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Phosphatidylinositol 3-phosphate (PI(3)P) plays an important role in insulin-stimulated glucose uptake. Insulin promotes
the production of PI(3)P at the plasma membrane by a process dependent on TC10 activation. Here, we report that
insulin-stimulated PI(3)P production requires the activation of Rab5, a small GTPase that plays a critical role in
phosphoinositide synthesis and turnover. This activation occurs at the plasma membrane and is downstream of TC10.
TC10 stimulates Rab5 activity via the recruitment of GAPEX-5, a VPS9 domain–containing guanyl nucleotide exchange
factor that forms a complex with TC10. Although overexpression of plasma membrane-localized GAPEX-5 or constitu-
tively active Rab5 promotes PI(3)P formation, knockdown of GAPEX-5 or overexpression of a dominant negative Rab5
mutant blocks the effects of insulin or TC10 on this process. Concomitant with its effect on PI(3)P levels, the knockdown
of GAPEX-5 blocks insulin-stimulated Glut4 translocation and glucose uptake. Together, these studies suggest that the
TC10/GAPEX-5/Rab5 axis mediates insulin-stimulated production of PI(3)P, which regulates trafficking of Glut4 vesicles.

INTRODUCTION

Polyphosphoinositides serve as versatile second messengers
that regulate various cellular processes, including cell signal-
ing, vesicle trafficking, and cytoskeletal dynamics. Polyphos-
phoinositides are generated from phosphatidylinositol (PI) by
the action of specific PI kinases that catalyze the phosphoryla-
tion of one of the three hydroxyls at positions 3, 4, and 5 on the
inositol ring. In some cases, these lipids may also be generated
by specific phosphatases that dephosphorylate the higher or-
dered phospholipids (Di Paolo and De Camilli, 2006). In re-
sponse to insulin stimulation, the class I PI3-kinase phosphory-
lates phosphatidylinositol 4,5-bisphosphate (PI4,5P2), generating
PI3,4,5P3, which promotes the recruitment and activation of the
Ser/Thr kinase PDK1. PDK1, along with the Raptor/Rictor
complex, in turn phosphorylates and activates the downstream
protein kinases Akt1–3, and PKC�/� (Kanzaki et al., 2004; Mora
et al., 2004; Manning and Cantley, 2007). In addition to the
well-characterized role of PI3,4,5P3 in insulin action, phospha-
tidylinositol 3-phosphate [PI(3)P] has also been recognized as
an important regulator of Glut4 vesicle trafficking (Chaussade
et al., 2003; Maffucci et al., 2003; Sweeney et al., 2004; Kanda et
al., 2005; Kong et al., 2006; Falasca et al., 2007).

The Rho-family GTPase TC10 is highly expressed in insu-
lin-responsive tissues such as muscle and fat and is rapidly
activated by insulin (Murphy et al., 1999; Chang et al., 2001,
2006). In its active (GTP-bound) form, TC10 recruits multiple
effectors that influence the cellular localization of the Glut4
glucose transporter. Besides regulating the tethering of

Glut4 vesicles at the plasma membrane by assembling the
exocyst complex (Inoue et al., 2003, 2006), TC10 may also
regulate intracellular retention of Glut4 vesicles by recruit-
ing the multidomain adapter protein CIP4 (Cdc42-interact-
ing protein 4) to the plasma membrane (Chang et al., 2002;
Lodhi et al., 2007). Furthermore, the activated form of TC10
induces production of PI(3)P at the plasma membrane (Maf-
fucci et al., 2003; Falasca et al., 2007), although the mecha-
nism(s) underlying this event remains unclear.

TC10 has also been implicated in Rab5 signaling (Bucci et
al., 1992; de Toledo et al., 2003). This small G protein is
present in different membrane compartments, including the
plasma membrane, clathrin-coated vesicles and early endo-
somes. As a multifunctional GTPase, Rab5 recruits a net-
work of effectors that regulate internalization of proteins
from the cell surface (Bucci et al., 1992), homotypic fusion of
early endosomes (Gorvel et al., 1991), formation of clathrin-
coated vesicles (McLauchlan et al., 1998), and motility of
early endosomes on microtubules (Nielsen et al., 1999). Rab5
also plays a critical role in phosphoinositide synthesis and
turnover by recruiting two distinct PI3-kinases, VPS34 and
PI3K-p110� (Christoforidis et al., 1999), as well as PI phos-
phatases, in particular the type II PI5-phosphatases (OCRL
and INPP5B) and the type 1� PI(3,4,)P2 4-phosphatase (Shin
et al., 2005; Hyvola et al., 2006). Thus, Rab5 coordinates a
cascade of enzymes involved in polyphosphoinositide syn-
thesis and turnover. Because the spatial and temporal dis-
tribution of phosphoinositides is critical for insulin-stimu-
lated glucose transport, Rab5 has been recognized as an
important regulator of insulin action (Huang et al., 2001; Su
et al., 2006).

We recently identified a novel gene encoding the protein
GAPEX-5, a guanine nucleotide exchange factor for the Rab5
subfamily of GTPases. GAPEX-5, in complex with the TC10
effector CIP4, is recruited to the plasma membrane in re-
sponse to insulin in 3T3-L1 adipocytes via the activation of
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TC10 (Lodhi et al., 2007). We describe here the insulin-depen-
dent, compartmentalized stimulation of Rab5 by TC10 via the
translocation of GAPEX-5, leading to PI(3)P production.

MATERIALS AND METHODS

Reagents
Anti-hemagglutinin (HA) and anti-Myc monoclonal (9E10) and polyclonal
antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-
GAPEX-5 polyclonal antibody was previously described (Lodhi et al., 2007).
Enhanced chemiluminescence (ECL) reagents were purchased from NEN
(Boston, MA), GST-Pak-1 CRIB agarose beads purchased from Cytoskeleton
(Denver, CO), and GST-EEA1/NT cDNA was a generous gift of Dr. Philip
Stahl (Washington University, St. Louis, MO). GST-2xFYVE plasmid was a
generous gift of Dr. Harald Stenmark (Institute of Cancer Research, Oslo,
Norway). cDNAs for Rab5-CAAX constructs were obtained from Dr. Alex-
ander Sorkin (University of Colorado) and subcloned into a monomeric
RFP-tagged plasmid (Chen et al., 2007).

