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The glycerophosphoinositols are diffusible phosphoinositide metabolites reported to modulate actin
dynamics and tumour cell spreading. In particular, the membrane permeant glycerophosphoinositol 4-
phosphate (GroPIns4P) has been shown to act at the level of the small GTPase Racl, to induce the rapid
formation of membrane ruffles. Here, we have investigated the signalling cascade involved in this process,
and show that it is initiated by the activation of Src kinase. In NIH3T3 cells, exogenous addition of GroPIns4P
induces activation and translocation of Racl and its exchange factor TIAM1 to the plasma membrane; in
addition, in in-vitro assays, GroPIns4P favours the formation of a protein complex that includes Rac1 and
TIAM1. Neither of these processes involves direct actions of GroPIns4P on these proteins. Thus, through the
use of specific inhibitors of tyrosine kinases and phospholipase C (and by direct evaluation of kinase activities
and inositol 1,4,5-trisphosphate production), we show that GroPIns4P activates Src, and as a consequence,
phospholipase Cy and Ca?*/calmodulin kinase I, the last of which directly phosphorylates TIAM1 and leads
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to TIAM1/Rac1-dependent ruffle formation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Although the membrane phosphoinositides represent a minor, but
essential, fraction of the total membrane phospholipids, they have
crucial regulatory roles as docking molecules for protein-and lipid-
binding domains [1-3] and as precursors of signalling molecules [4,5].
They are thus the substrates of different cellular enzymes, including
lipid kinases, phosphatases and phospholipases, which catalyze the
formation of active metabolites that are involved in the regulation of
different cellular functions [6,7].

We have previously investigated the metabolism and physiological
functions of a specific class of the phosphoinositide metabolites, the
glycerophosphoinositols [7,8]. These are water-soluble products of
phospholipase A, (PLA,) and lysolipase activities that were originally
identified in Ras-transformed epithelial cells [9], and were then
characterized in a number of normal and transformed cell systems
[710,11]. Recently, we have shown that in thyroid epithelial cells, the
glycerophosphoinositols are specifically produced by a single enzyme, the
PLA, IV isoform, which possesses both PLA; and lysolipase activities [8].
In these cells, this pathway, and more specifically the formation of
glycerophosphoinositol (GroPIns), is involved in the control of thyro-
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tropin-independent cell proliferation [8]. In fibroblasts, glyceropho-
sphoinositol 4-phosphate (GroPIns4P) has a role in promoting actin
cytoskeleton reorganization, through the activation of the small GTPases
of the Rho family [12]. Thus, in serum-starved Swiss 3T3 cells,
exogenously added GroPIns4P stimulates the rapid formation of
membrane ruffles, followed at later times by the formation of stress
fibres [12]. This GroPIns4P effect in intact cells involves the activation of
Rac1, as determined by an increased fraction of GTP-bound Rac1 and by a
rapid translocation of green-fluorescent-protein (GFP)-tagged Racl into
ruffles [12]. No information is available, however, on the mechanism by
which GroPIns4P activates Racl.

In addition to the effects reported above, GroPIns4P is involved in
other processes in which cytoskeletal rearrangements are also
essential, such as T-cell chemotaxis [13]. Through its ability to inhibit
adenylyl cyclase activity [14], GroPIns4P enhances chemokine-
induced chemotactic responses in Jurkat T-cells and in peripheral
blood lymphocytes [13]. This GroPIns4P activity is due to the
activation of the Racl guanine-nucleotide-exchange factor (GEF)
Vav, which in turn regulates actin polymerization in these systems
[13,15]. Moreover, when exogenously added to breast carcinoma and
melanoma cell cultures, both GroPIns and GroPIns4P decrease the
ability of these cells to degrade, and thus invade, the extracellular
matrix, indicating the potential of these compounds in the control of
tumour spreading [16].

Following on from the above, the present study was under-
taken to define the molecular pathways involved in GroPIns4P-
dependent ruffle formation in fibroblasts. This is relevant to the
general remodelling of actin-based structures that are involved in
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processes such as cell adhesion, division and motility [17,18], and
that are controlled by a number of signalling molecules and
protein cofactors, including lipid kinases, serine/threonine and
tyrosine kinases [19-22], phospholipases [23,24], scaffold proteins
(such as IRSp53, filamin and Abl) [25-27], WASP family proteins
[28] and the GTPases of the Rho family [29,30]. In addition, lipids,
and more specifically the membrane phosphoinositides phospha-
tidylinositol 4,5-bisphosphate (PtdIns4,5P,) and phosphatidylinosi-
tol 3,4,5-trisphosphate (PtdIns3,4,5P3), have been shown to be
relevant for actin cytoskeleton organization in three specific ways:
(i) direct regulation of the activities and targeting of actin
regulatory proteins, such as exchange factors, WASP family
proteins and profilin [31-33]; (ii) stimulation of actin nucleation
and the subsequent actin polymerization through the dissociation
of capping proteins, such as CapZ and gelsolin, from the actin
filaments [34]; and (iii) formation of cytoskeleton-plasma-mem-
brane connections to form stable, bundled actin fibres [35,36].

