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Glycerophosphoinositol 4-phosphate (GroPIns-4P) is a biologically active, water-soluble phospho-
lipase A metabolite derived from phosphatidylinositol 4-phosphate, whose cellular concentrations
have been reported to increase in Ras-transformed cells. It is therefore important to understand its
biological activities. Herein, we have examined whether GroPIns-4P can regulate the organization
of the actin cytoskeleton, because this could be a Ras-related function involved in cell motility and
metastatic invasion. We find that in serum-starved Swiss 3T3 cells, exogenously added
GroPIns-4P rapidly and potently induces the formation of membrane ruffles, and, later, the
formation of stress fibers. These actin structures can be regulated by the small GTPases Cdc42,
Rac, and Rho. To analyze the mechanism of action of GroPIns-4P, we selectively inactivated each
of these GTPases. GroPIns-4P requires active Rac and Rho, but not Cdc42, for ruffle and stress fiber
formation, respectively. Moreover, GroPIns-4P induces a rapid translocation of the green fluores-
cent protein-tagged Rac into ruffles, and increases the fraction of GTP-bound Rac, in intact cells.
The activation of Rac by GroPIns-4P was near maximal and long-lasting. Interestingly, this feature
seems to be critical in the induction of actin ruffles by GroPIns-4P.

INTRODUCTION

The phosphoinositides are multifunctional lipids that play
major roles in the modulation of many cellular events, such
as membrane traffic, intracellular signaling, cytoskeleton or-
ganization, and apoptosis (Berridge, 1993; Czech, 2000; De
Matteis et al., 2002). Phosphoinositides may act either by

directly affecting the function of a variety of proteins in-
volved in specific cellular activities (Toker, 1998; Lemmon
and Ferguson, 2000) or as precursors of second messenger
molecules via the activity of specific phospholipases (Ber-
ridge, 1993; Rhee and Bae, 1997). An example of the former
possibility is the formation of molecular complexes where
the phosphoinositides behave as specific docking sites at the
membrane for proteins containing appropriate recognition
domains, such as pleckstrin homology, FYVE (Stenmark
and Aasland, 1999; Lemmon and Ferguson, 2000), and
Phox homology (Xu et al., 2001) domains. The second case
(phosphoinositides acting as precursors of second mes-
sengers) is exemplified by the formation of diacylglycerol
and of the water-soluble inositol 1,4,5-trisphosphate via
hydrolysis of phosphatidylinositol 4,5-bisphosphate by
phospholipase C (Berridge, 1993). Of note, soluble phos-
phoinositide derivatives may also be relevant in the reg-
ulation of the interaction of proteins with cellular mem-
branes because they share the polar head group with the
phosphoinositides. They have, therefore, the potential to
compete with their parent lipids and to interfere with
protein–lipid interactions in different cell compartments
(De Matteis et al., 2002).
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Thus, despite their relatively low abundance (10% of the
total cellular phospholipids; Downes et al., 1989), the phosphoi-
nositides and their derivatives are functionally crucial. Accord-
ingly, the interest of cell biologists in determining the localiza-
tion and the metabolism of all of the inositol-containing
molecules is constantly increasing, as is the knowledge of the
processes in which the phosphoinositides and their products
play major roles (Czech, 2000; Sechi and Wehland, 2000).

Over the last few years, we have characterized a category of
water-soluble phosphoinositide metabolites produced by the
sequential action of phosphoinositide-specific phospholipase
A2 (PLA2) and lysolipase activities (reviewed in Corda et al.,
2002), i.e., lysophosphatidylinositolandtheglycerophosphoino-
sitols. These molecules have been associated with the expres-
sion of oncogenic Ras (Alonso et al., 1988; Alonso and Santos,
1990; Valitutti et al., 1991; Falasca et al., 1995) and are biologi-
cally active. Lysophosphatidylinositol acts as a mitogen in Ras-
transformed cells (Falasca and Corda, 1994; Falasca et al., 1995,
1998), and among the glycerophosphoinositols, glycerophos-
phoinositol 4-phosphate (GroPIns-4P) has been shown to in-
hibit the heterotrimeric G protein Gs in thyroid cells, thereby
decreasing the cellular levels of cAMP and inhibiting cAMP-
dependent functions, such as cell proliferation and iodide up-
take (Iacovelli et al., 1993). However, in nonthyroid cells, the
glycerophosphoinositols do not have significant effects on cell
growth (Corda and Falasca, 1996). In view of this observation,
it is reasonable to hypothesize that the glycerophosphoinositols
may play a role in other cell functions affected by Ras. One such
function is cell motility and invasiveness.

Herein, we test this hypothesis and examine the effects of
GroPIns-4P on the dynamics and organization of the actin
cytoskeleton. This approach is made feasible by our previous
observation that GroPIns-4P readily crosses the plasma mem-
brane and can easily reach its potential intracellular targets
(Berrie et al., 1999). We report that GroPIns-4P added in the
extracellular medium exerts a powerful control on the organi-
zation of cellular actin, consisting of the induction of mem-
brane ruffles and of stress fibers. The mechanism of action of
GroPIns-4P requires the independent activation of the small
GTPases Rac and Rho, but not of Cdc42. The ruffling effect, in
particular, is accompanied by the recruitment of Rac to the cell
membrane, and by the near maximal and sustained activation
of Rac. We believe that these observations are important on
two accounts. First, they define a new biological activity of an
endogenous, freely diffusable inositol-containing molecule.
Moreover, because GroPIns-4P is a natural metabolite of the
phosphoinositides generated by the activation of the Ras cas-
cade (Falasca et al., 1995, 1997), the actin remodeling it induces
is likely to play a role in motility and metastatic invasion.
Second, because GroPIns-4P is a small, water-soluble molecule
that is active when added extracellularly, our observations
suggest that it has the potential to serve as a prototype of a new
class of pharmacologically active agents.