Cell Culture and Transient Transfections
Cos-1 cells were grown in DMEM containing 10% fetal bovine serum. Cos-1
cells were transfected with FuGene6 reagent following the manufacturer’s
instructions (Roche Diagnostics, Alameda, CA). Mouse 3T3-L1 preadipocytes
were maintained in DMEM containing 10% calf serum, 100 U/ml penicillin G
sodium, and 100 �g/ml streptomycin sulfate (Invitrogen, Carlsbad, CA). To
induce differentiation of 3T3-L1 cells to adipocytes, 3T3-L1 fibroblasts 3 d after
confluency were treated with 1 �g/ml insulin, 1 �M dexamethasone, and 0.5
mM isobutyl-1-methylzanthine as previously described (Baumann et al.,
2000). The adipocytes were transfected with cDNAs and Stealth small inter-
fering RNA (siRNA duplexes; Invitrogen) by electroporation as previously
described (Inoue et al., 2003, 2006).

Immunoprecipitation and Immunoblotting
Cell lysates were prepared as described (Lodhi et al., 2007). The lysates were
then incubated with the indicated antibodies for 1 h at 4°C. The immune
complexes were precipitated with protein A/G agarose (Santa Cruz Biotech-
nology) for 1 h at 4°C, washed extensively with lysis buffer, resolved in 4–20%
gradient SDS/PAGE, and analyzed by immunoblotting. All immunoblots
were developed by ECL.

GST-EEA1 Pulldown Assays
Cells were lysed using a buffer containing 20 mM HEPES, pH 7.5, 100 mM
NaCl, 1 mM DTT, 5 mM MgCl2, 5% glycerol, and 1% Triton-X-100, supple-
mented with protease inhibitor cocktail (Complete Mini, EDTA-free; Roche).
Lysates were diluted with an equal volume of the lysis buffer lacking Triton
X-100 and incubated with 15 �g of GST-EEAI/NT at 4°C with rocking. After
1 h, the beads were washed four times using the lysis buffer (containing Triton
X-100). The pulldowns and lysates were subjected to electrophoresis and
analyzed by immunoblotting using an anti-Rab5 antibody.

Immunofluorescence Microscopy
To detect Myc-tagged CIP4 or GAPEX-5, the cells were stained with anti-Myc
polyclonal antibody (Santa Cruz Biotechnology) at 2 �g/ml. To detect HA-
GAPEX-5 or HA-Rab5, the cells were stained with anti-HA mAb (Santa Cruz
Biotechnology) at 2 �g/ml. After incubation with primary antibodies, cells
were incubated with Alexa488 or Alexa594 goat anti-mouse or anti-rabbit IgG
at 2 �g/ml (Molecular Probes, Eugene, OR). Coverslips were mounted in
Vectashield mounting media (Vector Laboratories, Burlingame, CA). Images
were captured by using an Olympus FV300 laser scanning confocal micro-
scope (Melville, NY).

2-Deoxyglucose Uptake Assay
Determination of 2-deoxyglucose uptake was performed as previously de-
scribed (Baumann et al., 2000). Briefly, electroporated 3T3-L1 adipocytes were
serum-starved for 3 h before a 30-min incubation with 100 nM insulin.
Glucose uptake was monitored by first adding 2-[14C]deoxyglucose for 5 min.
The reaction was quenched with an excess of cold 2-deoxyglucose. Cells were
washed with PBS and lysed in water. The radioactivity was counted using a
Beckman scintillation counter (Fullerton, CA).

HPLC
Inositol labeling, extraction, and quantification were performed using a mod-
ification of a previously described procedure (Whiteford et al., 1996). Briefly,
3T3-L1 adipocytes in six-well dishes were labeled for 24 h with 30 �Ci/well
[3H]myoinositol (GE Healthcare, Waukesha, WI) in inositol-free media with
10% dialyzed fetal bovine serum. Cells were then stimulated with 100 nM
insulin for 10 min and then scraped into 0.3 ml of ice-cold 4.5% perchloric acid
and lysed for 15 min at room temperature. Two wells of lysate were combined

and centrifuged for 15 min at 13,000 rpm and then washed with 100 mM
EDTA. Pellets were then resuspended in 50 �l of water and deacylated in a
4:4:1 solution of methanol:methylamine:butanol at 56°C for 45 min and then
dried under vacuum. Deacylated glycerophosphoinositols were then resus-
pended in 0.3 ml water, extracted twice with a 20:4:1 solution of butanol:ethyl
ether:ethyl formate, and dried again. Soluble glycerophosphoinositols were
then resuspended in water and separated on a Partisphere 5-SAX column
with a 0–0.8 M ammonium phosphate, pH 3.8 gradient. Glycerophosphoi-
nositols were presented as a percent of total glycerophosphoinositol.

Plasma Membrane Sheet Overlay
GST-2xFYVE Protein was purified on glutathione agarose (GE Healthcare)
according to the manufacturer’s instructions, except that 10 �M ZnCl2 was
included in all buffers. Protein was then labeled with digoxygenin-NHS ester
(DIG; Roche) according to standard protocols (Bridges et al., 2006) and dia-
lyzed extensively to remove excess label. 3T3-L1 plasma membrane sheets
were prepared as described (Watson et al., 2001; Chiang et al., 2002; Inoue et
al., 2006). In brief, cells were seeded onto glass coverslips for 3–5 d. Cells were
then treated with insulin as described above, washed twice with ice cold PBS,
and then treated with 0.2% Triton X-100 in 25 mM MES (pH 6.0) and 150 mM
NaCl on ice for 5 min. Cells were then washed twice with PBS, fixed in 4%
paraformaldehyde for 15 min, quenched in 100 mM glycine for 5 min, and
then blocked in 1% bovine serum albumin (BSA) for 1 h. Coverslips were then
incubated with purified, DIG-labeled GST-2xFYVE protein (10 �M in 1%
BSA) overnight at 4°C. Sheets were then washed, and anti-DIG rhodamine-
conjugated secondary antibodies were used to visualize GST-2xFYVE signals.
For quantification, sheet fluorescence was measured using Fluoview software
and normalized to either basal control cells (for knockdowns) or same field,
overexpression negative cells (for overexpression experiments). Typically
10–25 sheets were measured per experiment. All images were taken at the
same photomultiplier tube and gain settings.

