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Phosphatidylinositol-3-phosphate (PtdIns-3-P) is con-
sidered as a lipid constitutively present on endosomes;
it does not seem to have a dynamic role in signalling.
In contrast, phosphatidylinositol-3,4,5-trisphosphate
(PtdIns-3,4,5-P;) plays a crucial role in different
signalling pathways including translocation of the
glucose transporter protein GLUT4 to the plasma
membrane upon insulin receptor activation. GLUT4
translocation requires activation of two distinct path-
ways involving phosphatidylinositol 3-kinase (PI 3-K)
and the small GTP-binding protein TC10, respect-
ively. The contribution of each pathway remains to be
elucidated. Here we show that insulin specifically
induces the formation of PtdIns-3-P in insulin-
responsive cells. The insulin-mediated formation of
PtdIns-3-P occurs through the activation of TC10 at
the lipid rafts subdomain of the plasma membrane.
Exogenous PtdIns-3-P induces the plasma membrane
translocation of both overexpressed and endogenous
GLUT4. These data indicate that PtdIns-3-P is specif-
ically produced downstream from insulin-mediated
activation of TC10 to promote the plasma membrane
translocation of GLUT4. These results give a new
insight into the intracellular role of PtdIns-3-P and
shed light on some aspects of insulin signalling so far
not completely understood.

Keywords: GLUT4/insulin/phosphatidylinositol 3-kinase/
phosphatidylinositol-3-phosphate/TC10

Introduction

Phosphatidylinositol 3-kinases (PI 3-Ks) phosphorylate
position D-3 of phosphoinositides leading to the formation
of 3’-phosphorylated phosphoinositides. Different PI 3-Ks
have been identified and grouped in three classes on the
basis of their sequence homology and in vitro substrate
specificity (Vanhaesebroeck et al., 2001). Among the
different products of PI 3-Ks, resting mammalian cells
contain detectable levels of phosphatidylinositol-3-phos-
phate (PtdIns-3-P) mainly localized on endosomes
(Gillooly et al., 2001) that do not change upon cellular
stimulation. On the contrary, phosphatidylinositol-
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3.4,5-trisphosphate (PtdIns-3,4,5-P3) is barely detected in
resting cells but its intracellular concentration rapidly
increases upon stimulation by growth factors and cyto-
kines and it plays a pivotal role in many different
physiological events, including cell proliferation, motility,
receptor internalization and glucose transport (Rameh and
Cantley, 1999).

Disposal of glucose into fat and muscle cells requires
the insulin-induced translocation of the GLUT4 glucose
transporter protein from intracellular storage sites to the
plasma membrane (Summers et al., 1999; Watson and
Pessin, 2001). The signalling pathway that links the insulin
receptor to GLUT4 translocation is still controversial. It
has been well established that activation of a PI 3-K-
dependent pathway is necessary for this trafficking event
(Shepherd et al., 1998) but several lines of evidence
suggest that it is not sufficient and a second signalling
pathway is also required (Isakoff et al., 1995; Wiese et al.,
1995; Jiang et al., 1998; Czech and Corvera, 1999).
Apparently, this additional pathway is PI 3-K-independent
and involves activation of the small GTP-binding protein
TC10 (Baumann et al., 2000; Chiang et al., 2001).
Although a direct or indirect role in cytoskeleton re-
arrangement has been proposed for TC10, its precise
mechanism of action leading to GLUT4 translocation is
still far from being completely understood. Here we show
that insulin specifically increases the levels of PtdIns-3-P
in L6 cells and 3T3-L1 adipocytes. The insulin-dependent
pool of PtdIns-3-P is produced at the level of the plasma
membrane and is relatively resistant to PI 3-K inhibitors. A
constitutively active mutant of TC10 mimics the effect of
insulin, whereas a dominant-negative mutant of TC10
inhibits the formation of PtdIns-3-P upon insulin stimu-
lation, thus indicating that the insulin-mediated formation
of PtdIns-3-P occurs through the activation of TCI10.
Furthermore, the insulin/TC10-mediated formation of
PtdIns-3-P occurs at the lipid rafts subdomain of the
plasma membrane where TC10 is localized. We finally
show that exogenous PtdIns-3-P induces the plasma
membrane translocation of both overexpressed and
endogenous GLUT4. Taken together, these data demon-
strate that PtdIns-3-P, as with other products of PI 3-Ks,
can act as a second messenger in a specific pathway,
downstream from insulin-mediated activation of TC10, to
promote the plasma membrane translocation of GLUT4.

Results

Insulin induces PtdIns-3-P formation in L6 cells
and 3T3-L1 adipocytes

Activation of PI 3-Ks is a common step of several
signalling pathways although it leads to different down-
stream effects. To address whether the peculiar effects of
PI 3-Ks activation in insulin signalling could be associated
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Fig. 1. Insulin induces PtdIns-3-P formation in L6 cells and 3T3-L1 adipocytes. (A) L6 cells and (B) 3T3-L1 adipocytes were labelled with
myo-[*H]inositol for 24 h and then stimulated with 300 nM insulin or 20 ng/ml PDGF. Phospholipids were extracted at different times of stimulation,
deacylated and analysed by HPLC as described in Materials and methods. Data are mean = SEM (A, n = 6; B, n = 2).

with qualitative or quantitative differences in phosphoi-
nositide metabolism, we labelled L6 cells and 3T3-L1
adipocytes with myo-[*H]inositol and performed a time
course of insulin effects using HPLC analysis of
[*H]glycerophosphoinositides. Surprisingly, we found
that insulin increased the levels of PtdIns-3-P both in L6
cells (Figure 1A) and in 3T3-L1 adipocytes (Figure 1B).
PtdIns-3-P formation was very rapid in both cell types
although the effect was more persistent in 3T3-L1, lasting
~15 min. No difference in PtdIns-3-P levels was observed
in platelet-derived growth factor (PDGF)-stimulated cells
(Figure 1A and B). When we analysed the levels of the
other 3’-phosphorylated phosphoinositides in insulin- and