MATERIALS AND METHODS

Reagents
Anti-Myc antibody (clone 9E10) was from Roche Diagnostics (Indi-
anapolis, IN). Fluorescein dextran and Alexa 488 secondary anti-
body were from Molecular Probes (Eugene, OR). The glycerophos-
phoinositols and tetramethyl rhodamine isothiocyanate (TRITC)-
labeled phalloidin were from Sigma-Aldrich (St. Louis, MO).

Epidermal growth factor (EGF) and Mowiol were from Calbiochem
(La Jolla, CA). The Rac activation kit was from Upstate Biotechnol-
ogy (Lake Placid, NY). pRK5myc encoding Rac or Cdc42 mutants
and the cDNA encoding for the human isoform of Rac1 were kindly
provided by Dr. A. Hall (University College London, London,
United Kingdom). All other reagents were obtained from standard
commercial sources and were of the highest purities available.

Cell Culture and Microinjection
Swiss 3T3 cells (American Type Culture Collection, Manassas, VA)
were cultured in DMEM containing 10% calf serum. Cells were
plated at a density of 3.5 � 104 onto 13-mm glass coverslips; the day
after, the calf serum concentration was reduced to 0.5% for 18 h
before injections and/or the addition of stimuli. pRK5myc vector
encoding either the Rac or Cdc42 mutants was microinjected at
0.1–0.5 �g/�l in phosphate-buffered saline (PBS) into the nucleus of
�50 cells over a period of 1 h by using a manual injection system
(Eppendorf, Hamburg, Germany). Cells were returned to the incu-
bator for a further 4 h before treatment with stimuli. Clostridium
botulinum C3 transferase was injected at 160 �g/ml; fluorescein
dextran (1 mg/ml) was coinjected with the transferase to localize
injected cells. Cells were returned to the incubator for 15 min and
then treated with stimuli. During microinjection, cells were main-
tained at �35°C in DMEM containing 10 mM HEPES (pH 7.4).

Immunofluorescence Analysis
After treatment, cells were fixed in 4% (wt/vol) paraformaldehyde
for 10 min, permeabilized in 0.2% Triton X-100 for 5 min, and for
filamentous actin visualization, incubated with 0.1 �g/ml TRITC-
labeled phalloidin for 40 min. All steps were carried out at room
temperature, and coverslips were rinsed in PBS after each step. To
localize cells expressing the proteins encoded by the injected plas-
mids, cells were incubated in the presence of the mouse monoclonal
anti-Myc antibody (clone 9E10), diluted in PBS, for 60 min. Cover-
slips were treated with Alexa 488 goat anti-mouse secondary anti-
body together with 0.1 �g/ml TRITC-labeled phalloidin for 30 min.
Coverslips were mounted by inverting them onto 8 �l of Mowiol
mountant. After 2 h at room temperature, the cells were examined
with an Axiophot microscope using a 40� 1.3 objective (Carl Zeiss,
Jena, Germany). Fluorescence samples were recorded on T-MAX
400 ASA film (Eastman Kodak, Rochester, NY). All micrographs
shown are representative of 3 to 10 independent experiments.

Morphological Scoring
Samples of cells from five independent experiments were subjected
to double-blind scoring for ruffle and stress fiber formation. The
assessment was on the basis of a null score (zero) for the absence of
the feature, followed by a score of one or two according to the level
of response of each individual cell (one, partial response; two, full
response). Cell phenotypes were quantified by counting more than
200 cells in each experiment. Percentage of score (�SE) represents
the score for each morphological feature expressed as a percentage
of the potential maximum score (2 � cell number). Scoring of the
control cells was performed in a similar manner, evaluating the
presence of the features of interest in untreated cells.

Affinity Precipitation of Cellular GTP-Rac, Rho,
and Cdc42
Swiss 3T3 cells were lysed and incubated with Pak-1 binding do-
main (PBD) according to the manufacturer instructions (Upstate
Biotechnology). For positive and negative controls, guanosine 5�-O-
(3-thio)triphosphate (GTP�S) (100 �M) and GDP (1 mM) were used,
respectively. Samples, subjected to SDS-PAGE and transferred to
nitrocellulose, were revealed with a mouse monoclonal antibody
(mAb) against Rac (Upstate Biotechnology) by using the ECL de-
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tection method (Amersham Biosciences UK, Little Chalfont, Buck-
inghamshire, United Kingdom). Densitometry analyses were per-
formed on a Macintosh computer with NIH Image 1.61/fat. The
amount of PBD-bound Rac was normalized to the total amount of
protein content in cell lysates.

Preparation and Purification of Recombinant Rac1
Glutathione S-transferase (GST)-Rac1 expression was induced in the
Escherichia coli strain BL21, carrying pGEX-4T vector encoding for
GST-Rac1 with isopropyl 1-thio-�-d-galactopyranoside (1 mM) (Self
and Hall, 1995a). Cells were lysed by sonication in 20 mM Tris-HCl
pH 7.6, 100 mM NaCl, 5 mM MgCl2, 0.5% (vol/vol) Nonidet P-40, 1
mM dithiothreitol (DTT), 10 �M GDP, 1 mM phenylmethylsulfonyl
fluoride, 10 �g/ml leupeptin, 10 �g/ml aprotinin, 1 �g/ml pepsta-
tin and then centrifuged at 10,000 � g for 10 min at 4°C. The protein
was purified using glutathione-Sepharose 4B beads (Amersham
Biosciences AB, Uppsala, Sweden). The GST-fusion protein was
eluted with 5 mM reduced glutathione (Merck, Darmstadt, Ger-
many) and dialyzed against dialysis buffer (10 mM Tris-HCl pH 7.6,
2 mM MgCl2, 0.1 mM DTT). Samples were stored at �80°C.