RESULTS

Insulin Activates Rab5 at the Plasma Membrane
Although most Rab5 is found in early endosomes, a pool of
the protein is also localized to the plasma membrane and
clathrin-coated vesicles (Chavrier et al., 1990; Bucci et al.,
1992). To evaluate the relative distribution of Rab5 in 3T3-L1
adipocytes, we probed different subcellular fractions for
Rab5 protein by Western blotting (Figure 1A). Although a
majority of Rab5 was found in high density microsomes, the
remainder was equally distributed between the low-density
microsome and plasma membrane fractions. We examined
the effect of insulin on the activation state of Rab5 in these
subcellular fractions (Figure 1B). 3T3-L1 adipocytes were
stimulated with insulin for various times. Cells were then
lysed, and the activation state of Rab5 was assayed by pull-
down with GST-EEA1, which interacts only with the active,
GTP-bound form of the protein (Simonsen et al., 1998). In-
sulin stimulation of adipocytes resulted in the rapid (within
2 min) activation of Rab5 at the plasma membrane which
persisted for up to 10 min, although there was no effect of
the hormone on the total levels of Rab5 protein found in this
fraction (Figure 1A). This time course of activation was
similar to that seen for phosphorylation of Akt by insulin.
Quantification of the amount of active Rab5 relative to total
Rab5 indicates that insulin produced a threefold increase in
Rab5 activity (Figure 1B).

GAPEX-5, also known as RME-6 and RAP6, is a VPS9-
domain–containing Rab5 guanyl nucleotide exchange factor
(GEF; Sato et al., 2005; Hunker et al., 2006; Su et al., 2006;
Lodhi et al., 2007). Because GAPEX-5 translocates to the
plasma membrane in response to insulin in adipocytes
(Lodhi et al., 2007), we investigated whether this exchange
factor might be involved in the regulation of Rab5 by the
hormone. We expressed in 3T3-L1 adipocytes a red fluores-
cent protein (RFP)-tagged Rab5-binding domain of Rabap-
tin-5 (RFP-R5BD) as a probe for activation. This domain of
Rabaptin-5 has been previously used as an in vivo sensor of
Rab5 activation state (Galperin and Sorkin, 2003), because it
selectively interacts with GTP-bound Rab5 and not with
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other Rab proteins, including Rab5 subfamily GTPases
Rab22 and Rab31 (Vitale et al., 1998; Lodhi et al., 2007).
3T3-L1 adipocytes were transfected with RFP-R5BD alone or
together with Myc-GAPEX-5 or a GAPEX-5 mutant contain-
ing a C-terminal CAAX sequence that was shown to recruit
the protein to the plasma membrane (Lodhi et al., 2007). In
the absence of GAPEX-5 overexpression, RFP-R5BD was
predominantly localized to intracellular compartments.
Transfection of cells with wild type resulted in a small
increase in the plasma membrane staining of RFP-R5BD,
whereas expression of membrane-targeted GAPEX-5 pro-
foundly increased the signal, compared with empty vector
(Figure 1C). The R5BD does not interact with GAPEX-5 (data
not shown), suggesting that the translocation of this reporter
is a result of Rab5 activation at the plasma membrane.

GAPEX-5 Forms a Stable Complex with TC10
The presence of both Ras GAP and Rab GEF domains in
GAPEX-5 suggests that the protein may link signaling from
different families of G proteins. Multiple sequence alignment
revealed that the RasGAP domain of GAPEX-5 is homolo-
gous to known RasGAPs such as p120GAP and NF1, as well
as to IQGAP (Figure S1B), a RasGAP-domain–containing
protein that lacks GAP activity, but interacts with Rho-
family GTPases (Hart et al., 1996). To characterize the GT-
Pase binding specificity of the GAP domain of GAPEX-5, we
used a GST-tagged GAP domain of GAPEX-5 to pull down
various HA-tagged G proteins expressed in Cos-1 cells (Fig-
ure 2A). Interestingly, the GAP domain of GAPEX-5 selec-
tively interacted with TC10, but not with RhoA, Rac1,
Cdc42, or R-Ras. The GAP domain also failed to interact

with H-Ras (Figure S1C), as previously reported (Sato et al.,
2005).

To determine whether the interaction of GAPEX-5 with
TC10 is nucleotide-dependent, we incubated lysates of Cos-1
cells overexpressing HA-TC10 with GDP or GTP�S and used
a GST-tagged GAP domain of GAPEX-5 to pull down the
small GTPase. The interaction of TC10 with GAPEX-5 was
not influenced by nucleotide-binding state, although TC10
did interact with its effector Pak-1 in a nucleotide-dependent
manner in this experiment, indicating that the protein was
capable of loading GTP in vitro (Figure 2B).

TC10 Activates Rab5 via GAPEX-5
The ability of GAPEX-5 to form a stable complex with TC10
is reminiscent of the interaction of Rin1 with H-Ras, which
potentiates the Rab5 GEF activity of Rin1 (Tall et al., 2001).
Thus, we decided to determine whether TC10 can regulate
Rab5 activation through its association with GAPEX-5. First,
we investigated whether overexpression of TC10 mutants
can affect the activation state of Rab5. Cos-1 cells were
transfected with green fluorescent protein (GFP)-Rab5 alone
or together with dominant negative or constitutively active
mutants of HA-TC10, and the activation state of Rab5 was
determined by pulldown assay using GST-EEA1. Interest-
ingly, overexpression of constitutively active TC10 (Q75L),
but not its dominant negative mutant (T23N), increased the
interaction of EEA1 with Rab5, suggesting that TC10 acti-
vates Rab5 (Figure 2C). This effect of TC10 was dose-depen-
dent (Figure 2D).

To determine whether GAPEX-5 is required for TC10-
mediated Rab5 activation, we disrupted GAPEX-5 function