PDGF-stimulated L6 cells, we observed that insulin
induced a persistent formation of PtdIns-3,4,5-P; and a
slower and more persistent formation of phosphatidylino-
sitol-3,4,-bisphosphate (PtdIns-3,4-P,). In contrast, PDGF
induced a rapid but less persistent increase in the levels of
both phosphoinositides. More interestingly, upon 3—5 min
of stimulation, the levels of both PtdIns-3,4,5-P; and
PtdIns-3,4-P, were higher in PDGF- than in insulin-
stimulated cells (Supplementary figure 1, available at The
EMBO Journal Online). Increases in the levels of
PtdIns-3,4,5-P5 and PtdIns-3,4-P, upon insulin stimulation
have already been reported (Ruderman et al., 1990)
although, to our knowledge, our work is the first report of a
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Fig. 2. Insulin induces the translocation of the PtdIns-3-P probe 2XFY VE!™ to the plasma membrane in L6 cells. (A) GFP-2XFY VEHr-transfected L6
cells were serum deprived for 6 h and then left untreated (0 min) or stimulated with 300 nM insulin. At the indicated times of stimulation, cells were
fixed and analysed by confocal microscopy. Arrows indicate the plasma membrane localization. Bar, 10 um. Data on plot are mean + SEM (n = 3-5).
(B) L6 cells were co-transfected with cDNAs encoding YFP-2XFY VEH® and the plasma membrane marker CFP-PH PLC31, respectively. After 24 h,
cells were serum deprived for 6 h and stimulated with 300 nM insulin for 3 min before fixing for confocal microscopy analysis. Bar, 10 pm.

complete time course of insulin-induced formation of all
the 3’-phosphorylated phosphoinositides.

These results argue that PtdIns-3-P can be produced
upon cellular stimulation, and that the effect may be
insulin-specific.

The insulin-dependent pool of PtdIns-3-P is
generated at the plasma membrane

It is well established that constitutive PtdIns-3-P is
localized on endosomes (Gillooly et al., 2000). To study
the intracellular localization of the insulin-dependent pool
of PtdIns-3-P, L6 cells were transfected with a cDNA
encoding the double FYVE domain from the hepatocyte-
growth-factor-regulated tyrosine kinase substrate (Hrs)
fused to green fluorescent protein (GFP-2XFY VEH®) that
is a specific probe for PtdIns-3-P (Gillooly et al., 2000).
Confocal microscopy revealed that in L6-transfected cells,
GFP-2XFYVE!™ was localized only in endosomal struc-
tures in the absence of insulin (Figure 2A, 0 min) but it
clearly translocated to the plasma membrane upon 3 min
of insulin stimulation. Translocation was still evident at
10 min (Figure 2A) and it almost completely disappeared
at 15 min (data not shown). Quantitative analyses revealed
that the time course of GFP-2XFYVEH™ translocation to
the plasma membrane was similar to the HPLC pattern of
PtdIns-3-P formation upon insulin stimulation (plot in
Figure 2A). GFP-2XFYVE!™ translocation upon insulin
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stimulation was also observed in living L6 cells
(Supplementary figure 2). Comparison of intracellular
and plasma membrane localization of GFP-2XFY VE! ig
further discussed in Supplementary data (Supplementary
figure 3). To definitely rule out the possibility that the
peripheral accumulation of PtdIns-3-P is associated with
sub-membranous endosomes, we decided to stain the
plasma membrane without prior permeabilization by using
the isolated pleckstrin homology domain from phospho-
lipase C&1 (PH PLCS1) that is known to strongly bind
phosphatidylinositol-4,5,-bisphosphate and is constitu-
tively present at the plasma membrane (Maffucci and
Falasca, 2001). L6 cells were then co-transfected with
cDNAs encoding the 2XFYVEH® fused to the yellow
fluorescent protein (YFP-2XFYVEHN') and the PH PLCS1
fused to the cyan fluorescent protein (CFP-PH PLC 81),
respectively. Confocal microscopy analysis of insulin-
stimulated cells revealed a clear colocalization of the two
proteins at the plasma membrane, confirming that insulin
induces translocation of the PtdIns-3-P probe to the
plasma membrane (Figure 2B). Translocation of GFP-
2XFYVEMs was specifically induced by insulin since
neither epidermal growth factor (EGF) nor PDGF affected
the endosomal localization of the probe, as discussed in
Supplementary data (Supplementary figure 4).

The insulin-mediated translocation of GFP-2XFY VEH™
was also observed in fully differentiated 3T3-L1 adipo-
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Fig. 3. Insulin recruits the GFP-2XFYVE!' fusion protein to the plasma membrane of 3T3-L1 adipocytes. (A) Fully differentiated 3T3-L1 adipocytes
or (B) 3T3-L1 pre-adipocytes were electroporated with the cDNA encoding GFP-2XFY VEH™, After 24 h, cells were serum deprived for 3 h and then
left untreated (0 min) or stimulated with 300 nM insulin for different times before fixing for confocal microscopy analysis. Arrows mark the plasma
membrane localization. Bar, 10 pum. Data on plot are mean = SEM (n = 2-3). Phase-contrast images show 3T3-L1 pre-adipocytes (day 0) and adipo-

cytes at 9 days after initiation of differentiation.

cytes electroporated with the corresponding cDNA
(Figure 3A). As for L6 cells, translocation paralleled the
HPLC pattern of PtdIns-3-P (plot in Figure 3A). No
plasma membrane translocation of the PtdIns-3-P probe
was observed in 3T3-L1 pre-adipocytes upon insulin
stimulation (Figure 3B), confirming that the effect was
specific to insulin-responsive cells. Full differentiation of
adipocytes was confirmed both by accumulation of lipid
droplets, shown in the phase-contrast images in Figure 3A
and B and assessed by Oil Red O staining (data not
shown), and by western blot analyses of GLUT4 expres-
sion (data not shown).

The lipid specificity of these observations was con-
firmed by using different fluorescent probes for
PtdIns-3-P, as described in Supplementary data
(Supplementary figure 5). Taken together, these results
indicate that, in insulin-responsive cells, insulin can
specifically modulate the intracellular levels of
PtdIns-3-P by inducing the formation of a pool of this
phosphoinositide at the plasma membrane.