In Vitro GDP/GTP Exchange and GTPase Assays
The guanine nucleotide off-rate assays were performed as described
previously (Self and Hall, 1995b). The GDP/GTP exchange assays
were carried out by the filter binding method (Zheng et al., 1995).
GST-Rac1 was preloaded with 10 �Ci of [3H]GDP (11.7 Ci/mmol)
(PerkinElmer Life Sciences, Boston, MA) in 25 mM Tris-HCl pH 7.5,
50 mM NaCl, 5 mM EDTA, 0.1 mM DTT, and 1 mg/ml bovine
serum albumin for 20 min at 30°C. MgCl2 (25 mM final concentra-
tion) was added for the further 10 min of incubation at 30°C.
Nucleotides exchange reactions were performed at 30°C by sam-
pling the [3H]GDP-loaded GST-Rac1 (0.5 �g) in 25 mM Tris-HCl pH
7.5, 100 mM NaCl, 11 mM MgCl2, 1 mM DTT, 1 mg/ml bovine
serum albumin, 2 mM GTP (final concentrations), in the presence of
300 �g of cellular lysates (400 �l of final volume). Forty microliters
of each reaction mixture was sampled at each time point, filtered
over nitrocellulose filters, and followed by scintillation counting.
The results are expressed as percentages of the [3H]GDP bound at
each time point for the guanine nucleotide exchange factor (GEF)-
catalyzed reactions relative to the same time points of the unana-
lyzed reactions, after subtracting the background counts released in
control reactions (with recombinant Rac1 denatured at 100°C for 10
min). The Rac GTPase activity was assayed as described previously
(Self and Hall, 1995b), with minor modifications.

Rac1 Expression in Swiss 3T3 Cells
cDNA encoding for the human isoform of Rac1 was inserted into
the BglII-EcoRI restriction sites of the pEGFP-C2 vector (BD Bio-
sciences Clontech, Palo Alto, CA). Swiss 3T3 cells were transfected
using the gene pulser electroprotocol (according to the manufactur-
er’s instructions) and plated in multiwell plates containing uncoated
glass coverslips. After 6 h, the growth medium was replaced, cells
were cultured for an additional 24 h, and serum starved for 12 h
before being used for immunofluorescence analysis. Cell imaging
was performed on a laser scanner microscope 510 (LSM510; Carl
Zeiss), by using a 40� objective. Control experiments were per-
formed in Swiss 3T3 cells transfected with the pEGFP-C2 empty
vector, stimulated, and analyzed as described previously.

Statistical Analysis
All experiments are presented as the average of duplicate or tripli-
cate determinations repeated at least three times. Statistical analysis
was carried out using paired Student’s t test.

RESULTS

GroPIns-4P Induces the Formation of Actin Ruffles
and Stress Fibers
The possible role of GroPIns-4P in the organization of the
actin cytoskeleton was studied in Swiss 3T3 fibroblasts. The
addition of GroPIns-4P (50 �M) to serum-starved Swiss 3T3
fibroblasts (Figure 1A) caused the rapid formation of mem-
brane ruffles (detectable within 1 min and maximal at 2 min;
Figure 1B), followed by the formation of stress fibers (at
10–15 min; Figure 1C). These GroPIns-4P effects were dose
dependent between 1 �M (a near-threshold concentration
that induced ruffle formation in �10–20% of the cells ob-
served) and 100 �M (when the effect was maximal, and
virtually all cells presented ruffle formation). Most of the
experiments in the rest of this study were therefore per-
formed at 50 �M GroPIns-4P, a concentration that induced a
nearly maximal effect (�80–90% of cells presented ruffles).
These concentrations are also compatible with the evaluated
cellular levels of GroPIns-4P, which we have estimated to be
in the low micromolar range under basal conditions and to
increase from 1.5- to 8-fold after stimulation (the basal levels
are �3% of total glycerophosphoinositols contents, and
these range between �40 and 930 �M in the cell lines tested
so far; Iacovelli et al., 1993; Berrie et al., 2002; Corda et al.,
2002).

The specificity of the action of GroPIns-4P was then ex-
amined. Under conditions identical to those reported above,
other glycerophosphoinositols, i.e., glycerophosphoinositol
(GroPIns) and glycerophosphoinositol 4,5-bisphosphate
(GroPIns-4,5P2), both at 50 and 100 �M, had no measurable
effect on actin organization (our unpublished data). The
possible products of the hydrolysis of GroPIns-4P, inositol
1-phosphate, inositol 4-phosphate, and inositol 1,4-bisphos-
phate were also tested; none of these compounds added at
concentrations up to 50 �M caused any change in the actin
cytoskeleton. In addition, although our previous in vitro
work did not show any reacylation of GroPIns-4P to form
lysophosphatidylinositol, or further metabolism to lyso-
phosphatidic acid (LPA) (Berrie et al., 1999), we also exam-
ined the effects of these lysolipids (at 10 �M) on actin poly-
merization. This might be of interest because LPA has been
shown to be a modulator of the actin cytoskeleton. Lyso-
phosphatidylinositol was without effect, and LPA, as
already reported (Ridley and Hall, 1992), induced the for-
mation of stress fibers (upon 12 min of incubation; our
unpublished data), but had no effect on ruffle formation.