Figure 1. Insulin and GAPEX-5 activate Rab5 at the plasma mem-
brane. (A) Subcellular distribution of Rab5 in 3T3-L1 adipocytes.
Adipocytes were stimulated with or without 100 nM insulin for 5
min and then fractionated as described in Materials and Methods.
Subcellular distribution of Rab5 was determined by immunoblot-
ting using an anti-Rab5 antibody. For comparison, the subcellular
distribution of transferrin receptor, Glut4, caveolin, and total Akt
was determined using their respective antibodies. PM, plasma
membrane; HDM, high-density microsome; LDM, low-density mi-
crosome; CYT, cytosol. (B) Insulin activates Rab5 at the plasma
membrane in 3T3-L1 adipocytes. 3T3-L1 adipocytes were stimu-
lated with insulin for the indicated times, and the plasma mem-
brane fraction was isolated as described in Materials and Methods.
GST-EEA1 was used to pull down active Rab5. Pulldowns and
lysates were resolved by SDS-PAGE and immunoblotted using

anti-Rab5 or anti-pAkt antibodies as indicated. Blots were quantified and the activity ratio of membrane Rab5 is shown below. (C) Plasma
membrane targeted Gapex-5 promotes activation of Rab5. 3T3-L1 adipocytes were transfected with RFP-tagged R5BD alone or together with
myc-tagged wild-type GAPEX-5 or GAPEX-5/CAAX. After 24 h, the cells were fixed, immunostained and analyzed by confocal microscopy.
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by expression of a dominant-interfering mutant or siRNA-
mediated knockdown. Because the GAP domain of GAPEX-5
is sufficient for its interaction with TC10, we investigated
whether a GAPEX-5 mutant lacking the VPS9 domain,
which still interacts with TC10, could act as a dominant
negative mutant and block TC10-mediated Rab5 activation.
Cos-1 cells were transfected with GFP-Rab5 alone or to-

gether with constitutively active TC10 and/or GAPEX-
5�VPS9. Although overexpression of active TC10(Q75L)
increased Rab5 activity, coexpression of the GAPEX-5
mutant blocked the ability of TC10 to promote Rab5 acti-
vation (Figure 2E).

To determine whether endogenous GAPEX-5 is required
for TC10-mediated Rab5 activation, we knocked down

Figure 2. TC10 interacts with GAPEX-5 and regulates Rab5 activation. Interaction of small G proteins with the GAP domain of GAPEX-5.
(A) Cos-1 cells transfected with various HA-tagged small G proteins. Lysates were prepared and incubated GST-GAP domain of GAPEX-5.
The pulldowns and lysates were resolved by SDS-PAGE and immunoblotted using an anti-HA antibody. (B) Cos-1 cells overexpressing
HA-tagged TC10 were lysed using an NP40 lysis buffer (25 mM Tris-HCl, pH 7.5, 137 mM NaCl, 10% glycerol, 1% NP40, 5 mM MgCl2) and
left nucleotide free (NF) or incubated with 2 mM GDP or 1 mM GTP�S in the presence of 10 mM EDTA at 30°C for 15 min. The loading
reaction was stopped by adding 60 mM MgCl2. Pulldowns were performed using GST, GST-GAP domain of GAPEX-5, or GST-Pak-1 CRIB
as indicated. The pulldowns and lysates were resolved by SDS-PAGE and immunoblotted using an anti-HA antibody. (C) Constitutively
active TC10 promotes activation of Rab5. Cos-1 cells were transfected with GFP-Rab5a alone or together with HA-TC10 (Q75L) or HA-TC10
(T23N). Lysates were subjected to pulldown using GST-EEA1/NT. Rab5 and TC10 were detected by immunoblotting using anti-GFP or
anti-HA antibody, respectively. (D) Effect of increasing amount of HA-TC10 (Q75L) on Rab5 activation was determined as described in C.
(E) Cos-1 cells were transfected with GFP-Rab5a alone or together with HA-TC10 (Q75L) and/or myc-GAPEX-5�VPS9 as indicated. The
active, GTP-bound Rab5 was pulled down using GST-EEA1/NT. Rab5, TC10, and Gapex-5 were detected using antibody against GFP, HA,
or myc, respectively. (F) Cells were transfected with an siRNA oligonucleotide for GAPEX-5 or a matching scrambled siRNA. Forty-eight
hours later, the cells were transfected with GFP-Rab5a alone or together with HA-TC10 (Q75L) as indicated. After another 24 h, the cells were
harvested and used in pulldown with GST-EEA1/NT. Rab5 and TC10 were detected using an anti-GFP or anti-HA antibody, respectively.
GAPEX-5 was detected using a polyclonal GAPEX-5 antibody. (G) Knockdown of CIP4 reduces TC10-mediated Rab5 activation. Cos-1 cells
were transfected with scrambled or CIP4 siRNA. After 48 h, the cells were transfected with GFP-Rab5 alone or together with HA-TC10 Q75L
as indicated. After another 24 h, lysates were subjected to pulldown using GST-EEA1. (H) Dominant interfering mutant of CIP4 blocks
TC10-mediated Rab5 activation. Cos-1 cells were transfected as indicated. After 24 h, the lysates were subjected to pulldown using GST-EEA1.
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GAPEX-5 in cells transfected with HA-TC10(Q75L) and GFP-
Rab5, and determined the Rab5 activation state by pulldown
with GST-EEA1. Interestingly, the depletion of GAPEX-5
abolished the ability of TC10 to promote Rab5 activation
(Figure 2F). These data, combined with the effect of the
GAPEX-5�VPS9 mutant, suggest that GAPEX-5 is required
for TC10-mediated Rab5 activation.

Although only the GTP-loaded form of TC10 promotes
Rab5 activation, the interaction of TC10 with GAPEX-5 is not
nucleotide-dependent. This suggests that an adaptor protein
might recruit GAPEX-5 to active TC10. Previous studies
suggested that CIP4 may serve this role. CIP4 constitutively
interacts with GAPEX-5 and is recruited to the plasma mem-
brane upon activation of TC10 (Chang et al., 2002; Lodhi et
al., 2007). To explore whether CIP4 is required for TC10-
mediated Rab5 activation, we disrupted CIP4 function by
siRNA-mediated knockdown or expression of a dominant-
interfering mutant (Figure 2, G and H). Interestingly, knock-
down of CIP4 reduced TC10-mediated Rab5 activation (Fig-
ure 2G). Previous studies indicate that mutation of a critical
isoleucine residue in the second coiled-coil domain of CIP4
(CIP4�GBD) abolishes its interaction with TC10 (Chang et
al., 2002). This mutant of CIP4 retains the ability to interact with
GAPEX-5 (data not shown). Coexpression of CIP4�GBD blocked
TC10-mediated Rab5 activation (Figure 2H). Surprisingly,
overexpression of wild-type CIP4 also reduced the ability of
TC10 to activate Rab5. It is possible that the overexpressed
CIP4 protein competes with the endogenous GAPEX-5 for
binding to TC10. Nevertheless, these studies indicate that
CIP4 may play an important role in mediating Rab5 activa-
tion by TC10.