Using biochemical and morphological approaches, we now show
that GroPIns4P activates Src kinase, and thus initiates a phosphoryla-
tion cascade that leads to the activation of the specific GEF of Rac1, T-
cell lymphoma invasion and metastasis protein-1 (TIAM1). This
pathway is responsible for Racl activation, and finally for the
formation of the membrane ruffles induced by GroPIns4P.

2. Materials and methods
2.1. Reagents

NIH3T3, HEK293T and SYF cells were from the American Type
Culture Collection (ATCC, USA). Dulbecco's Modified Eagle's Medium
(DMEM), OptiMEM, calf serum (CS), penicillin, streptomycin, trypsin-
EDTA, L-glutamine and the Lipofectamine/plus reagent were from
Gibco BRL (Grand Island, NY, USA). Foetal calf serum (FCS) was from
Biochrom KG (Berlin, Germany). The TIAM1- and wild-type-Src-
expressing constructs (see below) were kindly provided by I. Fleming
(University of Dundee, Scotland, UK) and S. Gutkind (NIH, Bethesda,
USA), respectively. The pEGFP-Rac1 was from our laboratory [12],
while pEGFP was from Molecular Probes (Eugene, OR, USA). The
constructs expressing the myc-tagged constitutively active forms of
Racl (myc-L61Rac1), RhoA (myc-L63RhoA) and Cdc42 (myc-
L61Cdc42) were kindly provided by A. Hall (Sloan-Kettering Institute
for Cancer Research, NY, USA). TRITC- and FITC-labelled phalloidin
were from Sigma-Aldrich (St. Louis, MO, USA), and Fluo3-AM and the
Alexa 488-and Alexa 546-conjugated goat anti-rabbit and anti-mouse
antibodies from Molecular Probes. For the antibodies: anti-HA was
from Babco (Richmond, CA, USA), anti-p-Src (phosphorylated on
tyrosine 416, p-Tyr416) from Upstate (Chicago, IL, USA), anti-PLCP1,
anti-PLCy1, anti-TIAM1 (C-16), anti-c-Src were from Santa Cruz (Santa
Cruz, CA, USA), the polyclonal anti-TIAM1 antibody was kindly
provided by ].G. Collard (The Netherlands Cancer Institute), mono-
clonal anti-c-myc Cy3 conjugate clone 9E10 from Sigma-Aldrich and
monoclonal antiphosphotyrosine clone 4G10 from Upstate. GroPIns4P
was prepared by deacylation of phosphatidylinositol 4-phosphate
(Avanti Polar Lipids, Alabaster, AL, USA), following [37]. KN-93,
U73122, U73433, PP2, SU6656, GroPIns, mowiol and the secondary
antibodies conjugated to horse-radish peroxidase and directed against
mouse and rabbit IgGs were from Calbiochem (La Jolla, CA, USA).
Ionomycin, ATP, genistein and 1,2-bis-(0-aminophenoxy)-ethane-N,
N,-N',N'-tetraacetic acid tetraacetoxy-methyl ester (BAPTA-AM) were
from Sigma-Aldrich. PDGF, CaMKII, Src, the “CaMKII activity assay” kit
and the “Src assay kit” were from Upstate. The “p-myo-inositol 1,4,5-
trisphosphate [H]-Biotrak assay system” and the ECL reagents were
from Amersham Pharmacia (Piscataway, NJ, USA). [y*2P]-ATP (3,000
Ci/mmole), Filter Count and Ultima Gold scintillation fluids were from
Perkin Elmer Life Sciences (Boston, MA, USA). All other reagents were
of the highest purities from standard commercial sources.