Thus, in Swiss 3T3 fibroblasts, the GroPIns-4P-dependent
induction of ruffle and stress fiber formation seems to be
GroPIns-4P specific and independent of the possible metab-
olism of this compound.

Mechanism of Action of GroPIns-4P Involves
Activation of Rac and Rho
To investigate the mechanism of action of GroPIns-4P, we
examined whether its effect on the actin cytoskeleton was
exerted upstream or downstream of the small G proteins of
the Rho family; this is a reasonable hypothesis because the
effect of several cytoskeletal modulators has been shown to
be mediated by this family of small GTPases, which coordi-
nately control distinct actin structures (Zohn et al., 1998):
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Figure 1. GroPIns-4P– and EGF-induced modifications of the actin cytoskeleton in Swiss 3T3 cells. Serum-starved Swiss 3T3 cells (A) were
treated with either 50 �M GroPIns-4P (B and C) or 20 ng/ml EGF (D and E) for 2 and 12 min, respectively. Cells were fixed and stained with
TRITC-labeled phalloidin as described under MATERIALS AND METHODS. The results shown are representative of at least 30 independent
experiments performed in triplicate. (F and G) Higher magnification of the boxed areas in B and E, respectively. Bar, 20 �m.
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Cdc42 induces the formation of filopodia and can activate
Rac (Nobes and Hall, 1995); Rac regulates the formation of
lamellipodia and membrane ruffles, and can activate Rho
(Ridley et al., 1992); and Rho itself is involved in the forma-
tion of stress fibers and focal adhesion sites (Ridley and Hall,
1992). Of note, the cell system used in this study is one in
which the role of the small G proteins Cdc42, Rac, and Rho,
as well as the actions of growth factors, have been exten-
sively documented (Ridley and Hall, 1992; Ridley et al., 1992;
Nobes and Hall, 1995).

The Myc-tagged, dominant-negative mutants of Rac
(N17Rac) and Cdc42 (N17Cdc42), as well as C. botulinum C3
transferase (that acts on Rho), were microinjected in serum-
starved Swiss 3T3 cells to prevent the action of the endoge-
nous Rac, Cdc42, or Rho (see MATERIALS AND METH-
ODS; Ridley et al., 1992). Cells expressing the Myc-tagged
proteins were revealed using an anti-Myc antibody (Figure
2, B, D, F, and H). The expression of N17Cdc42 had no
influence on the actin cytoskeleton modifications induced by
GroPIns-4P (Figure 2, A and C). Instead, N17Rac completely
inhibited the membrane ruffling induced by GroPIns-4P
(Figure 2E). The same construct (N17Rac) had no effect,
however, on the stress fiber formation induced by this com-
pound (Figure 2G). Thus, the membrane ruffling induced by
GroPIns-4P, is dependent on a functional Rac protein, but
stress fiber formation is not. To examine whether the latter
effect required Rho, serum-starved Swiss 3T3 cells were
microinjected with C. botulinum C3 transferase (160 �g/ml),
which ADP ribosylates and inactivates Rho, leaving the
functions of Rac and Cdc42 unchanged (Ridley and Hall,
1992; Ridley et al., 1992) (Figure 2L). GroPIns-4P-dependent
stress fiber formation was completely inhibited by C. botuli-
num C3 (Figure 2I), indicating that this GroPIns-4P effect
needs a functional Rho protein. However, the formation of
membrane ruffling induced by GroPIns-4P was not influ-
enced by C. botulinum C3 (our unpublished data). A sum-
mary of a series of experiments, analyzed in a double-blind
manner, is presented in Table 1, whereas, Figure 1, F and G,
shows the high magnification of the actin structures scored
as ruffles and stress fibers, respectively. Together, the results
lead to the conclusion that GroPIns-4P acts upstream of Rac
and Rho and requires active Rac (but not Cdc42 and Rho) to
form ruffles and active Rho (but not Rac and Cdc42) to form
stress fibers (see above; Table 1).

GroPIns-4P Pathway for Rac Activation Differs
from That of Growth Factors
Because several growth factors, typically EGF, cause, like
GroPIns-4P, the formation of actin ruffles and stress fibers,
we compared the effects of GroPIns-4P (50 �M) with those of
EGF (20 ng/ml) under identical conditions. EGF added to
serum-starved Swiss 3T3 cells caused membrane ruffles (Fig-
ure 1D, maximal effect at 2 min) and stress fiber formation
(Figure 1E, maximal effect at 10 min). The effects of
GroPIns-4P and EGF were similar in type, extent, and time
course. In the signaling cascade mediating the growth fac-
tor-dependent organization of the actin cytoskeleton, en-
zymes such as phosphoinositide 3-kinase (PI3K) and PLA2
are intimately connected to the activation of Rac and Rho
(Nobes et al., 1995; Kjoller and Hall, 1999). We thus exam-
ined whether these enzymes might be involved also in the
reorganization of the cytoskeleton by GroPIns-4P. In the

presence of either the PI3K inhibitor wortmannin or methyl
arachidonyl fluorophosphonate (MAFP), a cell-membrane-
permeant, irreversible inhibitor of PLA2 (Lio et al., 1996),
GroPIns-4P was still able to induce the formation of ruffles
and stress fibers. In contrast, in experiments in which the
cytoskeletal changes were induced by EGF, both these in-
hibitors blocked the effects of the growth factor. Figure 3
shows that a 10-min preincubation with the inhibitor wort-
mannin (100 nM) completely prevented the EGF-induced
formation of ruffles and stress fibers (Figure 3, A, B, D, and
E), whereas it did not affect the modifications induced by
GroPIns-4P by itself (our unpublished data) or in combina-
tion with EGF (Figure 3, C and F). Similarly, GroPIns-4P can
induce stress fiber formation in serum-starved Swiss 3T3
cells where the EGF stimulation of stress fibers was mark-
edly (albeit not completely) prevented by MAFP (15 �M)
(Figure 3, G and H). Notably, this inhibitor did not affect the
EGF-induced membrane ruffling. Similar results were ob-
tained with another inhibitor of PLA2, AACOCF3 (10 �M;
15-min preincubation).