Insulin Stimulates PI(3)P Production in
3T3-L1 Adipocytes
PI(3)P is constitutively present in endosomes, where it per-
forms essential housekeeping functions in membrane trans-
port (Gillooly et al., 2001). Recent studies suggest that local-
ized generation of PI(3)P at the plasma membrane may also
occur in response to acute insulin stimulation, in a process
dependent on TC10 (Maffucci et al., 2003; Falasca et al., 2007).

To measure phosphoinositide levels in control and insu-
lin-stimulated adipocytes, we labeled 3T3-L1 adipocytes
with [3H]inositol, treated the cells with or without insulin,
and quantified the relative levels of each phosphoinositide
species. There was a small but significant increase in the
levels of PI(3)P after 10 min of insulin stimulation in adipo-
cytes. In contrast, the levels of PI(4)P and PI(4,5)P2 were not
significantly changed upon insulin stimulation (Figure 3A).

To examine the location of this de novo generated PI(3)P,
we used a GFP-2xFYVE domain fusion protein that specifi-
cally interacts with PI(3)P in cells (Gillooly et al., 2000).
Although most of the fusion protein was detected inside
cells under basal conditions, treatment with insulin pro-
duced a redistribution of the probe from intracellular to
peripheral locations in adipocytes (Figure 3B), suggesting
that the majority of the insulin-dependent increase in PI(3)P
occurred at the plasma membrane. To confirm this result, we
also assayed the levels of this phospholipid by generating
plasma membrane sheets from 3T3-L1 adipocytes and prob-
ing for PI(3)P using exogenous, labeled GST-2xFYVE fusion
protein (Figure 3C). As previously described (Watson et al.,
2001; Chiang et al., 2002; Inoue et al., 2006), these plasma
membrane sheets were identified by staining with antibod-
ies to caveolin 1, the concentration of which was unaffected
by insulin treatment. Insulin caused a marked increase in
GST-2xFYVE binding to plasma membrane sheets. Interest-
ingly, there was good overlap between the staining with

Figure 3. Insulin stimulates phosphatidylinositol 3-phosphate forma-
tion in adipocytes. (A) 3T3-L1 adipocytes were treated with 100 nM
insulin for 10 min and relative levels of PI(3)P, PI(4)P, and PI(4,5)P2
were determined as described by HPLC. Data are mean � SE of five
separate experiments. (B) 3T3-L1 adipocytes were transfected with
GFP-2xFYVE plasmid and stimulated with 100 nM insulin for 10
min. Cells were fixed and analyzed by confocal microscopy. (C)
Plasma membrane sheets from 3T3-L1 adipocytes probed with pu-
rified GST-2xFYVE protein. Sheets left untreated (blank and control)
or treated with 100 nM insulin for 10 min. Sheets were fixed and
then stained using anti-caveolin and DIG-labeled GST-2xFYVE (ex-
cept blank, which was treated with DIG-labeled GST) and visual-
ized with fluorescently tagged secondary antibodies and confocal
microscopy.
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anti-caveolin antibodies and the GST-2xFYVE domain, sug-
gesting that the lipid is likely to be generated primarily in
lipid raft domains of the plasma membrane. These data, com-
bined with the results of the GFP-2xFYVE translocation and
HPLC studies, suggest that insulin stimulation results in the
production of PI(3)P at the plasma membrane in adipocytes.

GAPEX-5 Regulates PI(3)P Production at the Plasma
Membrane in 3T3-L1 Adipocytes
Because GAPEX-5 is an activator of Rab5, a GTPase that has
been reported to control phosphoinositide turnover and pro-
duction (Nielsen et al., 1999; Shin et al., 2005), we investi-
gated whether GAPEX-5 can mediate PI(3)P formation in
response to insulin in adipocytes. 3T3-L1 adipocytes were
transfected with GFP-2xFYVE alone or together with myc-
GAPEX-5/CAAX and then stimulated with or without in-
sulin for 5 min. As described previously (Lodhi et al., 2007),
Myc-GAPEX-5 was detected primarily at the plasma mem-
brane (Figure 4A). GFP-FYVE was predominantly localized
to intracellular compartments in the absence of insulin. After
insulin stimulation, there was a profound increase in GFP-
2xFYVE staining at the plasma membrane, confirming that
insulin treatment results in the formation of PI(3)P at the cell
surface. Transfection of cells with the membrane-targeted
GAPEX-5 produced GFP-2xFYVE staining at the cell surface
in the presence or absence of insulin (Figure 4A). We also
analyzed the role of GAPEX-5 in generation of PI(3)P by
overlay assay. 3T3-L1 adipocytes were transfected with
myc-GAPEX-5/CAAX or myc-Caveolin 1 (as a negative con-
trol) and stained for membrane PI(3)P by GST-2xFYVE fusion
protein overlay. Constitutively membrane-bound GAPEX-5 ex-

pression resulted in an increase in GST-2xFYVE binding to
the plasma membrane sheet, indicative of the formation of
PI(3)P at the plasma membrane, whereas expression of myc-
Caveolin was without effect (Figure 4B). Quantitatively,
myc-GAPEX-5/CAAX–expressing cells had 4.3 (�1.3)-fold
more fluorescence as did myc-negative cells in the same
field.

To determine if endogenous GAPEX-5 can influence insu-
lin-stimulated PI(3)P formation, adipocytes were transfected
with GAPEX-5-specific or scrambled siRNA, together with
GFP-2xFYVE. After 72 h, the cells were serum-starved and
then stimulated with or without insulin for 5 min. The
knockdown of GAPEX-5 blocked insulin-stimulated in-
crease in the GFP-2xFYVE fluorescence at the plasma mem-
brane (Figure 4C). Knockdown also blocked the insulin-
stimulated increase in membrane sheet PI(3)P as measured
by GST-2xFYVE overlay (Figure 4D). Quantification of flu-
orescence from the sheets indicated that in control cells there
was a 2.3 (�0.3)-fold increase upon insulin treatment; this
effect was completely blocked in GAPEX-5 knockdown cells
(GAPEX-5 knockdown cells treated with insulin are 1.0 �
0.2-fold the fluorescence of control basal cells). As shown in
Figure 4E, the knockdown of GAPEX-5 had no effect on the
phosphorylation of the insulin receptor (IR) or Akt by insu-
lin, nor did it affect expression levels of Glut4, CIP4, or
caveolin.