2.2. Cell culture, transfection and treatments

Cells were grown in DMEM supplemented with 2 mM glutamine,
100 U/ml penicillin, 0.1 mg/ml streptomycin, 10% CS (mouse
fibroblasts, NIH3T3 cells) or FCS (human cell lines, HEK293T cells,
mouse embryo fibroblasts, SYF cells). For immunofluorescence
experiments, cells were seeded onto glass coverslips in 24-well plates
at a concentration suitable for 70% confluence without transfection or
50% confluence in the case of Lipofectamine-based cell transfection. In
the latter, about 24 h after seeding, NIH3T3 and SYF cells were
transiently transfected with different plasmids (pEGFP-Rac1 encoding
Rac1-GFP; pcDNA-C1199-TIAM1 encoding TIAM1-HA, pEGFP-C1199-
TIAM1 encoding TIAM1-GFP, pRK5-L61Rac1 encoding myc-L61Racl,
pPRK5-L63RhoA encoding myc-L63RhoA, pRK5-L61Cdc42 encoding
myc-L61Cdc42 and pSM-c-Src encoding c-Src) with the Lipofecta-
mine/plus reagent, following the manufacturer instructions. Before
treatments, NIH3T3 and SYF cells were serum starved in DMEM with
2 mM glutamine, 1 U/ml penicillin and streptomycin for 24 h and with
0.1% FCS for 12 h, respectively. Then the cells were treated with the
different stimuli and/or inhibitors, as indicated in the text and/or
Figure legends.

2.3. Immunofluorescence analysis for membrane ruffling and protein
localization

For ruffle assessment after treatments, the cells (NIH3T3 or SYF)
were fixed with 4% (w/v) paraformaldehyde in PBS for 12 min,
permeabilised in blocking solution (0.05% saponin, 0.5% BSA, 50 mM
NH,4CI, in PBS) for 20 min, and then incubated with 0.1 pg/ml TRITC-
or FITC-labelled phalloidin for 45 min for filamentous actin visualiza-
tion [12]. The samples (independent experiments in duplicate; 200
cells per sample) underwent blinded morphological scoring for ruffle
formation, under an Axiophot microscope using a 100x 1.3 objective
(Carl Zeiss, Jena, Germany), as: absence, 0; partial response, 1; full
response, 2 (see also [12]). This provided a maximum score of 400,
with the data given as percentages of each response with respect to
the respective control.

For protein localization, the effects of different agents were also
analysed in NIH3T3 and SYF cells: the cells were fixed and
permeabilized with blocking solution (see above), and then incubated
with the specified primary and fluorescent-probe-(Alexa 488 or Alexa
546)-conjugated secondary antibody diluted in blocking solution and
stained for actin (see above and [12]). To determine the specificity of
GFP-tagged constructs, the same experiments were also performed
with cells overexpressing GFP. This always showed a nuclear and
cytoplasmic localization for GFP that did not change upon treatment.
The samples were then analyzed with blinded quantification under an
LSM 510 confocal microscope equipped with a 63x objective (Zeiss,
Germany). Optical confocal sections were taken at 1 Airy unit with a
resolution of 512x512 pixels and exported as TIFF files. The
quantitative evaluation of the immuno-staining patterns was per-
formed on at least 50 cells per sample, in at least three independent
experiments, each in duplicate. The data are expressed as percentages
of cells displaying a given pattern.

The endogenously expressed TIAM1 was also followed in NIH3T3
cells using a polyclonal anti-TIAM1 antibody kindly received from J.G.
Collard (The Netherlands Cancer Institute) (see Results), however the
high level of background labelling prevented a good resolution of the
specific signal.

2.4. GroPIns4P-induced translocation of Racl and TIAM1, and Vavi
activation

For the membrane translocation of Rac1 and TIAM1, NIH3T3 cells
were serum starved in DMEM with 2 mM glutamine, 1 U/ml penicillin
and 0.1 mg/ml streptomycin for 24 h, stimulated, lysed and processed
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as previously reported [38]. For Vav1 activation, the cells were treated
as previously reported [13].

2.5. TIAM1-HA pull-down assay

Cell lysates (30 pg/ul) were prepared from HEK293T cells over-
expressing TIAM1-HA [39]. The cells were lysed in 25 mM Tris-HCI,
pH 7.6, 100 mM NacCl, 10 mM MgCl,, 1% glycerol and 1% NP-40, and
then centrifuged at 90,000 xg for 30 min at 4 °C. Ten microliters of the
supernatant were diluted (1:15) in reaction buffer (25 mM Tris-HCl,
pH 7.6,100 mM NacCl, 10 mM MgCl,), and cleared with 50% glutathione
resin for 1 h at 4 °C on a rotating wheel, and then incubated for 10 min
at 37 °C with 50 pM GroPIns4P. Finally, 4 pg purified Rac1-GST or
purified GST [12], 10 pl 50% glutathione resin and 20 pl 2 mg/ml BSA
(final volume 200 pl) were added, and the samples were incubated for
1 h at 4 °C on a rotating wheel. The pellets were recovered by
centrifugation at 800 xg for 6 min at 4 °C, and after 3 washes with
reaction buffer they were analyzed by immuno-blotting with the anti-
TIAM1 antibody. The amount of TIAM1-HA co-immunoprecipitated
with Rac1-GST was quantified by the NIH imaging programme
(densitometric analysis).