Also of note, the effect of EGF has been shown to be
mediated by another PLA2 metabolite, the 5-lipoxygenase
product leukotriene E4, which induces stress fiber formation
in fibroblasts via the activation of the small G protein Rho
(Peppelenbosch et al., 1995). Because these studies were
based in part on the use of chemical enzymatic inhibitors, it
is conceivable that other metabolites deriving from the PLA2
pathway, such as the glycerophosphoinositols, might act per
se or cooperate with the leukotrienes at the level of the
cytoskeleton. We compared the effects of leukotriene E4 and
GroPIns-4P in Swiss 3T3 cells under the experimental con-
ditions described above (Figure 4). High concentrations of
leukotriene E4 (up to 5 �M) were indeed able to induce
stress fiber formation (Figure 4A). However, the effect of
GroPIns-4P was more pronounced (Figure 4B) and was not
modified by the presence of the lipoxygenase inhibitor nor-
dihydroguaretic acid (5–10 �M; 10-min preincubation; our
unpublished data), indicating that GroPIns-4P does not act
by inducing the formation of leukotrienes.

Collectively, the above-mentioned results indicate that
GroPIns-4P modifies the actin cytoskeleton via a mechanism
of action different from that of EGF and suggest that it may
act on a molecular target close to the activation of Rac and
Rho themselves.

GroPIns-4P Promotes Localization of Green
Fluorescent Protein (GFP)-tagged Rac in Actin
Ruffles
We next examined the effect of GroPIns-4P on the Rac
GTPase in living cells. To this end, we expressed the GFP-
tagged protein in Swiss 3T3 fibroblasts (see MATERIALS
AND METHODS). The same construct has been previously
shown to behave like the endogenous Rac (Michaelson et al.,
2001). As indicated in Figure 5, in serum-starved cells, Rac-
GFP showed predominantly a cytosolic localization, both
diffuse and in scattered spots (Figure 5B). During the first 2
min of stimulation of living cells with GroPIns-4P (50 �M),
a clear accumulation of Rac-GFP became detectable at the
plasma membrane within specific structures exhibiting the
morphology and dynamics typical of actin ruffles. When
cells were fixed and stained for actin by phalloidin, it
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seemed that actin and Rac-GFP indeed colocalized in ruffles
at the plasma membrane (Figure 5, D and F). A similar
analysis was performed after 12 min of stimulation with
GroPIns-4P (50 �M). At this time, the images revealed the
formation of stress fibers (Figure 5G) and a diffuse localiza-
tion of Rac-GFP, with no clear ruffling (Figure 5H), in line
with the data reported above. Control cells transfected with
a pEGFP-C2 empty vector showed a predominant nuclear
localization of GFP; moreover, no colocalization with F-
actin, or concentration in ruffles, of this protein was ob-
served upon GroPIns-4P addition (our unpublished data).

These data are clearly in line with the conclusion that a
major effect of GroPIns-4P on Swiss 3T3 cells is to activate
Rac and thereby induce its interaction with, and reorgani-
zation of, the actin cytoskeleton.

GroPIns-4P Induces a Long-lasting GTP-bound
Fraction of Cellular Rac
To directly evaluate the effects of GroPIns-4P on Rac, we
assessed the ability of this agent to activate Rac in living

cells by assaying the fraction of the active (GTP-bound)
protein in cells exposed to this agent. Figure 6, A and B,
shows that the binding of GTP to Rac in serum-starved
Swiss 3T3 cells was stimulated by GroPIns-4P (50 �M),
which induced a two-fold increase in the cellular fraction
of GTP-bound Rac (GTP-Rac). Remarkably, this effect was
comparable to the in vitro activation induced by 100 �M
GTP�S (Figure 6, A and B), suggesting that GroPIns-4P
activates Rac nearly maximally. Similar experiments were
performed by treating Swiss 3T3 cells with GroPIns and
GroPIns-4,5P2, which as mentioned above do not detect-
ably affect the actin cytoskeleton organization at this con-
centration (50 �M). These compounds induced a degree of
activation of Rac, but their effects differed markedly from
that of GroPIns-4P in two ways. The first concerned the
time course of the effects of the glycerophos-
phoinositols. As shown in Figure 6C, the activation in-
duced by GroPIns and GroPIns-4,5P2 was transient,
whereas GroPIns-4P induced a sustained activation of
Rac. The second difference can be seen in Figure 7, which
shows the dose responses of the various glycerophosphoino-
sitols (1–100 �M). Although the GroPIns-4P-induced Rac acti-
vation was already noticeable at 1 �M and reached the maxi-
mal twofold increase at 50 �M, in good agreement with the
effect of this compound on ruffle formation, the effects of
GroPIns and GroPIns-4,5P2 were evident only at higher con-
centrations (50–100 �M) and were significantly lower in max-
imal extent.