Before its insulin-dependent translocation to the plasma
membrane, GAPEX-5 maintains the Rab5 family GTPase
Rab31 in an active state, resulting in the intracellular reten-
tion of Glut4 (Lodhi et al., 2007). To determine its effect on
insulin-stimulated PI(3)P production, we knocked down

Figure 4. GAPEX-5 regulates PI(3)P production at the
plasma membrane in adipocytes. (A) 3T3-L1 adipocytes
were transfected with GFP-2xFYVE domain alone or
together with myc-GAPEX-5/CAAX. After 24 h, the
cells were serum-starved and then stimulated with or
without 100 nM insulin for 5 min. The cells were fixed
and then stained using a mAb against myc, followed by
Alexa594 goat anti-mouse IgG secondary antibody. The
fluorescence of GFP-2xFYVE was directly visualized.
The cells were analyzed by confocal microscopy. (B)
Overexpression of mycGAPEX-5/CAAX causes mem-
brane accumulation of PI(3)P. 3T3-L1 adipocytes were
electroporated with myc-Caveolin or myc-GAPEX-5/
CAAX for 24h. Membrane sheets were generated and
visualized using anti-myc antibodies and GST-2xFYVE
overlay. Panels show both myc positive and negative
cells. (C) Knockdown of GAPEX-5 blocks insulin-stim-
ulated GFP-2xFYVE translocation. 3T3-L1 adipocytes
were transfected with GAPEX-5 siRNA or scrambled
siRNA together with GFP-2xFYVE domain. After 72 h,
the cells were serum-starved and then stimulated with
or without 100 nM insulin for 5 min. The cells were fixed
and the fluorescence of GFP-2xFYVE was directly visu-
alized. The cells were analyzed by confocal microscopy.
(D) Gapex-5 knockdown blocks plasma membrane
PI(3)P formation as measured by GST-2xFYVE overlay.
Adipocytes were transfected with control or GAPEX-5-
specific siRNA. After 72 h, the cells were treated with
100 nM insulin for 5 min and relative levels of PI(3)P
were visualized by GST-2xFYVE overlay and anti-
caveolin staining. (E) GAPEX-5 knockdown by siRNA.
3T3-L1 adipocytes were electroporated with control or
GAPEX-5 siRNA for 72 h and blotted with anti-
GAPEX-5, CIP4, and caveolin antibodies. The phosphor-
ylation of IR was detected using the phospho-Tyr
(4G10) antibody. The phosphorylation of Akt was de-
tected using phospho-Akt473 antibody. ns, a nonspecific band that cross-reacts with the GAPEX-5 antibody.
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Rab31 in adipocytes and analyzed the translocation of GFP-
2xFYVE. The knockdown of Rab31 had no effect on GFP-
2xFYVE translocation (data not shown).

Plasma Membrane–targeted Rab5 Promotes PI(3)P
Formation at the Cell Surface
We next investigated the role of plasma membrane-localized
Rab5 on insulin-stimulated PI(3)P formation at the cell sur-
face (Figure 5). To target Rab5 to the plasma membrane, we
used an RFP-tagged chimera of mutant forms of Rab5 fused
to the last 20 residues of K-Ras (Rab5-CAAX). Adipocytes
were transfected with GFP-2xFYVE alone or together with
an RFP-tagged Rab5-CAAX mutant, and the cells were stim-
ulated with or without insulin. In cells transfected with
GFP-2xFYVE alone, insulin stimulation resulted in an in-
crease in the plasma membrane localization of the FYVE
domain. Interestingly, overexpression of the constitutively
active Rab5 mutant (Q79L) produced an increase in mem-

brane GFP-2xFYVE localization in the presence or absence of
insulin. Overexpression of the dominant negative Rab5-
CAAX (S34N) also resulted in a small increase in GFP-
2xFYVE translocation (Figure 5A). It is possible that the
dominant negative Rab5 mutant blocks internalization of
endosomes containing PI(3)P in some of the cells. Neverthe-
less, the fact that the constitutively active Rab5 mutant dra-
matically promotes translocation of GFP-2xFYVE suggests
that Rab5 activation results in localized formation of PI(3)P
at the plasma membrane.

To confirm these data, 3T3-L1 adipocytes were transfected
with RFP-Rab5/CAAX or constitutively active HA-TC10
(Q75L), which is constitutively membrane localized (Watson
et al., 2001), and membrane PI(3)P levels were analyzed by
GST-2xFYVE overlay, as described above. As Figure 5B
shows, the active forms of both Rab5/CAAX and TC10
caused a substantial increase in plasma membrane GST-
2xFYVE staining (Rab5/CAAX positive sheets were 4.8 �

Figure 5. TC10-mediated PI(3)P formation in adipocytes
requires Rab5 activation. (A) Effect of plasma membrane–
targeted Rab5 on GFP-2xFYVE translocation. 3T3-L1 adi-
pocytes were transfected with GFP-2xFYVE domain alone
or together with RFP-Rab5-CAAX constitutively active
(Q79L) or dominant negative (S34N) mutant. After 24 h,
the cells were serum-starved and then stimulated with or
without 100 nM insulin for 5 min. The fluorescence of GFP
and RFP was detected by confocal microscopy. (B) Effect of
constitutively active TC10 or Rab5/CAAX on plasma
membrane PI(3)P levels. 3T3-L1 adipocytes were trans-
fected with HA-TC10 Q75L or RFP-Rab5/CAAX Q79L for
24 h. Membrane sheets were generated and analyzed by
GST-2xFYVE overlay and anti-HA antibodies (for TC10;
RFP-Rab5 was visualized directly). Panels show both
GTPase-positive and -negative cells. (C) Effect of Rab5
mutants on TC10-mediated PI(3)P formation. 3T3-L1 adi-
pocytes were transfected with GFP-2xFYVE domain alone,
GFP-2xFYVE and HA-TC10 Q75L or GFP-2xFYVE and
HA-TC10 Q75L together with RFP-Rab5-CAAX constitu-
tively active (Q79L) or dominant negative (S34N) mutant.
After 24 h, the cells were serum-starved and then stimu-
lated with or without 100 nM insulin for 5 min. After
fixing and staining using an anti-HA antibody, the cells
were analyzed by confocal microscopy. The fluorescence
of GFP and RFP were directly visualized.
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0.9-fold the fluorescence of Rab5/CAAX negative sheets;
TC10 positive sheets were 3.7 � 0.1-fold the signal of TC10
negative sheets in the same field). Together these data sug-
gest that overexpression of both active TC10 and Rab5 at the
plasma membrane stimulate PI(3)P production. Consistent
with the above observations, siRNA-mediated knockdown
of TC10 also inhibited GFP-2xFYVE domain translocation
stimulated by insulin (Figure S1A).