2313
2.6. CaMKII activity assay

NIH3T3 cells were plated at 3.5 x 10° cells/well in 6-well plates, and
the day after they were starved in DMEM, 0.1% BSA. After 20 h
starvation, the cells were stimulated with 50 UM GroPIns4P or 10 ng/
ml PDGF. After treatments, the cells were harvested, lysed with 30
passes through a 27-gauge needle in 20 mM MOPS, pH 7.5, 25 mM {3-
glycerophosphate, 1 mM Na3VO,4, 1 mM DTT with protease inhibitors
(0.5 pg/ml leupeptin, 2 pg/ml aprotinin, 0.5 mM phenanthroline, 2 pM
pepstatin and 1 mM PMSF), and centrifuged at 2,000 xg for 3 min at
4 °C. The CaMKII enzymatic activity was measured with the “CaMKII
activity assay” kit (Upstate) [40], either in the absence (final 5 mM
EGTA) or presence (final 2 mM CaCl,) of Ca?*. The same assay was also
performed using purified CaMKIL Here, 0.25 pg purified CaMKII was
incubated with 50 uM GroPIns4P, and then the CaMKII activity was
carried out following the same procedure described above.

2.7. [Ca®']; measurements

NIH3T3 cells were loaded with 4 pM Fluo3-acetoxymethyl ester
(Fluo3-AM) in HEPES-buffered saline solution (10 mM HEPES, pH 7.0,

PDGF
A sk
400 - l
GroPIns4P
“5 300 A
— *k
c
[=]
o
& 200 1
w
ko)
=
=
@
100
0 - - . . . —
0 5 10 15 20 25 30 5
Time (min)
Cytosol Membrane
Time (min) — 5 10 " 5 10 Mw
Ract —— —— 2()
GroPIns4P - + - + - + - 4
D GroPIns4P
%k *
C 80 *k x
8
T 2 60
H-JF:]
[/ Jom
52 404
52 204
o
0 : . . . r .
0 5 10 15 20 25 30
Time (min)

o
<
2]
e-
o
<
O]

Fig. 1. GroPIns4P-dependent ruffle formation and Rac1 translocation to the plasma membrane. Serum-starved NIH3T3 cells were treated with 50 uM GroPIns4P or 10 ng/ml PDGF for
the indicated times. Fixed cells were stained with FITC-labelled phalloidin and analyzed by confocal microscopy. (A) Quantification of ruffle formation, as indicated in Materials and
methods and [12]. Data are expressed as percentages of the unstimulated control for each time point, as means (+s.d.) of three independent experiments, each in duplicate. (B)
Representative confocal images of actin staining, as indicated. Scale bars: 10 pm. (C) Representative Western blot showing endogenous Rac1 localization in the cytosolic and
membrane fractions. MW, molecular-weight markers (kDa). (D) Quantification of Rac1-GFP translocation to the plasma membrane in cells overexpressing Rac1-GFP and treated as
indicated. The quantitative evaluation of the immuno-staining patterns was performed on at least 50 cells per sample (see Materials and methods). Data are expressed as percentages
of total cells showing plasma-membrane localization of Rac1-GFP, as means (+s.d.) of at least three independent experiments, each in duplicate. Statistical significance: *P<0.05,

**¥p<0.01, ***P<0.001, compared to untreated sample (paired Student's t test).
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137 mM NaCl, 5 mM KCl, 4 mM MgCl,, 3 mM CaCl, and 25 mM
glucose) for 30 min at 37 °C, as previously described [41]. The
fluorescence measurements were carried out in the HEPES-buffered
saline solution under an IX70 microscope (Olympus, Hamburg,
Germany) equipped with a TILL Photonics imaging system (Grafelfing,
Germany). The cells were scanned for at least 30 s to establish base-
line fluorescence and to check for spontaneous [Ca®']; rises, then
movies were taken over 8 min following the addition of 50 uM
GroPIns4P and the other stimuli (see text and Fig. 6). The various
inhibitors were applied before the stimulation.