The insulin-mediated formation of PtdIns-3-P is
relatively resistant to Pl 3-K inhibitors

To determine whether the insulin-mediated formation of
PtdIns-3-P was sensitive to PI 3-K inhibitors, GFP-
2XFYVEHs-transfected L6 cells were pre-treated with
different concentrations of the reversible PI 3-K specific
inhibitor 1.Y294002 before stimulation with insulin for
3 min. Confocal microscopy studies and quantitative

analyses showed that a pre-treatment with up to 25 uM
LY294002 did not inhibit the insulin-induced plasma
membrane translocation of GFP-2XFY VEH® (Figure 4A),
whereas it completely removed the endosomal localization
of the probe. A concentration of 50 uM LY294002
partially abrogated the translocation (Figure 4A).
Similarly, the insulin-induced plasma membrane trans-
location of GFP-2XFYVEH™ was not affected by a pre-
treatment with the irreversible PI 3-K specific inhibitor
wortmannin up to 200 nM, although a pre-treatment with
100 nM wortmannin was sufficient to remove the
endosomal localization (Figure 4B). Plasma membrane
staining was still present, although reduced, after a pre-
treatment with 1000 nM wortmannin (Figure 4B). In
contrast, a pre-treatment with 100 nM wortmannin com-
pletely inhibited the insulin-dependent translocation of the
PH domain from protein kinase B fused to the GFP (GFP-
PH PKB/Akt) that binds to both PtdIns-3,4-P, and
PtdIns-3,4,5-P; (Figure 4C). The plasma membrane
translocation of GFP-2XFYVEH® after a pre-treatment
with 200 nM wortmannin was also observed in L6-
transfected living cells (Supplementary figure 6) and in
GFP-PX SNX3- and GFP-PX p40prhox_transfected L6 cells
(data not shown). To further confirm these results, we
compared the levels of PtdIns-3-P at different times of
insulin stimulation in untreated L6 cells and in cells pre-
treated with 100 nM wortmannin. HPLC analyses revealed
that pre-treatment with wortmannin did not inhibit the
insulin-dependent formation of PtdIns-3-P (Figure 4D).
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Fig. 4. PtdIns-3-P formation at the plasma membrane is relatively resistant to PI 3-K inhibitors. (A and B) GFP-2XFY VE!rs-transfected L6 cells were
pre-treated with the indicated concentrations of LY294002 (A) or wortmannin (B) for 15 min at 37°C and then stimulated with 300 nM insulin for
3 min. GFP-2XFYVE"® intracellular localization was then assessed by confocal microscopy. Bar, 10 wm. Data on plot are mean = SEM (n = 2).
(C) L6 cells were transfected with GFP-PH PKB/Akt, serum deprived for 6 h and then stimulated with 300 nM insulin for 3 min. When indicated,
cells were pre-treated with 100 nM wortmannin for 15 min before insulin stimulation. (D) myo-[*H]inositol-labelled L6 cells were left untreated or
pre-treated with 100 nM wortmannin before stimulation with 300 nM insulin for different times. Deacylated phospholipids were analysed by HPLC as
described in Materials and methods. Data are from one experiment representative of two independent experiments.

These data indicate that the formation of the insulin-
dependent pool of PtdIns-3-P is relatively resistant to
wortmannin and LY294002. In addition, these data
definitely rule out the possibility that the insulin-depend-
ent pool of PtdIns-3-P might simply be a degradation
product of PtdIns-3,4,5-P; since wortmannin completely
inhibited the formation of PtdIns-3,4,5-P; upon insulin
stimulation (data not shown). Furthermore, the observa-
tion that wortmannin completely abolished the endosomal
localization of GFP-2XFYVEH® without inhibiting the
insulin-induced formation of PtdIns-3-P rules out the
possibility that insulin increases the levels of the
endosomal pool of PtdIns-3-P and that the peripheral
accumulation of PtdIns-3-P is associated with sub-
membranous endosomal structures.

The insulin-mediated formation of Ptdins-3-P
occurs through the activation of TC10

The wortmannin and LY294002 resistance led us to the
conclusion that the insulin effect observed here might be
related to the TC10-dependent pathway. To determine
whether PtdIns-3-P formation occurs downstream of TC10
activation, L6 cells were transfected with a constitutively
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active mutant of TC10 (myc-TC10 Q75L) or the empty
vector or a myc-tagged constitutively active mutant of
Cdc42 (myc-Cdc42 L61). After labelling with myo-
[*H]inositol, phospholipids were extracted, deacylated
and the levels of PtdIns-3-P were analysed by HPLC.
Overexpression of myc-TC10 Q75L induced a 2-fold
increase in the levels of PtdIns-3-P, whereas overexpres-
sion of myc-Cdc42 L61 had no effect (Figure 5A). No
increase in the levels of PtdIns-3,4,5-P; was observed in
myc-TC10 Q75L-transfected cells, further confirming
that, in this context, PtdIns-3-P is not a breakdown product
of PtdIns-3,4,5-P;. We next analysed the levels of
PtdIns-3-P in L6 cells transfected with a dominant-
negative mutant of TC10, HA-TC10 T31N, labelled and
stimulated with insulin for 3 min. HPLC analyses revealed
that overexpression of the dominant-negative TC10 com-
pletely inhibited the insulin-induced formation of
PtdIns-3-P (Supplementary figure 7A). The transfection
efficiency of both TCI10 mutants is shown in
Supplementary figure 7B.