These data suggest that the duration and the extent of the
Rac activation induced by these compounds might play
important roles in initiating the signal cascade leading to
actin rearrangements and might in fact reflect a different
mechanism of activation (see DISCUSSION). In line with
this, we observed that LPA, which induces stress fiber for-
mation (see above; Ridley and Hall, 1992) but, like GroPIns
and GroPIns-4,5P2, does not cause ruffling, increased by
only �50% the cellular fraction of GTP-Rac (our unpub-

Table 1. Effects of N17Rac, N17Cdc42, and C. botulinum C3 transferase microinjection on the GroPIns-4P–induced actin cytoskeleton
reorganization

Ruffles Stress Fibers

Injected Noninjected Injected Noninjected

N17 Cdc42
GroPIns-4P (2 min) 21.9 � 4.0 32.7 � 6.0 29.7 � 5.2 23.8 � 10.1
GroPIns-4P (12 min) 0.7 � 0.5 1.1 � 0.8 73 � 2.6 73.1 � 4.9

N17 Rac
GroPIns-4P (2 min) 0.7 � 0.6* 36.7 � 6.0 24.7 � 6.5 22.0 � 6.1
GroPIns-4P (12 min) 0 0.4 � 0.3 56.9 � 5.2 66.7 � 7.7

C. botulinum
GroPIns-4P (12 min) 10.6 � 1.5* 40.8 � 2.5

Serum-starved Swiss 3T3 cells microinjected with N17Rac, N17Cdc42, or C. botulinum C3 transferase were treated with GroPIns-4P (50 �M).
Cells were fixed and stained with TRITC-labeled phalloidin as described under MATERIALS AND METHODS. Samples of control
(noninjected) and injected cells from three to five independent experiments were subjected to double-blind morphological scoring as
described under MATERIALS AND METHODS. An example of the actin structures identified as ruffles and stress fibers is shown in Figure
1 (F and G, respectively).
* Statistically significant difference p � 0.05 (injected vs. noninjected). A parallel scoring was also performed in control cells, resulting in a
level of ruffling and stress fibers of 0.7 � 0.2 and 4.1 � 0.4, respectively. The total number of injected cells assessed under each condition
ranged from 20 to 50, and equivalent numbers of noninjected cells were selected at random and also scored.

Figure 2 (facing page). Effects of the inactivation of Cdc42, Rac,
and Rho on the GroPIns-4P–induced actin cytoskeleton reorganiza-
tion. Serum-starved Swiss 3T3 cells microinjected with expression
constructs encoding a Myc-tagged version of N17Cdc42 (A–D),
N17Rac1 (E–H), or with C. botulinum C3 transferase and fluorescein
isothiocyanate-dextran (I and L) were treated with 50 �M
GroPIns-4P for 2 min (A and E) or 12 min (C, G, and I). Cells were
fixed and costained either for the Myc-tag by using an anti-Myc
specific mAb (9E10) (B, D, F, and H) or for filamentous actin by
using TRITC-labeled phalloidin (A, C, E, G, and I) or revealed for
the presence of fluorescein-dextran staining (L). The N17Rac1 and
N17Cdc42 constructs were microinjected at 0.5 �g/�l 4 h before the
addition of GroPIns-4P. C. botulinum C3 transferase was microin-
jected at 160 �g/ml 15 min before the addition of GroPIns-4P. The
results shown are representative of three to five independent exper-
iments performed in triplicate. Bar, 20 �m.
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lished data). A similar (i.e., limited) LPA-dependent increase
in GTP-Rac has been recently reported and related to the
Gi-dependent ability of LPA to induce NIH-3T3 cell spread-
ing over fibronectin layers (Ueda et al., 2001). Another pos-
sibility is that the effect of GroPIns-4P on ruffling might
involve not only Rac activation but also a concomitant action
on another effector, which would be unaffected by the other
two glycerophosphoinositols. A full elucidation of these
questions requires further investigation and is beyond the
scope of the present report.

Finally, we attempted to assess the effects of GroPIns-4P
on the GDP/GTP exchange and GTPase activities of recom-
binant Rac (Figure 8). Nucleotide exchange was evaluated
by preloading Rac with [3H]GDP and then measuring the
time course of [3H]GDP release under various conditions (in

the presence of low or high magnesium concentrations or
cell lysate; see MATERIALS AND METHODS). No change
in the rate of GDP release was induced by GroPIns-4P (50
�M) (Figure 8A). The Rac GTPase activity was evaluated by
preloading recombinant Rac with �[32P]GTP and measuring
the rate of GTP hydrolysis. Again, GroPIns-4P (50–100 �M)
had no effect, either in the presence or in the absence of cell
lysates (Figure 8B). Thus, GroPIns-4P does not seem to di-
rectly activate Rac under the conditions so far used to assay
the enzymatic activity of this GTPase in cell-free extracts.

DISCUSSION

The main finding in the present study is that GroPIns-4P, a
small, water-soluble phosphoinositide metabolite that can

Figure 3. GroPIns-4P rescues the EGF-induced effects on the actin cytoskeleton in Swiss 3T3 cells pretreated with MAFP or wortmannin.
Serum-starved Swiss 3T3 cells without pretreatment (A and D) or pretreated with MAFP (15 �M for 15 min) (G and H) or wortmannin (100
nM for 10 min) (B, C, E, and F) were stimulated with EGF (20 ng/ml) alone or in the presence of GroPIns-4P (50 �M) for 2 (C) and 12 min
(F and H). Cells were fixed and stained with TRITC-labeled phalloidin as described under MATERIALS AND METHODS. The results are
representative of at least three independent experiments performed in triplicate. Bar, 20 �m.
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be generated intracellularly by PLA enzymes, modulates the
organization of the actin cytoskeleton toward the formation
of ruffles and stress fibers, through the activation of the
small GTPases Rac and Rho.

