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Themembers of the class II phosphoinositide 3-kinase (PI3K)
family can be activated by several stimuli, indicating that these
enzymes can regulate many intracellular processes. Neverthe-
less, to date, there has been no definitive identification of their
in vivo product, their mechanism(s) of activation, or their pre-
cise intracellular roles. By metabolic labeling, we here identify
phosphatidylinositol 3-phosphate as the sole in vivo product of
the insulin-dependent activation of PI3K-C2�, confirming the
emerging role of such a phosphoinositide in signaling.We dem-
onstrate that activation of PI3K-C2� involves its recruitment to
the plasma membrane and that activation is mediated by the
GTPase TC10. This is the first report showing a membrane tar-
geting-mediated mechanism of activation for PI3K-C2� and
that a small GTP-binding protein can activate a class II PI3K
isoform. We also demonstrate that PI3K-C2� contributes to
maximal insulin-induced translocation of the glucose trans-
porterGLUT4 to the plasmamembrane and subsequent glucose
uptake, definitely assessing the role of this enzyme in insulin
signaling.

Phosphoinositide 3-kinases (PI3Ks)5 are a conserved family
of lipid kinases that catalyze the phosphorylation of the 3�-po-
sition of the inositol ring of phosphoinositides. Their action
leads to the generation of 3-phosphorylated phosphoinositides

at the plasmamembrane or in specific cellularmembrane com-
partments. Interaction between these lipids and distinct struc-
tural motifs such as pleckstrin homology and FYVE domains
can regulate the activity of different proteins through their
membrane targeting or direct modulation of their enzymatic
activity. Not surprisingly then, PI3Ks play key roles in many
physiological events, including cell proliferation and differenti-
ation, apoptosis, cytoskeletal organization, andmembrane traf-
ficking (1, 2). Moreover, alterations in PI3K-dependent path-
ways are implicated in different diseases, including cancer and
diabetes (3).
Eight mammalian PI3Ks have been identified, and they are

now grouped into three classes according to their sequence
homology and in vitro substrate specificity (4, 5). Class I PI3Ks
are activated downstreamof tyrosine kinases orG-protein-cou-
pled receptors. Although in vitro they can phosphorylate phos-
phatidylinositol (PtdIns), PtdIns-4-P, and PtdIns-4,5-P2, it is
generally accepted that PtdIns-4,5-P2 is their main substrate in
vivo. The onlymember of the class III PI3K family is the human
homolog of the yeast vesicular protein-sorting protein Vps34, a
monomer that is generally considered to be responsible for gen-
eration of the constitutive pool of PtdIns-3-P in endosomes and
to be involved in intracellular trafficking.
Class II PI3Ks were first identified by sequence homology to

other PI3Ks (6–8). The three members of class II (PI3K-C2�,
PI3K-C2�, and PI3K-C2�) are monomers of high molecular
weight due to extensions at both the N and C termini. One
feature of these enzymes is their insensitivity to PI3K inhibitors,
with the�-isoform exhibiting high resistance to treatment with
both wortmannin and LY294002 (9–11) and the �-isoform
exhibiting resistance to LY294002 (12, 13). In vitro class II
PI3Ks are able to catalyze the phosphorylation of both PtdIns
and PtdIns-4-P, whereas they do not appear to phosphorylate
PtdIns-4,5-P2 (6–8). The main in vivo substrate of class II
PI3Ks has remained elusive for a long time, and we proposed
only recently that PtdIns-3-Pmight be the in vivoproduct of the
class II enzyme PI3K-C2� at least in the lysophosphatidic acid
signaling cascade (13). A definitive identification of the in vivo
products of class II PI3Ks is still missing.
Similarly, although several stimuli have been identified as

being able to activate class II PI3Ks (8, 10, 14–18), only a few
reports have actually revealed the physiological consequences
of such activation and defined the precise intracellular role of
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these enzymes (8). Examples include demonstration that PI3K-
C2� is required for migration of cancer cells (13) and cytoskel-
etal organization (19) and evidence that PI3K-C2� is required
for clathrin assembly (20), clathrin-mediated trafficking (16),
ATP-dependent priming of neurosecretory granule exocytosis
(21), and contraction of vascular smooth muscle cells (22).
Much remains to be understood regarding the activation of the
class II PI3Ks in other signaling pathways and their mechanism
of activation. For example, it is known that insulin can activate
PI3K-C2� in adipocytes andmuscle cells (10, 11), but the phys-
iological consequences of such activation are still not defined.
Similarly, the in vivo product of PI3K-C2� in insulin signaling
and its mechanism of regulation remain to be clarified.
Glucose disposal in skeletal muscle and adipose tissues, a

critical event for the maintenance of glucose homeostasis
within the body, requires the insulin-mediated translocation of
the glucose transporter GLUT4 from intracellular storage sites
to the plasma membrane (23, 24). GLUT4 translocation
involves several steps, including reorganization of actin, forma-
tion of GLUT4 storage vesicles (GSVs), andmovement of GSVs
close to the plasma membrane. Once at the cell periphery, a
regulated process of tethering, docking, and fusion of the vesi-
cles allows the insertion of GLUT4 into the membrane and
externalization, finally leading to glucose transport. With
numerous molecules reported to be involved in this process,
GLUT4 translocation/insertion/externalization is one of the
most complicated and tightly regulated intracellular events,
requiring a fine cross-talk between signaling and trafficking
processes through mechanisms that are still poorly defined.
It is well established that GLUT4 translocation/externaliza-

tion requires the activation of both a class I PI3K (25) and the
small GTPase TC10 (26). The involvement of the class I PI3K
target protein kinase B/Akt was proposed/demonstrated
almost 10 years ago (27–30), but some Akt downstream effec-
tors able to regulate GLUT4 translocation/externalization have
been identified only recently (31, 32), and the potential Akt-de-
pendent step in this process has been described (33). Similarly,
there are still few examples of downstream effectors of TC10
activation (34–37). In this latter respect, we have demonstrated
previously that insulin-mediated TC10 activation leads to gen-
eration of a pool of PtdIns-3-P at the plasmamembrane of insu-
lin-responsive cells (38), identifying this lipid as a downstream
mediator of TC10 signals. We also reported that exogenous
PtdIns-3-P is able to induceGLUT4 translocation (38), suggest-
ing that the insulin/TC10-dependent pool of PtdIns-3-P could
play a role in this process. The importance of PtdIns-3-P in
glucose transport was subsequently confirmed by the observa-
tion that overexpression of myotubularin, a specific PtdIns-3-P
phosphatase, impairs insulin-induced GLUT4 translocation
(39). More recent data further suggested a critical role for
PtdIns-3-P in GLUT4 translocation (40–42), although the role
of the endogenously generated, insulin-dependent pool of
PtdIns-3-P in GLUT4 translocation remains unclear.
By directly analyzing the phosphoinositides, we here identify

