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Abstract

Skeletal muscle tissue is one of the main sites where glucose uptake occurs in response to insulin.
The glucose transporter type-4 (GLUT4) is primarily responsible for the insulin-stimulated
increase in glucose uptake. Upon insulin stimulation, GLUT4 is recruited from intracellular
reserves to the plasma membrane. The molecular mechanisms that regulate the translocation of
GLUT4 to the sarcolemma remain to be fully identified. Here, we demonstrate that GLUT4 is
localized to perinuclear stores that contain flotillin-1, a marker of lipid rafts, in skeletal muscle
cells. Stimulation with insulin for 10 min results in the translocation of flotillin-1/GLUT4-
containing domains to the plasma membrane in a PI3K- and PKCC-dependent manner. We also
demonstrate that caveolin-3, a marker of caveolae, is required for the insulin receptor-mediated
activation of the PI3K-dependent pathway, which occurs 2 min after insulin stimulation. In fact,
we demonstrate that lack of caveolin-3 significantly reduces insulin-stimulated glucose uptake in
caveolin-3 null myotubes by inhibiting both PI3K and Akt, as well as the movement of GLUT4 to
the plasma membrane. Interestingly, caveolin-3 moves away from the plasma membrane toward
the cytoplasm 5 min after insulin stimulation and temporarily interacts with flotillin-1/GLUT4-
containing domains before they reach the sarcolemma, with the consequent movement of the
insulin receptor from caveolin-3-containing domains to flotillin-1-containing domains. Such
translocation temporally matches the insulin-stimulated movement of Cbl and Crkll in flotillin-1/
GLUT4-containing domains, as well as the activation of the GDP-GTP exchange factor C3G.
Disruption of flotillin-1-based domains prevents the activation of C3G, movement of GLUT4 to
the sarcolemma, and glucose uptake in response to insulin. Thus, the activation of the Cbl/C3G/
TC10-dependent pathway, which occurs before flotillin-1/GLUT4-containing domains reach the
plasma membrane, is flotillin-1 mediated and follows the activation of the PI3K-mediated
signaling. Taken together, these results indicate that flotillin-1 and caveolin-3 may regulate muscle
energy metabolism through the spatial and temporal segregation of key components of the insulin
signaling.
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Mammals are able to maintain glucose homeostasis under the most different conditions. A
disturbance in this balance may lead to diseases such as type 2 diabetes (1). Insulin is the
primary hormone responsible for maintenance of plasma glucose within a narrow
physiological range. Such effect is achieved by inhibiting glucose output in the liver and
stimulating glucose uptake in muscle and fat tissue. Glucose transport across the plasma
membrane is a critical step for glucose metabolism in muscle and fat cells (2, 3). GLUT4 is
the predominant glucose transporter in these cells. Glucose uptake occurs after insulin
stimulation, when GLUT4 is recruited from intracellular stores to the plasma membrane (4,
5).

At least two signaling pathways are required for the translocation of GLUT4 to the plasma
membrane by insulin in adipocytes. In the first one, activation of the insulin receptor by
insulin results in phosphorylation of the insulin receptor substrate (IRS) proteins, which
phosphorylate and activate phosphatidylinositol 3-kinase (PI3K), with the consequent
production of the polyphosphoinositide phosphatidylinositol (3,4,5)-trisphosphate (PIP3).
PIP3 serves as an allosteric regulator of the phosphoinositide-dependent kinase (PDK). PDK
phosphorylates and activates Akt, as well as atypical protein kinase C isoforms, which
stimulate GLUT4 translocation (6-8).

A separate pathway has been recently demonstrated to promote GLUT4 translocation upon
insulin stimulation in adipocytes. A different pool of insulin receptor can phosphorylate APS
and Cbl (9, 10). Cbl interacts with Cbl-associated protein (CAP) (11), which can also bind
flotillin-1, a marker of lipid rafts (12). This interaction is responsible for the localization of
Cbl into lipid rafts after insulin stimulation (13). Crkll, which binds phosphorylated Cbl, is
then recruited to lipid rafts. Crkll binds to the GDP-GTP exchange factor C3G, which can
catalyze the exchange of GDP to GTP on the lipid raft-associated protein TC10, a member
of the Rho family of small GTP binding proteins (14, 15). TC10 can then act on unknown
downstream signaling molecules to stimulate the movement of GLUT4 to the plasma
membrane. Although the action of insulin on glucose uptake has become more documented,
gaps remain in our understanding of the precise molecular mechanisms underlying such
event.

Caveolae are 50-100 nm triton-insoluble/cholesterol-enriched invaginations of the plasma
membrane. Caveolins are the structural protein components of caveolar membranes.
Caveolins act as scaffolding proteins to concentrate and functionally regulate signaling
molecules (16-22). The caveolin gene family consists of three members: caveolin-1,
caveolin-2, and caveolin-3 (18, 19, 23). Caveolin-1 and caveolin-2 are coexpressed in many
cell types, including adipocytes, endothelial cells, epithelial cells, and fibroblasts (24). In
contrast, caveolin-3 expression is essentially restricted to skeletal and smooth muscle cells,
as well as cardiac myocytes (25-33).