Mechanism of Action of GroPIns-4P on the Actin
Cytoskeleton Differs from That of Growth Factors
The effects of GroPIns-4P on the actin cytoskeleton are phe-
nomenologically similar to those induced by an important
class of physiological agents, the growth factors. However,
the mechanisms of action of these two types of agents
seem to be different. The well-characterized mitogen EGF,
for instance, affects the cytoskeleton via a receptor-in-
duced signaling cascade that includes as key elements the
transduction enzymes PI3K and PLA2 and the formation
of arachidonic acid metabolites, the leukotrienes (Kjoller
and Hall, 1999). Although the role of the leukotrienes has
been demonstrated only for EGF-induced stress fiber for-
mation, PI3K is considered a rather general mediator of
the growth factor effects on the actin cytoskeleton (Kjoller
and Hall, 1999). Yet, the cytoskeletal reorganization in-
duced by GroPIns-4P involves neither of these two en-
zymes, nor does it require the leukotrienes. These findings
are consistent with our previous proposal that GroPIns-4P
acts, rather than by stimulating a membrane receptor, by
crossing the plasma membrane into the cytosol, where it
would reach its potential targets (Berrie et al., 1999; Corda
et al., 2002). This hypothesis is attractive because 1) it fits
with our observation that GroPIns-4P can be generated in
the cell cytoplasm and is therefore likely to exert its action
in the cell interior; 2) in previous studies, we found no
evidence of specific GroPIns-4P binding to the plasma
membrane; and 3) this compound is actively internalized
into cultured cells (Swiss 3T3 fibroblasts; Berrie et al.,
1999). If this is the case, the passage through the plasma
membrane of the exogenously added GroPIns-4P, which
is highly hydrophilic (i.e., nonmembrane permeant),
should occur via a specific transporter protein. The iden-
tity of such a transporter is unknown, but a reasonable
hypothesis is that it might be the mammalian ortholog of
the GroPIns transmembrane carrier already identified and
studied in yeast (Patton-Vogt and Henry, 1998). In yeast,
the glycerophosphoinositols are released (Hawkins et al.,
1993) and can be taken back up as a source of the essential
nutrient inositol when this component is lacking in the

growth medium (Patton et al., 1995). In higher eukaryotes,
the glycerophosphoinositols are unlikely to have nutri-
tional roles, but the molecules presiding over their trans-
port and metabolism might be conserved. Clearly, more
work is needed to clarify this point.

Effect of GroPIns-4P on Rac: Requirement for a
Long-lasting Activation
Because GroPIns-4P acts by activating Rac, we have charac-
terized the manner in which this activation is induced. The
GDP/GTP cycle of the Rho GTPases is regulated by three
distinct classes of proteins (Takai et al., 2001): GEFs that
stimulate the exchange of GDP for GTP; the intrinsic GT-
Pase-activating proteins (GAPs); and the GDP-dissociation
inhibitory factors. These proteins also play an important role
in the regulation of the association of Rho proteins with the
membrane, via the presence of lipid-binding domains in
their sequence (see INTRODUCTION; Takai at al., 2001). The
field of potential candidates is therefore large. If one of the
Rac accessory proteins is the target of GroPIns-4P, it could
be one (or more) of the �40 members of these Rho family
protein modulators (Bishop and Hall, 2000). A possible way
to reduce the number of candidates is to consider that
GroPIns-4P could act by binding to a specific lipid-binding
domain (e.g., a pleckstrin homology domain) of one of the
GEFs or GAPs, thus affecting the interaction of this domain
with the membrane phosphoinositides. Interestingly, in pre-
liminary experiments, we indeed find that GroPIns-4P facil-
itates the translocation of Tiam, a Rac GEF characterized by
two pleckstrin domains (Habets et al., 1994), to the plasma
membrane. Because Tiam has been implicated in metastatic
invasion (Michiels et al., 1995), this observation is also
broadly in line with a role of GroPIns-4P in Ras transforma-
tion.

Alternatively, we cannot yet exclude that to exert its ef-
fects on Rac, GroPIns-4P might affect one of the proteins in
the cascade upstream of the Rac interactors, along a cascade
different, however, from that initiated by EGF (see above). A
signaling complex that might be involved in the effect of
GroPIns-4P is the Gs/adenylyl cyclase system, because this
compound directly inhibits Gs and thus affects cAMP-de-
pendent functions (Iacovelli et al., 1993). Evidence of an
interplay between cAMP and Rho GTPases has recently
been reported: for example, in platelets cAMP inhibits both
Rac and Rho (Gratacap et al., 2001). Moreover, increases in

Figure 4. Comparison between
the stress fiber formation induced
by leukotriene E4 and by GroPIns-
4P. Serum-starved Swiss 3T3 cells
were treated with either leukotri-
ene E4 (5 �M) (A) or GroPIns-4P
(50 �M) (B) for 12 min. Cells were
fixed and stained with TRITC-la-
beled phalloidin as described un-
der MATERIALS AND METH-
ODS. The results are representative
of three independent experiments
performed in triplicate. Bar, 20 �m.
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cAMP levels result in the inhibition of RhoA, with respect to
its ability to induce either morphological changes in neuro-
blastoma cells or cell migration in colon carcinoma and
hepatoma cells (Dong et al., 1998; Mukai et al., 2000;
O’Connor et al., 2000). Thus, a decrease in cAMP induced in
Swiss 3T3 cells by GroPIns-4P (Falasca et al., 1997) might
play at least an accessory role in Rac and Rho activation also
in fibroblasts. Irrespective of the precise manner in which
Rac is activated, an intriguing and potentially important
mechanistic aspect emerges from the comparison between
the stimulatory effects of GroPIns-4P and those of the other
glycerophosphoinositols. Whereas also GroPIns and