PtdIns-3-P as the sole lipid product generated through PI3K-
C2� activation in the insulin signaling pathway. This is the first
time that such analysis has been performed upon activation of a
class II PI3K by in vivo metabolic labeling of cells and high

pressure liquid chromatography (HPLC). Our data also indi-
cate that activation of PI3K-C2� involves its insulin-dependent
targeting to the lipid raft subdomains of the plasma membrane
and is mediated by the small GTPase TC10. Finally, we demon-
strate that PI3K-C2� plays an important role in regulating
GLUT4 translocation and glucose uptake, identifying, for the
first time, the role of both this isoform and the endogenously
generated, insulin-dependent pool of PtdIns-3-P in insulin
signaling.

EXPERIMENTAL PROCEDURES

Materials—Anti-PI3K-C2� antibody for confocal micros-
copy was a kind gift of Dr. Marcus Thelen (Institute for
Research in Biomedicine, Bellinzona, Switzerland), and anti-
PI3K-C2� antibody for immunoprecipitation has been
described (10). Anti-PI3K-C2� antibody for Western blotting
and anti-PI3K-C2� and anti-flotillin antibodies were from BD
Transduction Laboratories. Anti-p110� (sc-7174), anti-p110�
((sc-7177), anti-actin (sc-8432), and anti-Akt (sc-8312) anti-
bodies were from Santa Cruz Biotechnology, Inc. Anti-
phospho-Ser473 Akt, anti-phospho-Ser9 glycogen synthase
kinase-3� (GSK-3�), and anti-GSK-3� antibodies were from
Cell Signaling Technology. Anti-hemagglutinin (HA) peptide
antibody (16B12) was from Babco. Alexa 488-conjugated goat
anti-mouse antibody and Alexa 594-conjugated wheat germ
agglutinin were from Molecular Probes. Insulin was from
Sigma, or alternatively, the human insulin analog ActrapidTM
from Novo Nordisk was used.
Plasmids—Two distinct constructs were generated to specif-

ically knock down PI3K-C2�. First, the following oligomers,
designed based on the sequence of rat PI3K-C2�, were sub-
cloned into a pSuper vector: PI3K-C2� short hairpin RNA
(shRNA), 5�-GATCCCCGTCCAGTCACAGTGCAAAG-
TTCAAGAGACTTTGCACTGTGACTGGACTTTTTGG-
AAA-3� (forward) and 5�-AGCTTTTCCAAAAAGTCCAGT-
CACAGTGCAAAGTCTCTTGAACTTTGCACTGTGACT-
GGACGGG-3� (reverse). The corresponding scrambled
oligomers were 5�-GATCCCCGCCTTGAACACTGGACGA-
ATTCAAGAGATTCGTCCAGTGTTCAAGGCTTTTTGG-
AAA-3� (forward) and 5�-AGCTTTTCCAAAAAGCCTTGA-
ACACTGGACGATCTCTTGAATTCGTCCAGTGTTCAA-
GGCGGG-3� (reverse). Second, the following oligomers,
designed based on the sequence of rat PI3K-C2�, were sub-
cloned into a pSuperior vector: 5�-GATCCCCGTACAGAAT-
GAGGAGGTGGTTCAAGAGACCACCTCCTCATTCTGT-
ACTTTTTGGAAA-3� (forward) and 5�-AGTCTTTCCAAA-
AAGTACAGAATGAGGAGGTGGTCTCTTGAACCACCT-
CCTCATTCTGTACGGG-3� (reverse). Scrambled sequences
in the pSuperior vector were also generated. TC10mutant con-
structs were a kind gift of Dr. Jeffrey Pessin (Stony Brook Uni-
versity, Stony Brook, NY). HA-GLUT4 from pBABE-puro-HA-
GLUT4 (43) was cloned into pBABE-hygro via restriction
enzyme digestion with BamHI and SalI. Enhanced green fluo-
rescent protein (EGFP)-GLUT4 has been described (44).
Cell Cultures and Transfection—L6 cells were maintained in

Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum plus penicillin/streptomycin and glutamine.
Transfection of the pSuper-based recombinant vectors was
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performed using Lipofectamine (Invitrogen) according to the
manufacturer. Single clones were selected in medium supple-
mented with 1.5 �g/ml puromycin. To generate pSuperior-
scrambled shRNA and pSuperior-shRNA PI3K-C2�, L6 cells
were infected with retroviral stocks generated by transfec-
tion of pVSVG (Clontech), pGag-pol (Clontech), and pSupe-
rior-based vectors into human embryonic kidney 293 cells.
Mixed cell populations were selected in medium supple-
mented with 1.5 �g/ml puromycin. Electroporation of
EGFP-GLUT4 DNA was performed as described (45).
Briefly, cells from a confluent 10-cm dish were washed twice
with �-minimal essential medium containing 10% fetal calf
serum and then resuspended in 600 �l of cytomix (120 mM
KCl, 0.15 mM CaCl2, 10 mM K2HPO4/KH2PO4 (pH 7.6), 25
mM HEPES (pH 7.6), 2 mM EGTA (pH 7.6), 5 mM MgCl2, 2
mMATP, and 5mM glutathione) before use. Cells were added
to a 0.4-cm electroporation cuvette (Bio-Rad) containing
100 �g of DNA, and electroporation was carried out at room
temperature at 200 V, one pulse, and 10 ms with a BTX ECM
830 pulse generator. Cells were finally resuspended in
�-minimal essential medium containing 10% fetal calf serum
and plated in 2 � 6-cm dishes.
HPLC Analysis—Cells plated in a 12-well plate were labeled