Direct interaction with caveolin-1 results in the inhibition of a number of signaling
molecules, such as G-protein-a subunit, Ras, nitric oxide synthase (NOS), protein kinase C
(PKC), and protein kinase A (PKA) (17, 22, 25, 31-40). Several independent lines of
evidence indicate that caveolin-1 may possess antiproliferative properties (41-45).
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Consistent with this idea, we have previously demonstrated that overexpression of
caveolin-1 is sufficient to arrest mouse embryonic fibroblasts (MEFs) in the Go/G1 phase of
the cell cycle, reduce their proliferative lifespan, and promote premature cellular senescence
through a p53/p21-dependent pathway (46, 47). However, caveolin-1 is also capable of
promoting certain signaling pathways. In fact, caveolin-1 has been shown to stimulate the
estrogen receptor and the insulin receptor signaling (48, 49).

Caveolin-3 plays a key role in skeletal muscle tissue. Overexpression of caveolin-3 in
skeletal muscle cells induces a Duchenne-like muscular dystrophy phenotype through down-
regulation of dystrophin and its associated glycoproteins (29). In addition, we found that
high levels of caveolin-3 inhibit myoblast fusion in culture (50). Lack of caveolin-3 is also
associated to a myopathic phenotype. In fact, caveolin-3 null mice show a loss of caveolae
in skeletal muscle tissue, changes in the microdomain distribution of the dystrophin-
glycoprotein complex, T-tubule abnormalities, and mild myopathic defects (30).

Flotillin-1 was originally identified as a membrane protein resident in cholesterol-enriched
domains (51). Flotillin-1 is highly expressed in adipocytes, as well as diaphragm, lung,
heart, and brain (51). If expressed in insect cells, flotillin-1 can form caveolae-like
intracellular vesicles (52). Although flotillin-1 has been shown to co-immunoprecipitate
with caveolin-1 (52), whether flotillin-1 contributes to the organization of caveolar
membranes has not been properly addressed yet (i.e., by immunogold electron microscopy).
Because flotillin-1 is found in triton-insoluble/cholesterol-enriched domains in cells that do
not express caveolin (53, 54), flotillin-1 is believed to represent a new class of structural
component of non-caveolar detergent-resistant microdomains (DRMs).

Within the past decade, data have emerged that implicate caveolin-1 in the signaling events
linking insulin action to glucose uptake in adipocytes. However, while biochemical data
suggest that GLUT4 moves to caveolin-1-enriched membrane domains after insulin
stimulation in adipocytes (37, 55), immunoelectron microscopy data have not supported the
insulin-stimulated movement of GLUT4 to caveolae (56, 57). Caveolin-3 has also been
shown to play a role in insulin signaling in muscle tissue. In fact, caveolin-3 null mice
displayed insulin resistance, as demonstrated by decreased glucose uptake in skeletal
muscles, impaired glucose tolerance test performance, and increases in serum lipids (58).
Consistent with these data, Lisanti and colleagues (59) have recently shown increased
adiposity, postprandial hyperinsulinemia, whole-body insulin resistance, whole-body
glucose intolerance, and decreases in insulin-stimulated whole-body glucose uptake and
whole-body glycogen synthesis in caveolin-3 null mice. In both studies, however, possible
defects of GLUT4 trafficking were not investigated.

Although caveolin-3 appears to be important in glucose metabolism in skeletal muscle, the
signaling pathways modulated by caveolin-3 upon insulin stimulation remain to be fully
identified. In addition, the role of caveolin-3, as well as flotillin-1, in GLUT4 translocation
in skeletal muscle is fully unexplored. Here, we investigated the hypothesis that flotillin-1
and caveolin-3 coordinately modulate the insulin-stimulated signaling cascades that lead to
the translocation of GLUT4 to the plasma membrane in skeletal muscle cells.

FASEB J. Author manuscript; available in PMC 2015 January 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fecchi et al.

Page 4

MATERIALS AND METHODS

Materials

Antibodies and their sources were as follows: anti-flotillin-1 1gG (mouse mAb 18), anti-
caveolin-3 1gG (mouse mAb 26), and anti-phosphotyrosine 1gG (mouse mAb PY20) were
from Becton-Dickinson Biosciences (San Jose, CA). Anti-GLUT4 1gG (rabbit pAb) was a
generous gift of Dr. Samuel Cushman, National Institutes of Health. Anti-c-Myc 1gG (rabbit
pAb A-14) and anti-insulin-Rp IgG (rabbit pAb C-19) were from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-IRS1 IgG (rabbit pAb) and anti-p85 IgG (rabbit pAb) were from
Upstate Cell Signaling Solutions (Waltham, MA). Anti-Akt IgG (rabbit pAb) and anti-
phospho-Akt (Ser 473) IgG (rabbit pAb) were from Cell Signaling Technology (Beverly,
MA). Horseradish peroxidase-conjugated goat anti-mouse and anti-rabbit secondary
antibodies were from Pierce (Rockford, IL). Insulin, sodium orthovanadate, and wortmannin
were from Sigma (St. Louis, MO). Okadaic acid and protein kinase CZ pseudosubstrate
inhibitor (myristoylated) were from Calbiochem (La Jolla, CA). All other biochemicals used
were of the highest purity available and were obtained from regular commercial sources.