GroPIns-4,5P2 can induce Rac charging, their effect is tran-
sient, whereas the effect of GroPIns-4P is long-lasting. This
difference might explain the inability of GroPIns and
GroPIns-4,5P2 to induce ruffle formation, in contrast to the
marked ruffling effect of GroPIns-4P. Possibly, to lead to
ruffling, the Rac cellular pool must remain in the active state
for a time sufficient for the interaction with the effectors
controlling actin polymerization or translocation to the
membrane. If this is the case, the duration of the Rac acti-
vation would be more important than the extent of activa-
tion, a notion in line with our observations that GroPIns-4P,
at low concentrations that induce levels of cellular GTP-Rac

Figure 5. Localization of Rac and actin in GroPIns-4P-induced membrane ruffles. Subconfluent Swiss 3T3 cells were transfected with the
pEGFP-Rac construct as described under MATERIALS AND METHODS. Twenty-four hours after transfection, cells were treated with
GroPIns-4P (50 �M) for 2 min (D–F) or 12 min (G–I), fixed, and stained with TRITC-labeled phalloidin. Unstimulated control cells are shown
in A–C. Arrowheads show areas of extensive membrane ruffles where Rac colocalizes with F-actin. The results are representative of three
independent experiments performed in triplicate. Bar, 20 �m.
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similar to those supported by GroPIns and GroPIns-4,5P2,
is able to produce ruffles, whereas the other two glyc-
erophosphoinositols are not.

CONCLUSION

In summary, GroPIns-4P activates intracellular molecular
steps leading to a reorganization of the actin cytoskeleton

via the activation of the small GTPase Rac. This Rac activa-
tion is mediated by a mechanism different from that initiated
by growth factors, and is long-lasting. Because agents that
produce a transient activation of Rac (such as LPA; see
RESULTS) do not induce ruffling, the latter feature might
prove relevant toward clarifying both the mode of Rac acti-
vation by GroPIns-4P and the manner in which activated
Rac leads to ruffling.

Because the glycerophosphoinositols have been impli-
cated in the Ras cascade both in mitogen-activated and in
Ras-transformed cells, these observations might be relevant
to our understanding of Ras signaling. In addition, there are
several possible physiological and pathological conditions
where GroPIns-4P formation might be induced and play a
role. The synthesis of GroPIns-4P involves the complete
deacylation of phosphatidylinositol 4-phospate, or of phos-
phatidylinositol 4,5-bisphosphate followed by dephosphor-

Figure 6. Regulation of Rac activity by GroPIns-4P. (A) Serum-
starved Swiss 3T3 cells were treated with 50 �M GroPIns-4P for
2 min. Lysates from unstimulated and stimulated cells were
processed as indicated under MATERIALS AND METHODS and
analyzed by Western blotting with a mAb against Rac. Lysates
from control cells were incubated with GTP�S (100 �M) or GDP
(1 mM) for positive and negative controls, respectively. Rac-
relative activation was calculated as the amount of PBD-bound
Rac in stimulated cells, and normalized vs. the amount of Rac in
unstimulated cells. (B) Western blots from one of the represen-
tative experiments showing activation of Rac. (C) Time course of
Rac activation by GroPIns, GroPIns-4P, and GroPIns-4,5P2. Se-
rum-starved Swiss 3T3 cells were treated with these stimuli (50
�M) for the indicated times. Rac-relative activation was calcu-
lated as the amount of PBD-bound Rac in stimulated cells, and nor-
malized vs. the amount of Rac in unstimulated cells. Data are means �
SE of three independent experiments. *p � 0.05, with respect to un-
stimulated cells, as analyzed by paired Student’s t test.

Figure 7. Dose response of GroPIns, GroPIns-4P, and GroPIns-
4,5P2 on Rac activation. (A) Serum-starved Swiss 3T3 cells were
treated with the indicated amounts of GroPIns, GroPIns-4P, or
GroPIns-4,5P2 for 5 min; lysates from unstimulated and stimulated
cells were processed as indicated under MATERIALS AND METH-
ODS and analyzed by Western blotting with a mAb against Rac.
Rac-relative activation was calculated as the amount of PBD-bound
Rac in stimulated cells, and normalized vs. the amount of Rac in
unstimulated cells. Data are means � SE of three experiments. *p �
0,05, with respect to unstimulated cells, as analyzed by paired
Student’s t test. (B) Western blots from one of the representative
experiments showing the amount of activated Rac present in the
affinity precipitations and the constant level of endogenously ex-
pressed Rac in the different cell lysates.
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ylation. Such a deacylation could be brought about by sev-
eral PLA2 isoforms, because these enzymes may act sequen-
tially at positions sn-2 and sn-1 of the glycerol backbone (de
Carvalho et al., 1995; Ma and Turk, 2001). It will be of great
interest to define the conditions where this metabolism can
take place. Finally, because the glycerophosphoinositols are
soluble, small-molecular-weight compounds amenable to
chemical modification, are able to easily cross the plasma
membrane and are active when added extracellularly, our
observations suggest that they should serve as valuable lead
compounds for the development of molecules active in the

control of motility and invasiveness of cancer cells, for both
research and therapeutic purposes.
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