with 15 �Ci/wellmyo-[3H]inositol (PerkinElmer Life Sciences)
in inositol-free medium M199 containing antibiotics and glu-
tamine. After 24 h, cells were stimulated with 100 nM insulin,
and phospholipids were extracted at different times of stimula-
tion. After deacylation, samples were separated by HPLC on a
PartiSphere 5-�m strong anion exchange column (Whatman)
using a nonlinear gradient of 1 mM EDTA (buffer A) and 1.3 M
(NH4)2HPO4 � 1 mM EDTA (pH 3.8) (buffer B) (0–1 min, 0%
buffer B; 1–40min, 0–5%buffer B; 40–41min, 5–15%buffer B;
41–75 min, 15–24% buffer B; 75–76 min, 24–33% buffer B;
76–95 min, 33–60% buffer B; 95–96 min, 60–100% buffer
B; 96–100 min, 100% buffer B; 100–101 min, 100 to 0% buffer
B; and 101–121 min, 0% buffer B wash). The levels of glycero-
PtdIns-3-P in each samplewere normalized to the levels of glyc-
ero-PtdIns that were unaffected by insulin treatment or PI3K-
C2� knockdown. For the experiment shown in supplemental
Fig. S2, parental L6 cells were plated in a 6-well plate and
labeled with 30 �Ci/wellmyo-[3H]inositol.
Confocal Microscopy Analysis—Microscopy was performed

as described (38) using a Zeiss LSM 510 laser confocal micro-
scope system connected to an Zeiss Axiovert 100Mmicroscope
and a Zeiss 63� objective. Images were acquired and loaded
using the TCSNT program (Version 1.6.587). No further proc-
essing of the images was done except for changes in brightness/
contrast to better visualize the data. Images were collected at
3.5 �m from the bottom, and all conditions were imaged at the
same distance from the glass. Quantitative analysis of cells dis-
playing localization of the green fluorescent protein-fused dou-
ble FYVE domain from the hepatocyte growth factor-regulated
tyrosine kinase substrate (GFP-2�FYVEHrs) to the plasma
membrane was performed as described (38).
Subcellular Fractionation and Detergent-free Cell Fractiona-

tion—For subcellular fractionation, cells were scraped in 255
mM sucrose, 20 mM HEPES, and 1 mM EDTA containing pro-
tease inhibitors and lysed by 12 passages with a 23-gauge nee-

dle. Crude plasma membranes were collected as a pellet after
centrifugation at 20,000 � g for 20 min at �4 °C. Supernatants
were centrifuged at 40,000 � g for 20 min at �4 °C to pellet the
high density membranes. An additional centrifugation step of
the corresponding supernatants (50,000 � g, 75 min, �4 °C)
separated the low density membranes from the cytosol. Sepa-
ration of lipid raft fractions by detergent-free cell fractionation
was performed as described (38).
PI3K-C2� in Vitro Assay—PI3K-C2� was immunoprecipi-

tated fromMyc- orMyc-TC10mutant-transfected cells using a
specific antibody, and in vitro assay was performed as described
(10).
EGFP-GLUT4 Total Internal Reflection FluorescenceMicros-

copy (TIRFM) Analysis—EGFP-GLUT4-expressing cells were
grown on 42-mm No. 1 glass coverslips and starved for 2 h in
serum-free Dulbecco’s modified Eagle’s medium. Coverslips
were gently washed with warm 0.5% bovine serum albumin in
Krebs-Ringer/HEPES buffer (from a 10�Krebs-Ringer/HEPES
stock of 1.36MNaCl, 47mMKCl, 12.5mMMgSO4�7H2O, 12mM
CaCl2�2H2O, and 200 mM HEPES) and mounted in a pre-
warmed ROC chamber (PeCon, Erbach, Germany) with 1ml of
Krebs-Ringer/HEPES buffer in an insert P heated stage
(PeCon) on a Axiovert 200M microscope fitted with an XL
incubator (PeCon). Single isolated cells were identified and
chosen with differential interference contrast and epifluo-
rescence (excitation, 488/10 nm; and emission, 525/25 nm).
For TIRFM imaging, cells were excited with the 488-nm line
of a 100-milliwatt argon ion laser introduced at the appro-
priate incident angle through the TIRF slider and an alpha
Plan-FLUAR 100�/1.45 oil objective and imaged (emission,
525/25 nm) using a Zeiss AxioCam MRm digital camera.
Single or multiple (up to 20) cells were imaged every 0.5 min
for 15 min; insulin (100 nM) was introduced (100 �l of a 10�
stock); and cells were imaged for an additional 30 min.
Images were taken with an exposure time of 40 ms using
�12.5% maximal laser output. Under such conditions, no
reduction in detected fluorescence through “bleaching” was
observed (data not shown). Image stacks were background-
subtracted using Image J software (rsb.info.nih.gov/ij/), and
blinded, cells and regions of interest were chosen to exclude
any excessive movement and increases in cell area seen after
insulin stimulus. Approximately one-third of either scram-
bled or PI3K-C2� knockdown cells from a single experiment
were not further processed. Total fluorescence within the
area of interest at each time point was normalized to the
average total fluorescence of pre-stimulated cells (�5 to 0
min, f0). Representative images were processed using Adobe
Photoshop.
HA-GLUT4Translocation andGlucoseUptakeAssays—HA-

GLUT4 translocation assay was performed as described (43).
Glucose transport was determined by a method adapted from
Ref. 46. Myoblasts in 6-well plates were serum-starved for 2 h
and then incubated for 30 min in Krebs-Ringer/HEPES buffer
containing 2% bovine serum albumin with or without 100 nM
insulin. Glucose uptake was measured over 10 min in the pres-
ence of 40 �M 2-deoxy[3H]glucose (0.5 �Ci/well). Cells were
washed with ice-cold phosphate-buffered saline and extracted
with 1 ml of phosphate-buffered saline containing 0.05% SDS.

PI3K-C2�/PtdIns-3-P Pathway in Insulin Signaling

28228 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 38 • SEPTEMBER 21, 2007

 at U
niv of N

ew
 S

outh W
ales (C

A
U

L) on D
ecem

ber 5, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


After incubation at 37 °C for 30 min, extracts were subjected to
liquid scintillation counting. Protein determination was by
bicinchoninic acid assay (Pierce). Nonspecific glucose uptake

was determined using 10 �M
cytochalasin B and subtracted from
the total rates observed.