Image analysis: Cells were selected at random and the fluorescence
of each frame was calculated by the TILL Photonics imaging system.
After background subtraction, fluorescence values were plotted as
increases in fluorescence per second. The estimation of Fluo3-AM
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fluorescence intensity (representative of [Ca®*];) was reported as the
pseudo-ratio (AF/FO) (see Table 2 and references herein).

2.8. InsP; measurements

NIH3T3 cells were plated at 3.5x 10° cell/well in 6-well plates, and
the day after they were serum starved. After 20 h of starvation, the
cells were stimulated in DMEM plus 20 uM LiCl at 37 °C for 2 min to
15 min with 50 uM GroPIns4P, 5 L.U./ml thrombin, 10 ng/ml PDGF or
100 uM ATP. For the experiments performed with cell homogenates,
the NIH3T3 cells were harvested and lysed by 30 passes through a 27-
gauge needle, in a buffer containing 20 mM HEPES, pH 7.4, 3 mM
EGTA, 0.2 mM EDTA, 0.83 mM MgCl,, 1.5 mM CaCl,, 20 mM Nadl,
30 mM KCI, 1 mM DTT, 20 mM LiCl and protease inhibitors. Then these
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Fig. 2. GroPIns4P-dependent translocation of TIAM1 and Rac1 to the plasma membrane. Serum-starved NIH3T3 cells not transfected (A), overexpressing TIAM1-GFP alone (B and C)
or TIAM1-HA and Rac1-GFP (D) were treated with 50 uM GroPIns4P or 10 ng/ml PDGF for the indicated times. (A) Representative Western blot showing endogenous TIAM1
localization in the membrane fractions. MW, molecular-weight marker (kDa). For the panels reporting immunofluorescence data (B-D), fixed cells were stained with TRITC-labelled
phalloidin (B and C) or the anti-HA antibody (D), and analyzed by confocal microscopy. (B) Quantification of TIAM1-GFP localization at the plasma membrane. The quantitative
evaluation of the immuno-staining patterns was performed on at least 50 cells per sample (see Materials and methods). Data are expressed as percentages of cells with plasma-
membrane localization of TIAM1-GFP, as means (+s.d.) of four independent experiments, each in duplicate. (C) Representative confocal images of TIAM1-GFP localization (green) and
actin staining (red), as indicated. Scale bars, 5 um. (D) Representative confocal images of Rac1-GFP (green) and TIAM1-HA (red) localization, as indicated. Scale bars: 5 um. Statistical
significance: *P<0.05, **P<0.01, ***P<0.001, compared to untreated sample (paired Student's t test).
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homogenates (400 pg/sample) were treated as described above. The
incubations with the indicated compounds were stopped by addition
of 20% perchloric acid, and the InsP; levels were determined using the
“p-myo-inositol 1,4,5-trisphosphate [H] - Biotrak assay system” (Amer-
sham Pharmacia). With the cell homogenates, the anti-PLC{ and anti-
PLCvy antibodies (20 pg/ml) [42] were added prior to stimulation.

2.9. Src activation assay

NIH3T3 cells were plated into 6-well dishes (3.5x10° cells/well).
The day after, the cells were serum starved for 20 h and then
stimulated with 50 uM GroPIns4P and 10 ng/ml PDGF. After this
treatment, the cells were lysed in buffer containing 60 mM Tris-HCl,
pH 7.4, 30 uM -glycerophosphate, 50 pM -mercaptoethanol, 1 mM
NasVO,, 2% SDS, 10% glycerol and protease inhibitors (as above) and
processed for SDS-PAGE and Western blotting with anti-p-Src (p-
Tyr416) and anti-c-Src antibodies. The extent of Src phosphorylation
was evaluated using an NIH imaging system and normalised for the
amounts of total Src. Across the repeated independent experiments,
data are given as percentages of each response with respect to the
relevant control. The assay with the purified Src was performed with
NIH3T3 cells lysed with 30 passes through a 27-gauge needle in a
buffer containing 60 mM Tris-HCl, pH 7.4, 30 uM -glycerophosphate,
50 pM R-mercaptoethanol, 1 mM NasVO,, 2% SDS, 10% glycerol and
protease inhibitors, followed by centrifugation at 2000 xg for 3 min at
4 °C. Thus, 0.25 g purified Src was incubated with 50 pM GroPIns4P in
the absence and presence of 200 pg NIH3T3 cell lysate, with Src
activation measured using the commercial “Src assay kit” kit (Upstate).