To confirm these results, L6 cells were co-transfected
with GFP-2XFYVEM* and myc-TC10 Q75L or myc-
Cdc42 L61, and the intracellular localization of the
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Fig. 5. The insulin-mediated formation of PtdIns-3-P occurs through the activation of TC10. (A) L6 cells were transfected with myc-TC10 Q75L,
myc-Cde42 L61 or the empty vector. After 24 h, cells were labelled with myo-[*H]inositol and HPLC analysis of PtdIns-3-P levels was performed as
described in Materials and methods. Data are mean = SEM of two independent experiments performed in duplicate. (B) L6 cells were co-transfected
with GFP-2XFYVEH™ and either myc-TC10 Q75L, myc-Cdc42 L61 or HA-TC10 T31N. After 24 h, cells were serum starved for 6 h and analysed by
confocal microscopy. HA-TC10 T31N-co-transfected cells were stimulated with 300 nM insulin for 3 min before confocal analysis. Arrows indicate
the plasma membrane localization. Arrowheads mark the filopodia induced by overexpression of myc-Cdc42 L61. Bar, 10 um. (C) L6 cells were trans-
fected with myc-TC10 wt, myc-TC10 Q75L or myc-Cdc42 L61. Serum-deprived cells were left untreated or stimulated with insulin for 3 min. Lysates
were incubated with GST-Pakl PBD and pull-down assay was performed as described in Materials and methods. Association of the overexpressed
proteins with the GST-Pakl PBD was assessed in western blot analyses by using an anti-myc antibody (upper panels). Equal amount of the overex-
pressed proteins in lysates was confirmed by loading an aliquot of each lysate (bottom panel). Blot is representative of three independent experiments.

fluorescent probe was analysed by confocal microscopy.
In serum-starved cells, overexpression of myc-TCI10
Q75L mimicked the insulin effect, inducing the plasma
membrane translocation of the probe (Figure 5B).
Furthermore, the merged image reveals the co-localization
of GFP-2XFYVE!" and myc-TC10 Q75L at the plasma
membrane. Neither myc-Cdc42 L61 (Figure 5B) nor a
myc-tagged constitutively active mutant of Racl (data not
shown) induced the GFP-2XFY VEH™ plasma membrane

translocation. We then analysed the intracellular localiza-
tion of the PtdIns-3-P probe in L6 cells co-transfected with
GFP-2XFYVEH® and the dominant-negative HA-
TC10 T3IN and stimulated with insulin for 3 min.
Overexpression of the dominant-negative mutant of
TC10 inhibited the insulin-induced translocation of the
probe (Figure 5B). In contrast, no inhibition was observed
when the dominant-negative mutants of Cdc42 or Racl
were co-expressed (data not shown). These data indicate
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Fig. 6. The insulin/TC10-dependent pool of PtdIns-3-P is generated at the lipid rafts subdomain of the plasma membrane. (A) GFP-2XFY VEH"-trans-
fected L6 cells (a—d) were serum deprived for 6 h and then left untreated (a and d) or stimulated with 300 nM insulin for 3 min (b) or with 20 ng/ml
PDGF (c). Cells were then homogenized and fractionated as described in Materials and methods. GFP-2XFYVEH' |ocalization in the different frac-
tions was then assessed in western blot analyses by using an anti-GFP antibody (a—c). Flotillin was used as a marker of rafts fractions (d).
Alternatively, L6 cells were transfected with both GFP-2XFY VEH™ and myc-TC10 Q75L (e and f). After 24 h, cells were serum deprived for 6 h and
sucrose gradient fractions were prepared. The fusion proteins were revealed by using an anti-GFP (e) and an anti-myc (f) antibody, respectively.
Alternatively, L6 cells were transfected with both GFP-2XFYVE!Ms and HA-TC10 T31N (g and h). After 24 h, cells were serum deprived for 6 h,
stimulated with 300 nM insulin for 3 min and then fractionated as above. The fusion proteins were revealed by using an anti-GFP (g) and an anti-HA
(h) antibody, respectively. Blot is representative of at least three independent experiments. (B) GFP-2XFYVEHMs-transfected L6 cells were serum
deprived for 6 h and then left untreated or incubated with 5 mM MBCD for 50 min at 37°C before stimulation with 300 nM insulin for 3 min. After
fixation, cells were permeabilized, incubated with an anti-flotillin antibody and analysed by confocal microscopy. Bar, 10 um. (C) myc-TC10 Q75L-
transfected L6 cells were incubated with 5 mM MBCD for 50 min at 37°C. After fixation, cells were permeabilized, incubated with an anti-myc anti-
body and Alexa 594—phalloidin and analysed by confocal microscopy. Bar, 10 um.

that activation of TC10 induces the formation of the activation of TC10 has been demonstrated by using a
plasma membrane-associated pool of PtdIns-3-P. GST-p2l-activated kinase 1 (Pakl) pull-down assay in

To test whether insulin can activate TC10 in L6 cells, 3T3-L1 adipocytes overexpressing a tagged wild-type
we performed the same assay used to demonstrate TC10 TC10 (Chiang et al., 2001). L6 cells were then transfected
activation in 3T3-L1 adipocytes. The insulin-induced with a myc-tagged wild-type TC10 and lysates from
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untreated and insulin-stimulated cells were incubated with
a GST-Pak1 PBD fusion protein that specifically binds to
and precipitates Rac/Cdc42 and TC10 in their GTP-bound
form. Precipitation of myc-TC10 wt was revealed only in
extracts from insulin-stimulated cells (Figure 5C), indi-
cating that insulin induced activation of TC10. Pull-down
assays from L6 cells transfected with the constitutively
active myc-TC10 Q75L and myc-Cdc42 L61 revealed that
both proteins were efficiently precipitated (Figure 5C),
confirming that these mutants were in their GTP-bound
form. In the same assay, PDGF was not able to activate
myc-TC10 wt (Supplementary figure 7C), in agreement
with our observation that PDGF did not alter the
levels (Figure 1A) and the intracellular localization
(Supplementary figure 4) of PtdIns-3-P. These data
demonstrate that insulin specifically can activate TC10
in L6 cells. Taken together, these data indicate that insulin
induces PtdIns-3-P formation through TC10 activation.

The insulin/TC10-dependent pool of Ptdins-3-P is
generated at the lipid rafts subdomain of the
plasma membrane

It has been reported that TC10 is localized in the lipid rafts
subdomain of the plasma membrane (Watson et al., 2001).
To check whether the TCl10-mediated formation of
PtdIns-3-P occurs at the level of this subdomain, we
performed sucrose gradient fractionations of GFP-
2XFYVEHs-transfected L6 cells untreated or stimulated
with insulin for 3 min. The localization of the fusion
protein in the different fractions was then assessed in
western blot analyses by using an anti-GFP antibody.
Flotillin was used as a marker of the rafts fractions. A clear
translocation of GFP-2XFY VE!™ in the flotillin-enriched
fractions (fractions 5—8) was observed in insulin- but not in
PDGF-stimulated cells (Figure 6A).