RESULTS

PI3K-C2� Generates an Insulin-
dependent Pool of PtdIns-3-P—We
have reported previously that insu-
lin generates a pool of PtdIns-3-P at
the plasma membrane of muscle
cells and adipocytes through activa-
tion of a PI3K more resistant to
treatment with the inhibitors wort-
mannin and LY294002 (38). This
observation, together with reports
showing that PI3K-C2� can be acti-
vated by insulin (10) and is very
resistant to treatment with PI3K
inhibitors (9–11), led us to hypoth-
esize that such an isoform might
catalyze the de novo synthesis of the
insulin-mediated pool of PtdIns-
3-P. To test this hypothesis, we gen-
erated L6 muscle cell lines stably
knocked down for PI3K-C2� using
a recombinant pSuper vector con-
taining the appropriate silencing
shRNA.Control cells expressing the
corresponding pSuper-scrambled
shRNA were also generated. A sig-
nificant reduction in the detectable
protein levels was achieved in five
different PI3K-C2� knockdown
clones, whereas no effect on PI3K-
C2� protein levels was observed in
scrambled cells (Fig. 1A). Nomodu-
lation of the expression of PI3K-
C2� (supplemental Fig. S1A) and
the class I PI3K catalytic subunits
p110� and p110� (supplemental
Fig. S1,B andC) was observed in the
PI3K-C2� knockdown cells. Fur-
thermore, no difference in cell
growth was detected between
scrambled and PI3K-C2� knock-
down cells (supplemental Fig. S1,
D and E).

To directly assess the effect of
reduced PI3K-C2� expression on
the levels of the insulin-dependent
pools of the 3-phosphorylated phos-
phoinositides, we performed meta-
bolic labeling of the cells, followed
by HPLC analysis. This technique
represents the most accurate and

direct way to analyze the levels of intracellular phosphoinositi-
des. An example of the HPLC profile of parental L6 cells left
untreated or stimulatedwith insulin is presented in supplemen-

FIGURE 1. PI3K-C2� specifically generates PtdIns-3-P upon insulin stimulation. Stable cell lines were gen-
erated by transfecting L6 cells with a control pSuper-scrambled shRNA or a specific pSuper-shRNA PI3K-C2�
vector. A, expression levels of PI3K-C2� in the indicated clones compared with parental L6 cells. Equal loading
was confirmed using anti-phospholipase C� (PLC�) antibody. B, HPLC analysis of the levels of PtdIns-3-P in
3H-labeled scrambled cells (clones 2 and 4) and PI3K-C2� knockdown cells (clones 1–3 and 5) upon 3 min of
insulin stimulation. Data are means � S.E. from two to four independent experiments (scrambled, clones 2 (n �
4) and 4 (n � 3); and PI3K-C2� knockdown, clones 1 (n � 4), 2 (n � 2), 3 (n � 3), and 5 (n � 3)). For each clone,
the levels of PtdIns-3-P upon insulin stimulation are expressed as a percentage of the basal PtdIns-3-P levels in
the same unstimulated clone. In these experiments, the absolute values of basal PtdIns-3-P were as follows:
scrambled clones 2 (256.7 � 47.5 cpm) and clone 4 (269 � 175.5) and PI3K-C2� knockdown clones 1 (367.2 �
74.8 cpm), 2 (212.2 � 49.7 cpm), 3 (252.2 � 133.5 cpm), and 5 (176.2 � 86.0 cpm). The difference between the
basal levels of PtdIns-3-P in each of the PI3K-C2� knockdown clones is not significant compared with the
corresponding scrambled clone. gPtdIns, glycero-PtdIns. C, confocal microscopy analysis of the indicated GFP-
2�FYVEHrs-expressing cells (scrambled clone 2 and PI3K-C2� knockdown clone 1) left untreated or stimulated
with insulin for 3 min. Arrows mark the plasma membrane localization. Scale bar � 10 �m. D, quantitative
analysis of experiments described for C. Data are means � S.E. from five independent experiments and are
expressed as a percentage of cells displaying plasma membrane localization of GFP-2�FYVEHrs.
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tal Fig. S2, specifically showing the insulin-induced increase in
PtdIns-3-P levels, as reported previously (38). Scrambled and
PI3K-C2� knockdown cloneswere labeledwithmyo-[3H]inosi-
tol, and phosphoinositides from untreated and insulin-stimu-
lated cells were extracted. HPLC analysis revealed that insulin
increased the levels of PtdIns-3-P in two distinct scrambled
clones (Fig. 1B). In contrast, knockdown of PI3K-C2� com-
pletely inhibited the insulin-dependent generation of PtdIns-
3-P (Fig. 1B) in three clones (clones 1, 3, and 5) expressing very
low levels of PI3K-C2� (Fig. 1A). Strikingly, insulin-mediated
PtdIns-3-P synthesis was only slightly affected in one PI3K-C2�
knockdown cell line (clone 2) (Fig. 1B), consistent with the fact
that this clone still retained appreciable levels of PI3K-C2�
expression (Fig. 1A). No difference in the basal levels of PtdIns-
3-P was observed between scrambled and PI3K-C2� knock-
down cells (see the figure legend). Taken together, these data
reveal that the levels of the insulin-dependent pool of PtdIns-
3-P correlate with the levels of PI3K-C2� expression and there-
fore demonstrate that PI3K-C2� mediates the insulin-induced
generation of PtdIns-3-P. To further assess the effect of PI3K-
C2� down-regulation on PtdIns-3-P generation, silenced and
scrambled cells were transfected with the PtdIns-3-P-binding
protein GFP-2�FYVEHrs (13, 38, 47). Confocal microscopy
analysis revealed that GFP-2�FYVEHrs was localized exclu-
sively in endosomal structures in resting cells, as described pre-
viously (13, 38, 47). A clear translocation of GFP-2�FYVEHrs to
the plasma membrane was observed in scrambled cells upon
insulin stimulation (Fig. 1C). These data indicated that, in these
cells, the probewas able to detect the insulin-dependent pool of
PtdIns-3-P generated at the cell surface, as already reported
(38). No GFP-2�FYVEHrs translocation was observed in insu-
lin-stimulated PI3K-C2� knockdown cells (Fig. 1C). Quantita-
tive analysis of these experiments revealed that there was no
difference in the number of knockdown cells showing basal
GFP-2�FYVEHrs staining at the plasma membrane compared
with the scrambled cells (Fig. 1D). Upon insulin stimulation, a
clear increase in the number of cells displaying plasma mem-
brane localization of GFP-2�FYVEHrs was detected for scram-
bled but not knockdown cells (Fig. 1D), indicating that no
PtdIns-3-P was generated at the plasma membrane of the
knockdown cells upon insulin stimulation. Down-regulation of
PI3K-C2� did not appear to affect the endosomal localization
of GFP-2�FYVEHrs, suggesting that PI3K-C2� does not regu-
late the corresponding pool of PtdIns-3-P.
HPLC analysis also revealed that silencing PI3K-C2� did not

block the insulin-induced generation of PtdIns-3,4-P2 and
PtdIns-3,4,5-P3 (data not shown), indicating that PI3K-C2� is
not required for the insulin-mediated synthesis of these two
phosphoinositides. In addition, no difference in the platelet-
derived growth factor (PDGF)-dependent generation of
PtdIns-3,4-P2 and PtdIns-3,4,5-P3 was observed (data not
shown), indicating that down-regulation of PI3K-C2� does not
affect other class I PI3K-dependent pathways. The levels of
PtdIns-3-P did not change in PDGF-stimulated scrambled or
PI3K-C2� knockdown cells (data not shown), in agreement
with our observation that PDGF does not generate PtdIns-3-P
in L6 cells (38).