Dominant Negative Rab5 Inhibits TC10-mediated PI(3)P
Formation at the Plasma Membrane
Previous studies have demonstrated that insulin induces
PI(3)P formation through TC10 activation (Maffucci et al.,
2003; Falasca et al., 2007). However, the mechanism under-
lying this process remains undefined. Because insulin-stim-
ulated PI(3)P formation was relatively resistant to inhibitors
of type IA PI3-kinase, it was hypothesized that TC10 might
recruit the class II PI3-KC2�, which is less sensitive to these
inhibitors. However, TC10 failed to directly interact with
this kinase, as well as with VPS34, a type III PI-3K (data not
shown). Because TC10 activates Rab5, we tested the hypoth-
esis that TC10 promotes PI(3)P formation through Rab5
signaling. 3T3-L1 adipocytes were cotransfected with GFP-
2xFYVE and HA-TC10 (Q75L) in the presence or absence of
an RFP-tagged Rab5-CAAX mutant. Overexpression of
TC10 (Q75L) resulted in an increase in the GFP-2xFYVE
signal at the plasma membrane. Although coexpression of
constitutively active Rab5-CAAX did not influence this effect
of TC10, the dominant negative Rab5 mutant blocked the
TC10-mediated translocation of the GFP-2xFYVE reporter
(Figure 5C). These data suggest that TC10 regulates PI(3)P
formation through Rab5 activation, likely mediated through
GAPEX-5 and CIP4.

Knockdown of GAPEX-5 Blocks Insulin-stimulated Glut4
Translocation and Glucose Uptake
PI(3)P has been implicated in the translocation of Glut4 to
the plasma membrane (Chaussade et al., 2003; Maffucci et al.,
2003; Sweeney et al., 2004; Kanda et al., 2005; Kong et al.,
2006). Because GAPEX-5 appears to regulate PI(3)P produc-
tion in response to insulin stimulation, we investigated
whether knockdown of GAPEX-5 affects insulin-stimulated
Glut4 translocation and glucose uptake. Adipocytes stably
expressing myc-Glut4-eGFP (Bogan et al., 2001) were trans-
fected with GAPEX-5-specific or scrambled siRNAs. After
72 h, the cells were serum-starved and then stimulated with
or without insulin for 15 min. Interestingly, the knockdown
of GAPEX-5 blocked insulin-stimulated translocation of
Glut4, without affecting basal trafficking of the transporter
(Figure 6A). Quantification of the number of cells with exo-
facial myc staining revealed that �45% of control cells had
myc epitope exposure, whereas the knockdown of GAPEX-5
resulted in only 30% of cells with exofacial myc staining
(Figure 6B), suggesting that GAPEX-5 depletion blocks in-
sulin-stimulated Glut4 translocation. Consistent with the
effect on Glut4 translocation, the knockdown of GAPEX-5
resulted in �35% inhibition of insulin-stimulated glucose
uptake compared with cells transfected with control siRNA
(Figure 6C).

DISCUSSION

We previously identified GAPEX-5 as a Rab5 subfamily GEF
that interacts with CIP4. In untreated adipocytes, GAPEX-5
is predominantly a cytosolic protein that maintains the Rab5
family GTPase, Rab31, in an active state, in the process
promoting the intracellular retention of Glut4. Insulin acti-

vates TC10, which recruits the CIP4/GAPEX-5 complex to
the plasma membrane. This movement of GAPEX-5 results
in the reduction of intracellular Rab31 activity, thus permit-
ting Glut4 to translocate to the plasma membrane (Lodhi et
al., 2007). The intrinsic ability of GAPEX-5 to translocate in
response to a hormonal stimulus suggests that the exchange
factor acts on an intracellular target under basal conditions
and then on a plasma membrane localized target after its
insulin-dependent translocation. Results described here sug-
gest that once translocated to the plasma membrane,
GAPEX-5 activates Rab5. In this regard, insulin-stimulated
glucose uptake, a process mediated by Rab5 activity (Huang
et al., 2001; Su et al., 2006), is blocked by GAPEX-5 knock-
down (this study).

In addition to insulin, other hormones have also been
shown to promote Rab5 activation. Epidermal growth factor
has been reported to increase Rab5 activity both at the
plasma membrane and at endosomes (Barbieri et al., 2000; Di
Fiore and De Camilli, 2001). Furthermore, stimulation of
C2C12 myoblasts with adiponectin promotes the GTP-de-
pendent interaction of Rab5 with APPL1, leading to in-
creased Glut4 translocation (Mao et al., 2006). It will be of
interest to examine whether GAPEX-5, as a ubiquitously
expressed protein, is generally involved in Rab5 activation
in response to hormones.

GAPEX-5 contains an N-terminal RasGAP domain that
selectively interacts with TC10, a Rho family GTPase. Inter-
estingly, overexpression of constitutively active TC10 pro-
motes Rab5 activation, and disruption of GAPEX-5 function
by expression of a dominant-interfering mutant or siRNA-
mediated knockdown abolishes this effect of TC10, suggest-
ing that GAPEX-5 is required for TC10-mediated Rab5 acti-
vation. Together, these data suggest that GAPEX-5 acts as a
molecular bridge that links TC10 to Rab5. This finding is
consistent with experiments demonstrating that TC10� (also
known as TCL), an isoform of TC10 (Vignal et al., 2000;
Chiang et al., 2002), regulates Rab5-dependent endocytic
trafficking of transferrin. Suppression of TC10� expression
by siRNA treatment resulted in the failure of transferrin to
reach EEA1-positive early endosomes. Instead, transferrin
accumulated in Rab5-positive uncoated vesicles. Conversely,
overexpression of activated TC10� resulted in transferrin ac-
cumulation in EEA1-positive endosomes. Similar results were
obtained when the C-terminus of constitutively active TC10
was replaced with that of TC10� (de Toledo et al., 2003). To-
gether, these results indicate that TC10 isoforms may regulate
Rab5 activation. We propose that GAPEX-5 may be the missing
link between TC10 and Rab5 signaling.

The ability of constitutively active TC10 to increase Rab5
activity suggests that TC10 interacts with and stimulates the
exchange activity of GAPEX-5. This is reminiscent of the
association of H-Ras with Rin1, a Rab5 exchange factor
implicated in EGF receptor endocytosis. H-Ras interacts
with the RA domain of Rin1 and potentiates its exchange
activity (Tall et al., 2001). Although the interaction of H-Ras
with Rin1 is GTP-dependent, the association of TC10 with
GAPEX-5 is not. However, CIP4 appears to provide a mech-
anism for the GTP-dependent recruitment of GAPEX-5 to
TC10 (Lodhi et al., 2007).