To confirm that the insulin-dependent translocation of
GFP-2XFYVE®™ to the lipid rafts occurs upon TC10
activation, sucrose gradient fractionations were performed
in serum-deprived L6 cells co-transfected with the GFP—
2XFYVEH' and the constitutively active mutant myc-
TC10 Q75L. Localization of both proteins was then
assessed in western blot analysis by using an anti-GFP and
an anti-myc antibody, respectively. Overexpression of
myc-TC10 Q75L mimicked the insulin effect inducing the
translocation of GFP-2XFYVEH® to the rafts fractions
(Figure 6A). Moreover, co-localization of flotillin and
TC10 was observed in the rafts fractions (Figure 6A).
These data confirm that overexpression of constitutively
active TC10 can reproduce the insulin-induced formation
of PtdIns-3-P leading to an intracellular re-localization of
the GFP-2XFYVEH" fusion protein. To confirm these
results, similar experiments were performed in L6 cells
transfected with the GFP-2XFYVEH™ and the dominant-
negative mutant HA-TC10 T31IN and stimulated with
insulin. Localization of both proteins was then assessed in
western blot analysis by using an anti-GFP and an anti-HA
antibody, respectively. As shown in Figure 6A, over-
expression of the dominant-negative mutant of TCI10
completely abrogated the insulin-induced translocation of
GFP-2XFYVEH® to the rafts fractions. The different
distribution of myc-TC10 Q75L and HA-TC10 T31N is in
agreement with the different intracellular localization of
the two mutants (Chang et al., 2002). Taken together,

Role of PtdIns-3-P in insulin signalling

these data indicate that the insulin-dependent pool of
PtdIns-3-P is generated at the lipid rafts subdomain of the
plasma membrane through TC10 activation.

Confocal microscopy analyses of GFP-2XFYVEH-
transfected L6 cells stimulated with insulin confirmed the
co-localization of the fusion protein with the endogenous
rafts marker flotillin (Figure 6B).

Since lipid rafts are cholesterol-sphingolipids-rich
membrane subdomains, cholesterol-extracting drugs have
been widely used as tools for disrupting rafts-associated
signalling (Watson et al., 2001). To further confirm the
lipid rafts compartmentalization of PtdIns-3-P formation,
L6 cells were pre-treated with the cholesterol-extracting
drug methyl-B-cyclodextrin (MBCD) before insulin stimu-
lation. A pre-treatment with 5 mM MBCD completely
removed the plasma membrane localization of flotillin and
prevented the insulin-induced translocation of GFP-
2XFYVEHS (Figure 6B). Similarly, this pre-treatment
completely removed the plasma membrane localization of
myc-TC10 Q75L (Figure 6C) without perturbing the
cytoskeleton (as shown by the actin staining in Figure 6C).
A pre-treatment with 0.5 mM MBCD had no effect on the
plasma membrane localization of both flotillin and myc-
TC10 Q75L, and it did not inhibit the GFP-2XFY VEHr
plasma membrane translocation upon insulin stimulation
(data not shown). Similar results were obtained
in  GFP-2XFYVEHs-expressing 3T3-L1 adipocytes
(Supplementary figure 8).

These data indicate that preservation of intact rafts
subdomain at the plasma membrane is required for the
insulin-mediated formation of PtdIns-3P.

Taken together, these results indicate that the insulin/
TC10-dependent pool of PtdIns-3-P is specifically pro-
duced at the level of the lipid rafts subdomain of the
plasma membrane.

Ptdins-3-P is involved in GLUT4 translocation to
the plasma membrane

It is well established that endosomal PtdIns-3-P plays a
crucial role in trafficking events. The major trafficking
event occurring downstream of insulin receptor activation
is translocation of GLUT4 from intracellular storage sites
to the plasma membrane. To check whether the insulin-
dependent pool of PtdIns-3-P is involved in this process,
we tested the effect of exogenous PtdIns-3-P on both
exogenous and endogenous GLUT4 intracellular localiza-
tion. Efficient delivery of exogenous phosphoinositides by
using polyamine carriers (Ozaki et al., 2000) is demon-
strated in thr Supplementary data (Supplementary figure 9).
L6 cells were transfected with a cDNA encoding the GFP—
GLUT#4 fusion protein. Serum-deprived cells were then
incubated with insulin or with exogenous phosphoinosi-
tides for different times (Figure 7A). Quantitative analyses
revealed that insulin induced the translocation of the
fusion protein to the plasma membrane, as expected. More
interestingly, we observed that PtdIns-3-P induced the
GFP-GLUT4 plasma membrane translocation to the same
extent as insulin (Figure 7A). No GFP-GLUT4 trans-
location was observed with PtdIns-4-P (Figure 7A) and
PtdIns-5-P (data not shown), whereas PtdIns-3,4-P, and
PtdIns-3,4,5-P5 induced a partial translocation of GLUT4
at longer periods of stimulation (Figure 7A). When we
tested the effect of increasing concentrations of PtdIns-3-P
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Fig. 7. (A-C) Exogenous PtdIns-3-P induces plasma membrane translocation of exogenous GLUT4. (A) L6 cells were transfected with GFP-GLUT4.
After 24 h, cells were serum deprived for 6 h and then stimulated with 300 nM insulin or with the indicated phosphoinositides at a final concentration
of 50 uM. After incubation at 37°C for 10, 20 or 30 min, cells were fixed for quantitative analyses. (B) GFP-GLUT4-transfected L6 cells were incu-
bated for 10 min with 300 nM insulin, or the complex carrier/PtdIns-3-P at the indicated lipid final concentrations or carrier alone at a final concentra-
tion of 50 uM and then fixed for quantitative analyses. Data are mean = SEM (n = 3-10). Significantly different from control: *P < 0.001; **P <
0.01; ***P < 0.05. (C) 3T3-L1 adipocytes were electroporated with 500 g of a cDNA encoding GFP-GLUT4. After 24 h, cells were serum deprived
for 3 h and stimulated with 300 nM insulin or incubated with the complex carrier/phosphoinositide at a lipid final concentration of 50 pM for 30 min
at 37°C. Data are mean = SEM (n = 2). (D) Exogenous PtdIns-3-P induces plasma membrane translocation of endogenous GLUT4. 3T3-L1 adipocytes
were serum deprived overnight and then stimulated with insulin or with each complex carrier/phosphoinositide for 10 min. After fixing and permeabili-
zation, the localization of endogenous GLUT4 was assessed by using an anti-GLUT4 antibody followed by a FITC-conjugated secondary antibody and
analysed by confocal microscopy. (E) 3T3-L1 adipocytes were serum deprived overnight and then stimulated with insulin or incubated with either a
complex carrier/phosphoinositide or carrier alone. Glucose uptake was performed as described in Materials and methods. Data are mean = SEM (n =
3-5). (F) GFP-GLUT4-transfected L6 cells were serum deprived for 6 h and then left untreated or incubated with 100 nM wortmannin at 37°C. After
15 min, cells were stimulated with 300 nM insulin or incubated with the complex carrier/PtdIns-3-P for an additional 10 min. Data are mean = SEM
(n = 3-5). Significantly different from PtdIns-3-P: *P < 0.05.