To further assess the specificity of the effect, we generated a
second recombinant vector targeting a distinct sequence in PI3K-
C2� mRNA. L6 cells were retrovirally infected with such a vector
(pSuperior-shRNA PI3K-C2�) and a control pSuperior-scram-
bled shRNA, and the corresponding mixed populations were
selected. No difference in cell growth was observed between the
pSuperior-scrambled shRNA and pSuperior-shRNA PI3K-C2�
cells (data not shown). HPLC analysis revealed that the insulin-
dependent generation of PtdIns-3-P was completely inhibited
in pSuperior-shRNA PI3K-C2� cells (supplemental Fig. S3A).
The lack of PtdIns-3-P generation in these cells was not due to
a reduced responsiveness to insulin because we detected a clear
Akt phosphorylation as well as phosphorylation of its down-
stream target GSK-3� in pSuperior-shRNA PI3K-C2� cells at
different times of insulin stimulation (supplemental Fig. S3B).
Indeed, no effect on the insulin-induced synthesis of PtdIns-
3,4,5-P3 and PtdIns-3,4-P2 was detected in pSuperior-shRNA
PI3K-C2� cells (supplemental Fig. S3, C–E), further indicating
that PI3K-C2� is not involved in the insulin-mediated synthesis
of these phosphoinositides. These data indicate that the block-
ade of PtdIns-3-P production upon insulin stimulation is spe-
cifically associated with down-regulation of PI3K-C2�.
Taken together, these data demonstrate that PI3K-C2� cat-
alyzes specifically the de novo synthesis of an insulin-de-
pendent pool of PtdIns-3-P at the plasma membrane.
Because the insulin-dependent generation of PtdIns-3,4-P2
or PtdIns-3,4,5-P3 does not appear to be affected in PI3K-
C2� knockdown cells, these data identify, for the first time,
PtdIns-3-P as the sole in vivo product of PI3K-C2�, at least in
the insulin signaling cascade.
PI3K-C2� Translocates to the PlasmaMembrane upon Insu-

lin Stimulation—In an effort to better understand the mecha-
nism of the insulin-mediated PI3K-C2� regulation, we assessed
whether activation of the enzyme is associated with an intracel-
lular redistribution of the protein. Because PI3K-C2� is local-
ized intracellularly in resting cells (48, 49), whereas the de novo
synthesis of PtdIns-3-P occurs at the plasma membrane (38),
we hypothesized that insulin might relocate PI3K-C2� to such
a compartment. Confocal microscopy analyses revealed that
endogenous PI3K-C2� was localized in nuclei and the perinu-
clear region in resting cells (Fig. 2A), as reported previously (48,
49). Interestingly, insulin induced a rapid and transient trans-
location of endogenous PI3K-C2� to the plasma membrane
(Fig. 2A). Translocation was visible from 1.5 min after stimula-
tion (Fig. 2A) and lasted�10min (data not shown). Similar data
were obtained in subcellular fractionation studies (Fig. 2B).
These data indicated that insulin not only activated PI3K-C2�,
but could also regulate the intracellular localization of this
enzyme. More specifically, sucrose gradient fractionation indi-
cated that insulin induced translocation of PI3K-C2� to the
lipid raft subdomain of the plasma membrane (Fig. 2C), a spe-
cialized compartment where the insulin-dependent pool of
PtdIns-3-P isgenerated (38).Thesedatasuggest that the insulin-
dependent, PI3K-C2�-mediated generation of PtdIns-3-P at
the plasmamembrane requires the translocation of the enzyme
in this compartment.

PI3K-C2�/PtdIns-3-P Pathway in Insulin Signaling

28230 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 38 • SEPTEMBER 21, 2007

 at U
niv of N

ew
 S

outh W
ales (C

A
U

L) on D
ecem

ber 5, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


Insulin-mediated TC10 Activation Regulates PI3K-C2�
Activity—The small GTPase TC10 has been implicated in sig-
naling required to generate the insulin-dependent pool of
PtdIns-3-P (38). To establish whether PI3K-C2� is specifically
activated by TC10, L6 cells were transfected with a constitu-
tively active or dominant-negative mutant of this protein, and
activation of PI3K-C2�was assessed by in vitro kinase assay. As
shown in Fig. 3A, insulin activated PI3K-C2� in mock-trans-
fected L6 cells, as reported previously (10). Overexpression of
the constitutively active TC10 mutant per se activated PI3K-
C2� to the same extent as insulin, whereas the dominant-neg-
ative TC10 mutant significantly inhibited the insulin-induced
activation of the enzyme (Fig. 3A). Notably, we have reported
that overexpression of the constitutively active TC10mutant is
sufficient to mimic the insulin-induced increase in PtdIns-3-P
levels, whereas the dominant-negative TC10 mutant signifi-

cantly inhibits the insulin-induced formation of PtdIns-3-P
(38). The observation that overexpression of these TC10
mutants resulted in similar effects on both PI3K-C2� activation
and PtdIns-3-P levels further indicates that PI3K-C2� is
responsible for the generation of the insulin-mediated, TC10-
dependent PtdIns-3-P pool. Taken together, these data demon-
strate that insulin activates PI3K-C2� through the small
GTPase TC10. This is the first report identifying an upstream
mediator of insulin activation of PI3K-C2�.
PI3K-C2� Contributes to Maximal GLUT4 Translocation—