2.10. Statistical analysis

All experiments are presented as means of duplicate or triplicate
determinations, which were repeated at least three times. Statistical
analysis was carried out using the paired Student's t test.

3. Results

3.1. GroPIns4P triggers ruffle formation and Rac1 translocation to the
plasma membrane in NIH3T3 cells

In NIH3T3 cells, the addition of GroPIns4P (at 50 uM, unless
otherwise specified) induced a rapid increase in ruffle formation, to a
level 2.5-fold the control (within 2 min), which decreased to some
140% of control after 5 min, as detected by immunofluorescence
analyses (Fig. 1A, B and Materials and methods). This effect of
GroPIns4P was dose dependent, from around 10% stimulation at 1 pM
to a maximal response at 50 UM, as has also been seen in Swiss 3T3
fibroblasts [12]. Longer times of exposure to GroPIns4P (15-20 min)
led to the formation of stress fibres in both of these cell systems
(Beatrice Maria Filippi, unpublished data) [12]; whereas a 5 min
treatment with PDGF (10 ng/ml; used as a positive control in all
experiments) produced an increase in ruffles to a level 3.8-fold the
control, with the appearance of circular dorsal waves (circular ruffles)
[43] (Fig. 1A and B).

Western blotting revealed that the GroPIns4P-induced formation of
membrane ruffles was associated with the activation (evaluated by
affinity precipitation of GTP-bound Rac1, data not shown and [12]) and
translocation of endogenous Racl from the cytosolic fraction to the
membrane fraction (Fig. 1C). This was confirmed by following the
translocation of overexpressed Rac1-GFP to the plasma membrane by
immunofluorescence (Fig. 1D; Supplementary Information, Figure S1 and
S2). This translocation occurred in 75% of the stimulated cells (which
represented a level 2.3-fold the control, as revealed by blinded scoring;
Fig. 1D and Materials and methods).

As a control, the constitutively active forms of Racl (L61Rac1),
RhoA (L63RhoA) and Cdc42 (L61Cdc42) were overexpressed in

NIH3T3 cells and the rearrangements of the actin cytoskeleton were
monitored (see Materials and methods and Supplementary Informa-
tion, Figure S3). The ruffles (and stress fibres) formed under these
conditions were reminiscent of those present in GroPIns4P-stimulated
cells, whereas no filopodia were observed upon GroPIns4P stimulation
(Fig. 1B and Supplementary Information, Figure S3).

3.2. GroPIns4P-dependent Racl activation and ruffle formation requires
TIAM1

To determine the molecular mechanisms of this GroPIns4P-dependent
Rac1 activation and translocation to the plasma membrane, we looked for
the specific GEF involved in this process. In Jurkat T-cells GroPIns4P
induces Rac1 stimulation by increasing the phosphorylation level and
activation of the exchange factor Vav [13]; in contrast, in NIH3T3 cells
treated with GroPIns4P, no modification of Vavl phosphorylation was
detected (data not shown). The possibility that GroPIns4P could activate
Vav3 (known to be expressed at low levels in NIH3T3 cells, [44,45]) was
also excluded based on the observation that this GEF acts also on Cdc42,
inducing filopodia formation, an effect never detected upon GroPIns4P
addition [12].

Among the other GEFs that can act on Racl, we then investigated
TIAM1, since it is expressed in NIH3T3 cells and it is known to be
specifically involved in Racl-dependent ruffle formation [46]. Western
blotting indicated that in parallel with Rac1, endogenous TIAM1 was also
enriched in the membrane fraction upon GroPIns4P stimulation (Fig. 2A).
As endogenous TIAM1 could not be followed by immunofluorescence of
intact cells due to the lack of suitable antibodies (see Materials and
methods) [47], serum-starved NIH3T3 cells overexpressing TIAM1-GFP
(see Materials and methods) were stimulated with GroPIns4P. Under
these conditions, TIAM1-GFP was seen to translocate to the plasma
membrane in 55% of the cells within 2 min (reaching a level 2.5-fold the
control; Fig. 2B and Materials and methods); this was maintained for up
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Fig. 3. Rac1-GST pull-down assay from lysates of TIAM1-overexpressing cells. Lysates
from HEK293T cells overexpressing TIAM1-HA (120 ng) were diluted, pre-cleared and
incubated with 50 pM GroPIns4P for 10 min at 37 °C (see Materials and methods).
Finally, 4 pg purified Rac1-GST or GST alone, 10 pl glutathione resin and 200 pg/ml BSA
were added, and the samples incubated for 1 h at 4 °C on a rotating wheel. Bound
proteins were separated by centrifugation, as reported in the Materials and methods. A
fraction of the supernatant (Unbound, panel A on the left) and the resins with the bound
proteins (Pull-down, panel A on the right) were recovered and analysed by SDS-PAGE
and Western blotting. The figure shows the Ponceau staining of the blots as loading
control and the immuno-blotting with the anti-TIAM1 antibody (see Materials and
methods). MW, molecular-weight markers (kDa). (B) Quantification of TIAM1 co-
precipitated with Rac1-GST by densitometric analysis with the NIH Image programme.
Data are expressed as percentages of unstimulated control, as means (#s.d.) of four
independent experiments, each in duplicate. Statistical significance: **P<0.01,
compared to untreated sample (paired Student's t test).
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to 10 min and was comparable to the PDGF stimulation (Fig. 2B). In
addition, TIAM1-GFP co-localized with actin, indicating its association
with membrane ruffles (Fig. 2C). By 30 min of GroPIns4P treatment,
TIAM1 was completely redistributed back into the cytosol (Fig. 2B).