on GLUT4 translocation, we observed that a concentration
of 5 uM was almost completely able to mimic the insulin
effect, with a maximum reached at a concentration of
50 uM (Figure 7B). By contrast, carrier alone did not
induce the GFP-GLUT4 plasma membrane translocation
(Figure 7B). To confirm these results, GFP-GLUT4-
expressing 3T3-L1 adipocytes were stimulated with insu-
lin or incubated with different phosphoinositides. As for
L6 cells, PtdIns-3-P induced the plasma membrane
translocation of exogenous GLUT4 at a similar extent to
insulin (Figure 7C).

To confirm these results in a more physiological
context, we checked the effect of exogenous phosphoino-
sitides on endogenous GLUT4 intracellular localization.
Serum-deprived 3T3-L1 adipocytes were incubated with
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insulin or with different exogenous phosphoinositide and
localization of the endogenous GLUT4 was assessed by
confocal microscopy (Figure 7D). Insulin induced GLUT4
translocation to the plasma membrane, as expected.
Among the different phosphoinositides tested, PtdIns-3-P
alone was able to reproduce the insulin-mediated GLUT4
translocation to the plasma membrane, whereas
PtdIns-4-P, PtdIns-3,4-P, and PtdIns-3,4,5-P; did not
affect the intracellular localization of the protein. These
observations were very convincing since almost all cells
displayed a plasma membrane localization upon both
insulin and PtdIns-3-P stimulation, whereas no cell
showed a plasma membrane rim in unstimulated cover-
slips or in coverslips incubated with the other phospho-
inositides. The observation that PtdIns-3,4,5-P5 induced a



partial translocation of GFP-GLUT4 (Figure 7C) but had
no visually detectable effect on endogenous GLUT4
(Figure 7D) suggests that PtdIns-3,4,5-P; has a small
effect on GLUT4 translocation that can be easily detected
only when GLUT4 is overexpressed.

Taken together, these data indicate that exogenous
PtdIns-3-P is able to induce the plasma membrane
translocation of both overexpressed and endogenous
GLUT4, thus indicating that this phosphoinositide plays
a role in GLUTH4 translocation.

Several lines of evidence suggest that GLUT4 trans-
location and glucose uptake are distinct processes, and that
a full stimulation of glucose transport requires both
translocation and activation of the transporter (Hausdorff
et al., 1999; Sweeney et al., 1999; Somwar et al., 2001).
To gain further insight into the precise role of PtdIns-3-P
in insulin signalling, we tested the effect of exogenous
phosphoinositides on glucose uptake in 3T3-L1 adipo-
cytes. None of the phosphoinositides tested alone was able
to induce glucose uptake (Figure 7E). These data are in
agreement with the observation that PtdIns-3,4,5-P; itself
is not able to induce efficient uptake (Jiang et al., 1998)
and further support the hypothesis that the sole GLUT4
translocation to the plasma membrane is not sufficient for
efficient activation of glucose uptake. Furthermore, these
results clearly indicate that PtdIns-3-P plays a crucial role
specifically in GLUT4 translocation but other factors are
required for full stimulation of glucose transport.

We have shown that a pre-treatment with 100 nM
wortmannin does not inhibit the insulin-induced formation
of PtdIns-3-P (Figure 4B and D). On the contrary, it has
been reported that this pre-treatment almost completely
blocks GLUT4 translocation (Hausdorff et al., 1999;
Somwar et al., 2001). The observation that the insulin-
mediated formation of PtdIns-3-P and the GLUT4 trans-
location show a different sensitivity to wortmannin seems
to be in conflict with the hypothesis of a role in GLUT4
translocation for PtdIns-3-P. To better understand this
aspect, we compared the effect of PI 3-K inhibition on
insulin- or PtdIns-3-P-mediated GLUT4 translocation.
GFP-GLUT4-transfected L6 cells were pre-treated with
wortmannin before stimulation with insulin or incubation
with PtdIns-3-P. A pre-treatment with 100 nM wortmannin
clearly reduced the insulin- and the PtdIns-3-P-induced
GLUT4 translocation to the same extent (Figure 7F).
Similar results were obtained using 25 uM LY294002
(data not shown), thus suggesting that a wortmannin/
LY294002-sensitive step downstream from PtdIns-3-P
formation is also required for efficient GLUT4 trans-
location.