Our observation that exogenous PtdIns-3-P is able to induce
GLUT4 recruitment to the plasma membrane of L6 cells (38)
suggests that this phosphoinositide is involved in this process.
In addition, several lines of evidence indicate that one of the
steps leading to complete GLUT4 translocation/externaliza-
tion is insensitive to treatment with wortmannin (see “Discus-
sion”), suggesting that wortmannin-resistant PI3K-C2�may be
involved. To check this hypothesis, we retrovirally infected L6
scrambled and PI3K-C2� knockdown cells with HA-GLUT4
and performed a translocation assay enabling accurate assess-
ment of the translocation of cellular HA-GLUT4 to the plasma
membrane (43). Insulin clearly stimulated GLUT4 transloca-
tion in all scrambled clones tested (Fig. 4A). Translocation in
scrambled and parental cells was comparable (data not shown),
confirming that overexpression of the control vector does not
affect the insulin-dependent response of the stable cell lines. In
contrast, insulin-stimulated GLUT4 translocation was reduced
in all PI3K-C2� knockdown clones tested (Fig. 4A). The pooled
data from all scrambled and all PI3K-C2� knockdown clones
are also shown (Fig. 4B).
Translocation was also assessed through single cell analysis

of EGFP-GLUT4-expressing cells by TIRFM. No significant
increase in EGFP fluorescence was detected at the cell surface
of scrambled and PI3K-C2� knockdown cells before treatment
with insulin (�5 to 0min) (Fig. 4C). After addition of insulin, an
almost immediate relative increase in EGFP fluorescence was
observed in all lines tested (within 10–12 s) (data not shown). A
clear GLUT4 translocation was detected in two scrambled
clones, whereas GLUT4 translocation was clearly inhibited
in two PI3K-C2� knockdown clones (Fig. 4C). Specifically,
translocation was completely blocked in clone 1 (Fig. 4C),
which had the most significant reduction in PI3K-C2� levels
(Fig. 1A) and a complete blockade of PtdIns-3-P production
upon insulin stimulation (Fig. 1B). In contrast, clone 2
showed an intermediate but still significant reduction in
insulin-induced GLUT4 translocation (Fig. 4C), consistent
with the fact that such a clone retained appreciable levels of
PI3K-C2� (Fig. 1A) and insulin-induced PtdIns-3-P synthe-
sis (Fig. 1B). Taken together, these data clearly indicate that
PI3K-C2� contributes to maximal insulin-induced GLUT4
translocation.
PI3K-C2� Contributes to Maximal Glucose Uptake—We

then investigated the effect of PI3K-C2� knockdown on
glucose uptake. In agreement with previous reports (50, 51), the
insulin-induced glucose uptake in these cells was small but repro-
ducible (Fig. 5,A andB). As for GLUT4 translocation, the insulin-
induced glucose uptake in all scrambled clones and the paren-
tal cell lines was similar (data not shown). In contrast, the

FIGURE 2. Insulin translocates PI3K-C2� to the lipid raft subdomain of the
plasma membrane. A and B, the intracellular localization of endogenous
PI3K-C2� in parental L6 cells left untreated or stimulated with 300 nM insulin
for 1.5 min was assessed by confocal microscopy analysis and by subcellular
fractionation, respectively. PM, plasma membrane; HDM, high density mem-
brane; LDM, low density membrane. C, shown is the sucrose gradient fraction-
ation of L6 cells left untreated or stimulated with 300 nM insulin for 1.5 min.
The intracellular localization of PI3K-C2� was determined using a specific
antibody. Lipid raft fractions were identified using anti-flotillin antibody.
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insulin-stimulated response in the
PI3K-C2� knockdown clones was
significantly reduced (Fig. 5, A and
B), indicating that such an enzyme is
involved in glucose uptake. These
observations, together with our
reported effect of exogenous
PtdIns-3-P and wortmannin on
GLUT4 translocation (38), strongly
suggest that PI3K-C2� contributes
to maximal glucose uptake by gen-
erating an insulin-dependent pool
of PtdIns-3-P able to direct GLUT4
to the plasma membrane.
It is noteworthy that bothGLUT4

translocation and glucose uptake
were inhibited in PI3K-C2� knock-
down cells despite a detectable
insulin-dependent Akt phosphoryl-
ation at Ser473 (Fig. 5C) andGSK-3�
phosphorylation (Fig. 5D). The

insulin-induced Akt and GSK-3� phosphorylation was detect-
able at all time points tested in the PI3K-C2� knockdown cells
(Fig. 5D). No difference in the PDGF-induced Akt phosphoryl-
ation was observed in PI3K-C2� knockdown cells compared
with scrambled cells (Fig. 5, C and D), further indicating that
down-regulationofPI3K-C2�doesnot affect other class IPI3K-
dependent pathways.

DISCUSSION

PtdIns-3-P Is the Sole in Vivo Product of Insulin-stimulated
Activation of PI3K-C2�—During the last few years, it has
become increasingly evident that pools of PtdIns-3-P can be
specifically generated upon cellular stimulation (13, 38, 52–54),
and PtdIns-3-P is emerging as a critical intracellular second
messenger involved in different signaling pathways (54). Such
renewed interest in PtdIns-3-P has inevitably led us to search
for the enzyme(s) responsible for its generation. Sensitivity to
PI3K inhibitors has suggested that some of these stimulated
pools might be generated through activation of class II PI3K
isoforms (13, 38).
Recently, interest in class II PI3Ks has progressively grown in

parallel with the growing list of stimuli found to be able to
activate them, including insulin (10), leptin and tumor necrosis
factor-� (18), monocyte chemotactic peptide-1 (14), and clath-
rin (16) in the case of PI3K-C2� and insulin (17), platelet aggre-
gation (15), and lysophosphatidic acid (13) in the case of PI3K-
C2�. Data also suggest that PI3K-C2� is involved in epidermal
growth factor- and stem cell factor-dependent signals (55).
Despite all such evidence, much information about the class II
PI3Ks is still missing (8). First, at themoment, there is no defin-
itive identification of the in vivo product of class II PI3Ks. Evi-
dence based on in vitro labeling of nuclear extracts suggests that
PtdIns-3-P might be the product of a nuclear PI3K-C2� (56,
57). Similarly, data obtained by indirectly analyzing PtdIns-3-P
formation suggested that PI3K-C2� might mediate the lyso-
phosphatidic acid-dependent generation of PtdIns-3-P (13).
More recently, HPLC analyses of [3H]inositol-labeled PC12

FIGURE 3. Insulin activates PI3K-C2� through TC10 activation. A, serum-starved L6 cells expressing an
empty vector (Myc), a constitutively active TC10 mutant (Myc-TC10 Q75L), or a dominant-negative TC10
mutant (HA-TC10 T31N) were left untreated or stimulated with 300 nM insulin for 2 min. PI3K-C2� was immu-
noprecipitated, and activity was assessed by in vitro kinase assay. *, p � 0.05. B, the representative images are
of transfected L6 cells showing the efficiency of transfection of the indicated constructs.

