in Vav has an inhibitory effect on Vav activity. The
mechanism by which D3 phosphoinositides and the Vav PH
domain regulate exchange activity is an area of current study.
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