Discussion

PtdIns-3-P, as for other products of Pl 3-Ks, acts as
a second messenger upon cellular stimulation

It has been well established that, among the different
products of PI 3-Ks, PtdIns-3,4,5-P; plays a crucial role in
many signalling events (Rameh and Cantley, 1999). By
contrast, PtdIns-3-P has been essentially considered as a
lipid constitutively present and restricted to endosomes
and intracellular vesicles. In contrast to this general idea, it
has been demonstrated that an integrin-dependent signal-
ling in human platelets activates the transient formation of
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PtdIns-3-P, followed by the generation of PtdIns-3,4-P,
but not PtdIns-3,4,5-P5 (Zhang et al., 1998) Furthermore,
we have previously shown that PtdIns-3-P increases by
~50% after stimulation of COS7 and HeLa cells with
lysophosphatidic acid (Razzini et al., 2000). More
recently, two reports have shown a rapid upregulation of
PtdIns-3-P on phagosomal membranes following closure
of the phagosome (Ellson et al., 2001; Vieira et al., 2001),
further supporting the hypothesis of the existence of a
stimulatory control of PtdIns-3-P formation. Our data here
provide the first clear demonstration that, apart from a
constitutive pool of PtdIns-3-P in endosomal structures,
another pool of this phosphoinositide can be specifically
produced upon cellular stimulation at the level of the lipid
rafts subdomain of the plasma membrane. These results
give a new insight into the intracellular role of PtdIns-3-P
and clearly state that PtdIns-3-P, as for other products of
PI 3-Ks, can act as a lipid second messenger. Furthermore,
the observation that different growth factors, such as EGF
or PDGF, do not induce the formation of the plasma
membrane-associated pool of PtdIns-3-P indicates that this
phosphoinositide plays a role specifically upon insulin
receptor activation.

The insulin-dependent pool of PtdIns-3-P is
generated downstream from TC10 activation and
is involved in GLUT4 translocation

Insulin stimulates glucose uptake into fat and muscle cells
through two pathways involving PI 3-K and the small
GTP-binding protein TCI10, respectively. The second
pathway has been described recently and the precise
mechanism of action and downstream effectors of TC10
remain to be completely identified. It has been proposed
that TC10 may produce a cytoskeletal rearrangement to
facilitate the exocytosis of GLUT4. In particular, it has
been suggested that the actin-regulatory neural Wiskott—
Aldrich syndrome protein (N-WASP) may function
downstream from TCI10 to mobilize cortical F-actin
(Jiang et al., 2002). In addition, a novel TC10-interacting
protein, CIP4/2, has been recently identified in a two-
hybrid screen (Chang et al., 2002) and it has been
suggested that CIP4/2 may act as an adaptor protein by
recruiting additional molecules to the plasma membrane.

Our data clearly identify PtdIns-3-P as a new down-
stream product of TC10 activation since the insulin-
induced formation of PtdIns-3-P can be specifically
reproduced by a constitutively active mutant
(TC10 Q75L) and specifically inhibited by a dominant-
negative mutant (TC10 T31N) of the small GTP-binding
protein. Our results suggest that, once activated, TC10
activates a PI 3-K more resistant than type IA PI 3-K to
inhibitors such as wortmannin and LY294002. The major
candidate is the class II enzyme PI 3-KC2q, which is
activated by insulin (Brown et al., 1999) and is
wortmannin resistant (Domin et al., 1997).

Furthermore, our data indicate that the TC10-dependent
pool of PtdIns-3-P is involved in the translocation of
GLUT4 to the plasma membrane, and suggest that this
may account, at least in part, for the contribution of the
TC10 pathway to this event following insulin receptor
activation.

Our observation that overexpression of TC10 Q75L
induces the formation of PtdIns-3-P, which in turn may
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induce GLUT4 translocation, seems to be in contrast to the
first report indicating that overexpression of TC10 Q75L
inhibits GLUT4 translocation (Chiang et al., 2001).
However, it has recently been reported that the plasma
membrane translocation of the adaptor protein CIP4/2 is
essential for insulin-stimulated GLUT4 translocation.
Interestingly, overexpression of TC10 Q75L induces the
plasma membrane translocation of CIP4/2 suggesting that,
in this context, TC10 Q75L is a positive regulator of
GLUT4 translocation (Chang et al., 2002). In agreement
with these results, our data on the TC10-mediated
formation of PtdIns-3-P and the role of PtdIns-3-P in
GLUT4 translocation suggest that the activated state of
TCI10 is required for at least some events leading to a full
GLUT#4 translocation.

In our assays, PtdIns-3-P was able to induce GLUT4
translocation to the same extent as insulin. Although these
results seem to indicate that PtdIns-3-P is sufficient for this
trafficking event, a concerted action of PtdIns-3-P and
other factors, for instance PtdIns-3,4,5-P3, is more likely to
be responsible for an efficient GLUT4 translocation
in vivo. This possibility is supported by our observation
that the PtdIns-3-P-mediated GLUT4 translocation is
reduced by pre-treatment with PI 3-K-inhibitors, suggest-
ing that some wortmannin/LY294002-sensitive steps,
downstream from PtdIns-3-P formation, are also required
for an efficient GLUT4 translocation. Furthermore, the
hypothesis of a concerted action of both phosphoinositides
is in agreement with the well established role of
PtdIns-3,4,5-P5 in this process.

We finally observed that the effect of PtdIns-3-P is
restricted to GLUT4 translocation and neither this
phosphoinositide nor other phosphoinositides tested,
including PtdIns-3,4,5-P3, alone is sufficient to induce
glucose uptake. These data are in agreement with the
current idea that full stimulation of glucose uptake by
insulin requires a combination of increased GLUT4
translocation and increased intrinsic activity of GLUT4
(Sweeney et al., 1999). Furthermore, it has been reported
that GLUT4 translocation and glucose uptake show a
different sensitivity to wortmannin and LY294002
(Hausdorff et al., 1999; Somwar et al., 2001), thus
suggesting that they are distinct processes, probably
involving different PI 3-Ks. Our results are in agreement
with the hypothesis of a concerted activation of different
pathways for a full stimulation of glucose uptake and
strongly support a specific role in trafficking of the
transporter for PtdIns-3-P.

In conclusion, we demonstrate for the first time that,
apart from a pool of PtdIns-3-P constitutively associated
with endosomes, another pool of this phosphoinositide can
be produced at the lipid rafts subdomain of the plasma
membrane upon cellular stimulation. This regulated pool
of PtdIns-3-P is specifically produced upon insulin stimu-
lation through activation of the small GTP-binding protein
TC10 and is involved in the translocation of the glucose
transporter protein GLUT4. Taken together, these results
clearly assess that PtdIns-3-P, as for other products of
PI 3-Ks, is a lipid second messenger and adds an important
new component in the recently described TC10-dependent
cascade downstream from insulin receptor activation. Our
data provide a potential framework for understanding
insulin signal specificity, and may have significant impli-
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cations for approaches to prevent the complications of
diabetes mellitus and other related diseases.