FIGURE 4. PI3K-C2� is required for maximal GLUT4 translocation.
A, GLUT4 translocation in the indicated clones stimulated with insulin for 20
min assessed as described under “Experimental Procedures.” Data are
means � S.E. from three independent experiments performed in the indi-
cated scrambled and PI3K-C2� knockdown clones. PM, plasma membrane.
B, pooled data from all scrambled and all PI3K-C2� knockdown clones (p �
0.01). C, TIRFM analysis of GLUT4 translocation in scrambled cells (clones 4
and 6; 37 and 38 cells, respectively, from six independent experiments) and
PI3K-C2� knockdown cells (clones 1 and 2; 18 cells from six independent
experiments). At 5 min, the difference between PI3K-C2� knockdown clone 1
and both scrambled clones was significant (p � 0.001). The difference
between PI3K-C2� knockdown clone 2 and the scrambled clones was signif-
icant at all time points (5 and 10 min, p � 0.001; and 15 and 20 min, p � 0.05).
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cells revealed that overexpression of
an inactive PI3K-C2� mutant
reduces the steady-state levels of
both PtdIns-3-P and PtdIns-
3,4,5-P3 (21), but the effect of cellu-
lar stimulation of the enzyme was
not assessed. Therefore, a clear
analysis of the phosphoinositides
generated downstream of class II
PI3K activation obtained by in vivo
labeling has yet to be performed.
Second, although evidence suggests
that activation of PI3K-C2� might
require proteolysis of the enzyme
(12, 56, 57), a clear mechanism of
activation of the different class II
PI3Ks is still not defined. Third, only
a few studies have actually defined
the precise intracellular role of these
enzymes (see the Introduction).
Our data provide the missing

information about the function and
regulation of the class II enzyme
PI3K-C2� in insulin signaling. First,
HPLC analysis revealed that PtdIns-
3-P is the only phosphoinositide
generated through insulin-depend-
ent PI3K-C2� activation. PI3K-C2�
is not involved in generation of the
insulin-dependent pools of PtdIns-
3,4-P2 and PtdIns-3,4,5-P3. As far
as we know, this is the first analysis
of the different phosphoinositides
generated downstream of activation
of a class II PI3K enzyme performed
by in vivometabolic labeling of cells
and HPLC analysis. These data
(analyzing directly the phosphoi-
nositides) identify, for the first time,
PtdIns-3-P as the sole in vivo lipid
product of the insulin-dependent
activation of PI3K-C2�. Data
obtained using the probe GFP-
2�FYVEHrs confirmed that PI3K-
C2� regulates the insulin-de-
pendent pool of PtdIns-3-P at the
plasma membrane. By identifying
the enzyme responsible for its gen-
eration and a precise intracellular
pathway regulating it, these data
strongly support the emerging role
of PtdIns-3-P as a novel dynamic
intracellular secondmessenger (54).
Second, we have reported that

PI3K-C2� translocates to the lipid
raft subdomain of the plasma mem-
brane upon insulin stimulation,
consistent with our demonstration

FIGURE 5. PI3K-C2� is required for maximal glucose uptake. A, shown are the results from glucose transport
assay in cells overexpressing HA-GLUT4. Data are from five independent experiments performed in the indicated
scrambled and three PI3K-C2� knockdown clones. For PI3K-C2� knockdown clone 1, p � 0.05 versus scrambled
clone 4, p � 0.001 versus scrambled clone 5, and p � 0.01 versus scrambled clone 6. For PI3K-C2� knockdown clone
4, p � 0.05 versus scrambled clone 4, p � 0.001 versus scrambled clone 5, and p � 0.01 versus scrambled clone 6. For
PI3K-C2� knockdown clone 5, p � 0.001 versus scrambled clone 4, p � 0.001 versus scrambled clone 5, and p � 0.05
versus scrambled clone 6. B, shown are the pooled data from all scrambled and all PI3K-C2� knockdown clones (p �
0.001). C–D, scrambled (clone 2) and PI3K-C2� knockdown (clone 1) cells were stimulated with insulin or PDGF for
the indicated times, and phosphorylation of Akt and GSK-3� at Ser473 and Ser9, respectively, was assessed using
specific antibodies. Membranes were stripped and reprobed with anti-Akt and anti-GSK-3� antibodies.
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that the de novo synthesis of PtdIns-3-P occurs in such a com-
partment (38). Relocation of PI3K-C2� in such a specialized
compartment is critical for activation of the enzyme. This is the
first time that a membrane targeting-mediated mechanism of
activation has been reported for PI3K-C2�. These data,
together with our previous observation that lysophosphatidic
acid induces translocation of overexpressed PI3K-C2� to the
cell surface (13), suggest that recruitment to the membrane
might represent a general mechanism of activation for class II
PI3Ks.Moreover, our data clearly demonstrate that the insulin-
dependent activation of PI3K-C2� is mediated by the small
GTPase TC10, in agreement with the role of this protein in
insulin-induced PtdIns-3-P generation (38). Although there are
data questioning the role of TC10 in insulin signaling (58, 59),
more recent evidence shows that knockdownof TC10� inhibits
bothGLUT4 translocation and glucose uptake (60), confirming
the role of such a GTPase in insulin signaling. In this respect, it
is important to emphasize that most of the previous reports
actually suggested that some of the proteins proposed to be
necessary for TC10 activation are not required for insulin sig-
nals (59), but they did not investigate the role of TC10 itself.
Therefore, even taking into account such evidence, there is still
the possibility that TC10 can be activated through a different
mechanism. This is supported by the observation that overex-
pressed TC10 is activated by insulin in L6 myoblasts (38, 58)
even in the absence of Cbl-associated protein expression and
Cbl phosphorylation (58). Alternatively, we cannot rule out the
possibility that the overexpressed TC10 mutant proteins used

in this study are mimicking the
action of a different endogenous
small GTPase.
Nevertheless, our data suggest

thatTC10 is required for the insulin-
dependent activation of PI3K-C2�,
and they represent the first identifi-
cation of an upstream mediator of
the insulin-dependent activation of
PI3K-C2�. Furthermore, to our
knowledge, this is the first report
showing that a small GTPase can
activate a class II PI3K isoform. In
this respect, this work opens up new
fields of investigation about the
intriguing possibility that GTP-
binding proteins can regulate class
II PI3K activation.
The PI3K-C2�-dependent Pool of