A previous report suggested that insulin stimulates PI(3)P
formation at the plasma membrane through the activation of
TC10 (Maffucci et al., 2003). Because insulin-stimulated
PI(3)P production is less sensitive to PI3-kinase inhibitors
than is the production of PIP3, it was hypothesized that
upon activation, TC10 recruits and activates the wortman-
nin-resistant (Domin et al., 1997), class II enzyme PI3-kinase
C2�. Indeed, previous studies have suggested that this PI3-
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kinase isoform is activated by insulin (Brown et al., 1999) in
a TC10-dependent manner (Maffucci et al., 2003; Falasca et
al., 2007). Recently, it was demonstrated that PI3-kinase C2�
translocates to the plasma membrane in response to insulin
stimulation of L6 cells and may mediate insulin-stimulated
PI(3)P production at the plasma membrane (Maffucci et al.,
2003; Falasca et al., 2007). However, TC10 fails to directly
interact with this kinase, as well as with a number of other
PI3-kinases and phosphatases (data not shown).

Alternatively, we explored here the possibility that TC10
stimulates PI(3)P production through activation of Rab5,
which may recruit and activate a cascade of PI-metabolizing
enzymes, including Vps34, PI3K-p110�, PI5-phosphatases
(OCRL and INPP5B) and a PI4-phosphatase (INPP4A;
Christoforidis et al., 1999; Shin et al., 2005; Hyvola et al.,
2006). Consistent with this possibility, overexpression of a
plasma membrane-localized, constitutively active Rab5 mu-
tant promoted translocation of GFP-2xFYVE, a reporter of
PI(3)P production, whereas overexpression of a dominant
negative Rab5 mutant reduced TC10-mediated PI(3)P for-
mation. Taken together, these data suggest that TC10 regu-
lates PI(3)P formation through activation of Rab5 and prob-
ably not by directly recruiting PI-metabolizing enzymes.

Rab5 bound to RabGDI has been shown to dramatically
increase the production of PI(3)P on membranes isolated
from HeLa cells. Previous studies detected a Rab5-specific
nucleotide exchange activity on clathrin-coated vesicles

(CCVs), which required the presence of the Rab5-RabGDI
complex for maximal stimulation of nucleotide exchange
(Horiuchi et al., 1995). Although several different Rab5 GEFs
have been identified, only GAPEX-5/RME-6 has been asso-
ciated with CCVs (Sato et al., 2005). Thus, GAPEX-5 may be
the GEF that catalyzes nucleotide exchange on Rab5 bound
to RabGDI and promotes PI(3)P formation at the plasma
membrane. Consistent with this possibility, we report here
that overexpression of a plasma membrane targeted GAPEX-5
promotes, whereas siRNA-mediated knockdown of GAPEX-5
inhibits, insulin-stimulated production of PI(3)P at the plasma
membrane in adipocytes.

Phosphoinositides play a critical role in insulin-stimulated
Glut4 vesicle trafficking. In addition to the well-established
role of PIP3 in insulin signaling, PI(3)P has recently emerged
as an important regulator of Glut4 translocation. Recent
studies suggest that PI(3,4,5)P3 regulates fusion of Glut4
with the plasma membrane, whereas PI(3)P regulates trans-
location of Glut4 vesicles to the cell surface (Ishiki et al.,
2005). Intracellular delivery of exogenous PI(3)P induces
Glut4 translocation to the plasma membrane in 3T3-L1 adi-
pocytes and L6 cells (Maffucci et al., 2003; Sweeney et al.,
2004; Kanda et al., 2005). Overexpression of a 72-kDa 5-phos-
phatase was shown to generate PI(3)P and induce Glut4
translocation, suggesting that PI(3)P regulates Glut4 traffick-
ing (Kong et al., 2006). Furthermore, overexpression of myo-
tubularin, a 3-phosphatase that specifically hydrolyzes

Figure 6. GAPEX-5 regulates Glut4 translocation.
(A) 3T3-L1 adipocytes were transfected with
Gapex-5 siRNA or scrambled siRNA. After 72 h, the
cells were serum-starved and then stimulated with
or without 100 nM insulin for 10 min. The cells were
fixed and then stained using a polyclonal anti-Myc
antibody, followed by Alexa594 goat anti-rabbit sec-
ondary antibody. The cells were analyzed by con-
focal microscopy. (B) Quantification of the number
of cells with exofacial myc-Glut4 staining. (C)
Knockdown of Gapex-5 blocks insulin-stimulated
glucose uptake. 3T3-L1 adipocytes were transfected
with Gapex-5 siRNA or scrambled siRNA. After
72 h, the cells were serum-starved and then stimu-
lated with or without 100 nM insulin for 30 min. The
uptake of 2-deoxyglucose was determined as de-
scribed in Materials and Methods. Data are presented
as mean � SD of triplicate determinations and were
reproduced three times.
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PI(3)P, blocks insulin-stimulated Glut4 translocation in adi-
pocytes (Chaussade et al., 2003). Because GAPEX-5 appears
to regulate insulin-stimulated PI(3)P formation in adipo-
cytes, we investigated the effect of GAPEX-5 knockdown on
insulin-stimulated Glut4 translocation and glucose uptake.
Interestingly, the depletion of GAPEX-5 blocked both insu-
lin-stimulated Glut4 translocation and glucose uptake in
adipocytes.

In summary, our data suggest that GAPEX-5 is a multi-
functional regulator of small G protein function and links
TC10 to Rab5 signaling. Our results suggest that the TC10/
GAPEX-5/Rab5 axis modulates insulin-stimulated produc-
tion of PI(3)P, which regulates trafficking of Glut4 vesicles.
How does Rab5 signaling regulate insulin-stimulated PI(3)P
formation? We propose a model in which insulin stimula-
tion results in the activation of Rab5 by the TC10/GAPEX-5
complex. In turn, activated Rab5 leads to PI(3)P formation at
the plasma membrane. Future efforts will be directed toward
addressing the mechanisms of insulin stimulated membrane
PI(3)P formation and the means by which PI(3)P might
regulate different stages in the trafficking, tethering, docking
or fusion of the Glut4 vesicle.
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