Materials and methods

Materials and cell culture
All reagents, cell culture and transfection are described in Supplementary
data.

HPLC analyses

Cells were incubated with 10 puCi/well myo-[*H]inositol (Perkin-Elmer)
in M199 medium for 24 h and then left untreated or stimulated as
specified. Phospholipids were extracted, deacylated and separated by
anion-exchange HPLC on a Partisil 10 SAX column using a non-linear
water (buffer A)/1 M ammonium phosphate pH 3.35 (buffer B) gradient
(0—45 min, 0-1.5% buffer B; 45-46 min, 1.5-2.4% buffer B; 46—80 min,
2.4-4.5% buffer B; 80-81 min, 4.5-6.0% buffer B; 81-141 min, 6.0-35%
buffer B; 141-142 min, 35-100% buffer B; 142—147 min, 100% buffer B;
147-150 min, 100-0% buffer B; 150-180 min, 0% buffer B wash). The
retention times of the different glycerophosphoinositides were as follows:
gPtdIns, 23 min; gPtdIns-3-P, 67 min; gPtdIns-4-P, 75 min;
gPtdIns-3,4-P,, 114.5 min; gPtdIns-4,5-P,, 118 min; gPtdIns-3,4,5-P;,
146 min. The different glycerophosphoinositides were identified as
described (Meijer et al., 2001). The levels of PtdIns-3-P were normalized
to the amount of PtdIns-4-P. In Figure 4D, the levels of PtdIns-3-P were
normalized to the amount of PtdIns-4,5-P, since wortmannin may affect
the levels of PtdIns-4-P.

Microscopy and quantitative analyses

Cells grown on glass coverslips were fixed with PBS containing 4%
paraformaldehyde for 10 min at room temperature. Where necessary,
cells were permeabilized with Triton X-100 (0.25% in PBS) and
incubated with the indicated primary antibodies followed by TRITC or
FITC secondary antibodies. Microscopy was performed using a Zeiss
laser confocal microscope system (LSM 510) connected to an Axiovert
100M (Zeiss) and a Zeiss 63X objective. Images were collected at 3.5 um
from the bottom and all conditions were imaged at the same distance from
the glass. For experiments with the CFP and YFP constructs (Figure 2B),
microscopy was performed using a Bio-Rad RADIANCE 2000 confocal
system and a Nikon E1000 microscope equipped with a 60X water
immersion objective lens. Quantitative analyses of GFP-2XFYVE!™ and
GFP-GLUT4 translocation were performed by blind scoring of at least
100 cells per condition (no score, 0-25% membrane localization; score 1,
>25% membrane localization). The number of positive cells was
expressed as a percentage of total cells. Statistical analyses were
performed by paired Student’s 7-test.

Pak1 PBD affinity precipitation assay

L6 cells were transfected with myc-TC10 wt, myc TC10 Q75L or myc-
Cdc42 L61. After 24 h, cells were serum deprived overnight and then left
untreated or stimulated with 300 nM insulin or 20 ng/ml PDGF for 3 min.
The affinity precipitation assay was performed by using 7 pg/ml lysate of
the Pak1 PBD (Rac/Cdc42 assay reagent), agarose (Upstate), according to
the manufacturer. The agarose beads were resuspended in 15 pl of 2X
Laemmli sample buffer, collected by a microcentrifuge pulse and the
supernatants were separated by SDS-PAGE. Western blot analyses were
performed using an anti-myc antibody.

Detergent-free cell fractionations

L6 cells were transfected with GFP-2XFYVEH™ alone or in combination
with either myc-TC10 Q75L or HA-TC10 T31N. After 24 h, cells were
serum deprived for 6 h and then left untreated or stimulated with 300 nM
insulin or 20 ng/ml PDGF. After washing three times in ice-cold PBS,
cells were scraped into 2 ml of 500 mM sodium carbonate pH 11.0, and
then homogenized on ice with both 10 strokes in a glass Dounce
homogenizer and a sonicator (three 20-s bursts; Soniprep 150; Sanyo).
The homogenate was then adjusted to 45% sucrose by addition of 2 ml of
90% sucrose in MES-buffered saline, MBS (25 mM MES pH 6.5, 150 mM
NaCl) and plated at the bottom of an ultracentrifuge tube. A 5-35%
discontinuous gradient was formed above (4 ml of 5% sucrose/4 ml of
35% sucrose both in MBS containing 250 mM sodium carbonate) and
centrifuged at 39 000 r.p.m. for 18 h in an SW41 rotor (Beckman
Instrument). From the top of each gradient, 1 ml fractions were collected
and separated by SDS-PAGE. Western blot analyses were performed by
using the indicated primary antibodies followed by HRP-conjugated



secondary antibodies. Bands were then revealed by enhanced
chemiluminescence (Amersham Biosciences).

Phosphoinositide delivery experiments

Unlabeled carrier 2 or unlabeled carrier 3 (Echelon Research
Laboratories) and phosphoinositide (CellSignals, Inc.) were added at a
1:1 molar ratio (200 pM final concentration) in a test tube. After brief
vortexing and bath sonication, the complex was incubated at room
temperature for 5 min and then added to medium of adherent cells in order
to achieve the indicated phosphoinositide final concentration.

Glucose uptake

3T3-L1 adipocytes were serum deprived overnight and then stimulated
with 300 nM insulin or incubated with a complex carrier/phosphoinosi-
tide (at a lipid final concentration of 50 UM) or carrier alone. After 20 min,
cells were washed with KRP buffer (116 mM NaCl, 4.6 mM KCl, 1.2 mM
KH,POy, 25.3 mM NaHCO;, 2.5 mM CaCl,, 1.16 mM MgSO, pH 7.2
containing 0.1% BSA) and incubated with 10 uM 2-deoxyglucose
(0.5 uCi/ml) for 10 min. Uptake was terminated by washing three times
with ice-cold PBS and cells were lysed with 1 M NaOH. Liquid
scintillation counting assessed radioactivity. Non-specific uptake was
determined in the presence of 10 UM cytochalasin B (Sigma) and was
subtracted from total uptake.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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