PtdIns-3-P Is Necessary for Maxi-
malGLUT4Translocation andGlu-
cose Uptake—The last unanswered
question about PI3K-C2� and insu-
lin signaling concerned its role and
function in such a pathway. Accu-
mulating evidence suggests that
PtdIns-3-P plays an important role
in GLUT4 translocation (38–42).
GLUT4 translocation/external-

ization is a complex process, likely
requiring tight cooperation between different pathways.
Indeed, it has been shown that activation of a class I PI3K,
which is necessary for the whole process to occur (25), is not
sufficient to fully activate it (61–63). Similarly, although Akt is
a key player in GLUT4 translocation (27–32), inhibition of its
activity either by a specific chemical compound (33) or by gene
silencing (33, 64) does not completely inhibit GLUT4 translo-
cation, indicating that other, Akt-independent signals are also
required. On the other hand, although data have revealed an
important role for the GTPase TC10 in insulin signaling (26),
knockdown of TC10� only partially inhibits GLUT4 transloca-
tion and uptake (60), further supporting the hypothesis of a
concerted activation of different pathways needed to properly
activate glucose transport.
Although many intermediate steps have been described,

recent data suggest that the whole process known as “GLUT4
translocation” might be broken down into two different and
discrete steps: movement of GSVs to the cell periphery, i.e.
close to the plasmamembrane (step 1), and then their tethering,
docking, and fusion with such a compartment (together
referred here as step 2) (24, 41, 65, 66). Once correctly inserted
into the plasmamembrane and partly externalized, GLUT4 can
mediate glucose transport. A simplifiedmodel ofGLUT4 trans-
location is depicted in Fig. 6.
Notably, movement of the GSVs to the membrane is not

inhibited by the PI3K inhibitors wortmannin (38, 41) and
LY294002 (67) and does not appear to involve Akt activation
(65), indicating that relocation of GSVs to the plasma mem-

FIGURE 6. Schematic representation of GLUT4 translocation. GLUT4 translocation involves formation of
GSVs and their movement to the cell periphery (step 1). Once close to the plasma membrane, GSVs need to be
tethered and docked (primarily through an interaction between VAMP2 on GSVs and syntaxin-4/SNAP23 at the
plasma membrane) to fuse with such a compartment (step 2). When GLUT4 is correctly inserted into the plasma
membrane and partly externalized, it can mediate glucose transport. Evidence suggests that PI3K-C2� and
PtdIns-3-P might be involved in step 1 (see “Discussion”). On the other hand, data indicate that class I PI3K is not
involved in step 1, whereas it is necessary for step 2. This representation is a simplified model of the process that
actually involves several different proteins and different intermediate steps, including actin polymerization;
GSV formation; and trafficking between the trans-Golgi network, endosomes, and GSVs.
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brane (step 1) does not require activation of the class I PI3K
pathway but rather involves motor proteins and microtubules
(68, 69) and cytoskeletal rearrangement, possibly through
TC10 activation (26). On the contrary, PI3K inhibitors block
GLUT4 externalization (41, 67), indicating that class I PI3K
activation is strictly necessary in the second step (Fig. 6). In this
respect, recent evidence suggests that Akt might be the PI3K
target necessary for tethering and docking of GSVs (33),
whereas protein kinase C� and Munc18c (41, 70) might be the
PI3K targets involved in fusion. A critical role for Akt in fusion
has also been proposed (66), indicating that work still needs to
be done to precisely define the PI3K-dependent players in the
different steps. Furthermore, data have also suggested a role for
TC10-dependent effectors in someof the step 2-associated pro-
cesses (37), further supporting the hypothesis of a concerted
action of the two pathways or even a cross-talk between them.
Here, we have shown that down-regulation of PI3K-C2�

inhibits GLUT4 translocation and glucose uptake even in the
presence of a detectable insulin-dependent activation of Akt
and GSK-3�. It should be noted that inhibition of GLUT4
translocation in PI3K-C2� knockdown cells was total or partial
depending on the assays performed, and this is likely due to the
different experimental conditions of the assays performed.
Nevertheless, the key point is that all our data consistently dem-
onstrate that knockdown of PI3K-C2� impairs insulin-induced
GLUT4 translocation and glucose uptake. The observation that
knockdown of PI3K-C2� resulted in only partial inhibition of
glucose uptake but complete inhibition of insulin-induced
PtdIns-3-P synthesis is consistent with the reported partial
effect of TC10� knockdown on glucose uptake (60) and with
the hypothesis of different pathways required to fully activate
glucose uptake.
These data, together with our previous observations (38),

indicate that activation of a PI3K-C2�/PtdIns-3-P pathway is
required in some step(s) leading to GLUT4 translocation and
glucose uptake. The precise mechanism of action of the PI3K-
C2�/PtdIns-3-P pathway, the intracellular effectors of PtdIns-
3-P, and the precise step(s) of GLUT4 translocation involving
PtdIns-3-P remain to be addressed. On the basis of the wort-
mannin insensitivity and our observation that exogenous
PtdIns-3-P is able to move GLUT4 to the cell periphery but is
not sufficient to induce glucose uptake (38), it is tempting to
speculate that PI3K-C2�/PtdIns-3-P might be involved in step
1 in the GLUT4 route to the plasma membrane (Fig. 6). This
would be consistent with data suggesting a role for the TC10-
dependent pathway in this step (26, 34) andwith the hypothesis
that PtdIns-3-P is important for translocation and possibly
unmasking of the C-terminal domain of GLUT4 but not inser-
tion into the plasma membrane (40). Other evidence suggests
that PtdIns-3-Pmight be sufficient to induce both translocation
and insertion into the membrane in the absence of Munc18c
(41) or in 3T3-L1 adipocytes overexpressing 72-kDa inositol-
polyphosphate 5-phosphatase (42).We cannot rule out the pos-
sibility that PI3K-C2�/PtdIns-3-P might also play a role in
some processes of step 2, acting in parallel with class I PI3K. In
this respect, it is noteworthy that PI3K-C2� is necessary for
priming neurosecretory granule exocytosis (21) and that a role

for TC10 in exocytic vesicle fusion has been proposed recently
(71).
In summary, this work defines, for the first time, the role of

both PI3K-C2� and the endogenously generated, insulin-de-
pendent PtdIns-3-P pool in insulin signaling. Our data,
together with all previous evidence, suggest that a parallel acti-
vation of a class I PI3K and PI3K-C2� might be required for
proper GLUT4 translocation and glucose uptake. Glucose
transport appears to fail in insulin resistance accompanying
several forms of diabetes. There is therefore a huge interest in
understanding the alterations in signaling ultimately leading to
such impairment. In this respect, the identification of PI3K-
C2� as a novel crucial player in insulin actionwould definitively
prove useful in understanding the molecular mechanisms
underlying insulin resistance to develop approaches to prevent
type 2 diabetes.
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