To directly evaluate whether this GroPIns4P action is exerted at the
level of the interaction between TIAM1 and Rac1, immunofluorescence
assays were performed in NIH3T3 cells overexpressing both Rac1-GFP and
TIAM1-HA (see Materials and methods). Within 2 min of GroPIns4P
addition to cells, translocation to the same plasma-membrane structures
of both Rac1-GFP and TIAM1-HA was seen (Fig. 2D), which persisted for up
to 20 min (data not shown), in line with the translocation of the individual
proteins shown above (Figs. 1C and D, 2A and B). GroPIns4P also increased
the interaction between TIAM1 and Rac1 to a level 2.8-fold the control
when added to in-vitro pull-down experiments performed with purified
Rac1-GST and lysates of HEK293T cells overexpressing TIAM1-HA (Fig. 3
and Materials and methods).

These data indicate that GroPIns4P induces the interaction of Rac1
and TIAM1 and their co-localization at the site of membrane ruffle
formation at the plasma membrane.

3.3. Ca®*/calmodulin kinase I is involved in GroPIns4P-dependent ruffle
formation

The data reported above are consistent with the hypotheses that
GroPIns4P is either acting by directly binding to, and favouring the
formation of, the TIAM1/Rac1 complex, or that as with PDGF, GroPIns4P
acts on one of the signalling enzymes upstream of TIAM1 activation. The
latter possibility was analyzed by investigating the contributions of a
number of known TIAM1 regulators. This initially led to the exclusion of
phosphoinositide 3-kinase, as indicated by using the inhibitor wortman-
nin with GroPIns4P-induced membrane ruffles (Beatrice Maria Filippi,
unpublished data and [12]). We then analysed Ca?*/calmodulin kinase II
(CaMKII), which is known to phosphorylate TIAM1 on threonine residues,
thus favouring TIAM1 translocation to the plasma membrane [38,48]. In
serum-starved cells treated with a CaMKII-specific inhibitor (20 pM KN-
93, which results in a complete inhibition of CaMKII enzymatic activity)
[49,50], the GroPIns4P effect on ruffle formation was completely blocked
(Table 1). In parallel, PDGF stimulation of ruffle formation underwent a
60% inhibition with KN-93, while the phorbol ester phorbol 12-myristate
13-acetate (PMA), which induces ruffle formation in a CaMKII-indepen-
dent manner by activating protein kinase C (PKC) [51,52], was not
inhibited by KN-93 (Table 1).

Table 1
Ruffle formation in NIH3T3 cells
No Pretreatments (% unstimulated control)
pretreatment
KN-93  SU6656 PP2 U-73122  U-73433
Unstimulated 10012 100+15 100+23  100%3 100+52  100+17
(absolute scores)® (54+31) (37+8) (115£20) (121+34) (7+5) (34+9)
GroPIns4P 247 £57** 72+24 13+30*% 140+20* 162+22* 200+25**
PDGF 378+116%*  149+24* 163+42* 220+19%* 245+165%F 350+3*+*
PMA 193£55%*%  194+19* nd nd nd nd

Serum-starved NIH3T3 cells were pretreated with 20 pM KN-93 (CaMKII inhibitor; 24 h),
10 uM SU6656 (Src inhibitor; 10 min), 10 uM PP2 (Src inhibitor; 10 min), 5 M U-73122 (PLC
inhibitor; 10 min) or 5 pM U-73433 (inactive analogue of PLC inhibitor; 10 min), and then
stimulated with 50 uM GroPIns4P (2 min), 10 ng/ml PDGF (5 min) or 10 pM PMA (5 min).
Fixed cells were stained with TRITC-labelled phalloidin and subjected to blinded
morphological scoring for ruffle formation (see Materials and methods). Data are given
as percentages of each response with respect to their relevant control, as means (+s.d.) of at
least three independent experiments, each performed in duplicate. The 100% refers to the
unstimulated sample and represents the amount of cells presenting membrane ruffles
under basal conditions. GroPIns4P, glycerophosphoinositol 4-phosphate; PMA, phorbol 12-
myristate 13-acetate.
Statistical significance: *P<0.05, **P<0.01, ***P<0.001, compared to the respective
untreated sample (paired Student's t test). nd, not determined.

¢ In parentheses: absolute ruffle quantification score obtained by counting 200 cells
per sample. Each 100% value of the unstimulated samples refers to its corresponding
score.
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Fig. 4. CaMKII activity is necessary for GroPIns4P effects in NIH3T3 cells. Serum-starved
NIH3T3 cells with (A and B) or without (C) overexpression of TIAM1-GFP were
pretreated in the absence (A-C) or presence (A and B) of 20 pM KN-93 (CaMKII inhibitor;
24 h, during serum starvation) and stimulated with 50 uM GroPIns4P or 10 ng/ml PDGF
for the indicated times. (A) Cells were fixed and stained with TRITC-labelled phalloidin
and analyzed by confocal microscopy. Representative confocal images of TIAM1-GFP
localization (green) and actin staining (red), as indicated. Scale bars: 10 um. (B)
Quantification of TIAM1-GFP localization at the plasma membrane, as indicated (see
Materials and methods). Data are expressed as percentages of total cells with plasma-
membrane localization of TIAM1-GFP, as means (#s.d.) of four independent experi-
ments, each in duplicate. (C) Cell homogenates were assayed for CaMKII activation, as
indicated (see Materials and methods). Data are expressed as percentages of maximum
activation when cells were lysed in the presence of 2 mM Ca*, as means (#s.d.) of three
independent experiments, each in duplicate. Statistical significance: *P<0.05, **P<0.01,
*#*P<0.001, compared to untreated sample (paired Student's ¢ test).

The CaMKII inhibitor was also used in immunofluorescence
experiments analyzing TIAM1-GFP localization. In line with the data
reported above on ruffle formation (Table 1), KN-93 completely
inhibited the effects of both GroPIns4P and PDGF on TIAM1-GFP
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Fig. 5. BAPTA-AM block of GroPIns4P-dependent CaMKII activation and TIAM1 translocation to the plasma membrane. Serum-starved NIH3T3 cells without (A) or with (B and C)
overexpression of TIAM1-GFP were pretreated in the absence or presence of 20 uM BAPTA-AM (Ca?*chelator; 30 min, at the end of serum starvation) and stimulated with 50 uM
GroPIns4P for the indicated times. (A) Cells were assayed for CaMKII activation as indicated. Data are expressed as percentages of maximum activation when cells were lysed in the
presence of 2 mM Ca?*, as means (s.d.) of three independent experiments, each in duplicate. ZT, zero time unstimulated control. (B) Quantification of TIAM1-GFP localization at the
plasma membrane, as indicated (see Materials and methods). Data are expressed as percentages of total cells with plasma-membrane localization of TIAM1-GFP, as means (s.d.) of
two independent experiments, each in duplicate. ZT, zero time unstimulated control. (C) Representative confocal images of TIAM1-GFP localization (green) and actin staining (red), as
indicated. Scale bars: 10 um. Statistical significance: *P<0.05, *¥P<0.001 compared to the respective ZT samples without BAPTA-AM pretreatment (paired Student's t test).

translocation to the plasma membrane (Fig. 4A and B). These data are
consistent with CaMKII being part of the signalling of GroPIns4P-
induced TIAM1 membrane translocation and ruffle formation.
Indeed, in intact cells, GroPIns4P activated the CaMKII enzymatic
activity (see Materials and methods) in a rapid (within 1.5 min) and
transient manner, with a maximal 100% increase (over untreated
samples), as also seen for PDGF (Fig. 4C). With GroPIns4P, the CaMKII
activity then returned to basal levels within 2.5 min (Fig. 4C).
However, GroPIns4P did not directly stimulate CaMKII activity, since

when purified CaMKII was used in these assays, no effects of
GroPIns4P were detected (the purified CaMKII basal activity was
4.10 £0.49 pmol phosphate incorporate