Generation of conditionally immortalized skeletal muscle cells

Conditionally immortalized skeletal muscle cells expressing normal levels of endogenous
caveolin-3 and lacking caveolin-3 expression were derived from the “immortomouse” as
described previously (50, 60). The “immortomouse” is a transgenic mouse that harbors a
temperature-sensitive SV40 large T-antigene gene (tsA58) under the control of an
interferon-y sensitive promoter (H-2KP). Cells derived from this mouse proliferate under
permissive conditions (33°C in the presence of y-interferon) and differentiate under non-
permissive conditions (37°C in the absence of y-interferon). Several cell lines derived from
different tissues have been successfully generated in the past using this mouse model,
including skeletal muscle cells (61-65). Briefly, 1-month-old mice (~15 g) were killed, and
hind limb muscles (gastrocnemius and soleus muscles) were isolated from both the left and
right legs and collected in a Petri dish containing PBS + penicillin and streptomycin. The
muscle was minced to very fine pieces and transferred to a tube containing 0.5% collagenase
type Il (Life Technologies) and 1% dispase (Life Technologies) diluted in PBS + penicillin
and streptomycin. Muscle was incubated for 30 min at 37°C and mixed during the
incubation. The supernatant was collected and an equal volume of complete medium was
added (Ham’s F-10 with 20% FBS). Sample was filtered through a cell strainer and
centrifuged at 900 g for 10 min. The pellet, containing skeletal muscle cells, was
resuspended in complete medium. Then, cells were subjected to five rounds of preplating.
Cells were passed under permissive conditions for no longer then 5-7 days: Ham’s F-10
with 20% FBS in the presence of y-interferon (50 U/ml) at 33°C (50). Differentiation to
multinucleated myotubes was achieved by growing the cells under non-permissive
conditions in differentiation medium: DMEM with 2% horse serum in the absence of -
interferon at 37°C.

Immunoblot analysis

Cells were collected in boiling sample buffer. Cellular proteins were resolved by SDS-
PAGE (12.5% acrylamide; 7.5% for probing with IRS1 antibodies) and transferred to BA83
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nitrocellulose membranes (Schleicher and Schuell, Keene, NH). Blots were incubated for 2
hin TBST (10 mM Tris-HCI, pH 8.0, 150 mM NacCl, 0.2% Tween 20) containing 2%
powdered skim milk and 1% bovine serum albumin (BSA). After three washes with TBST,
membranes were incubated for 2 h with the primary antibody and for 1 h with horseradish
peroxidase-conjugated goat anti-rabbit/mouse 1gG. Bound antibodies were detected using an
ECL detection kit (Pierce, Rockford, IL).

Preparation of DRMs

Cells were scraped into 2 ml of Mes-buffered saline containing 1% (vol/vol) Triton X-100.
Homogenization was carried out with 10 strokes of a loose fitting Dounce homogenizer. The
homogenate was adjusted to 40% sucrose by the addition of 2 ml of 80% sucrose prepared
in Mes-buffered saline and placed at the bottom of an ultracentrifuge tube. A 5-30% linear
sucrose gradient was formed above the homogenate and centrifuged at 45,000 rpm for 16—
20 h in a SW60 rotor (Beckman Coulter, Fullerton, CA). A light-scattering band confined to
the 15-20% sucrose region was observed that contained endogenous flotillin-1 and
caveolin-3 but excluded most of other cellular proteins. From the top of each gradient, 1 ml
gradient fractions were collected to yield a total of 11 fractions. Fractions 4-6, representing
DRMs, and fractions 9-11, representing non-DRMs, were pooled together. An equal amount
of protein from each of the two groups was separated by SDS-PAGE and subjected to
immunoblot analysis.

Immunofluorescence

Cells grown on glass coverslips were washed three times with PBS and fixed for 30 min at
room temperature with 2% paraformaldehyde in PBS. Fixed cells were rinsed with PBS and
permeabilized with 0.1% Triton X-100, 0.2% bovine serum albumin for 10 min. Cells were
then treated with 25 mM NH4CI in PBS for 10 min at room temperature to quench free
aldehyde groups. Cells were rinsed with PBS and incubated with the primary antibody
(diluted in PBS with 0.1% Triton X-100, 0.2% bovine serum albumin) for 1 h at room
temperature. After three washes with PBS (10 min each), cells were incubated with the
secondary antibody for 1 h at room temperature: lissamine rhodamine B sulfonyl chloride-
conjugated goat anti-rabbit antibody (5 pg/ml) and/or fluorescein isothiocyanate-conjugated
goat anti-mouse antibody (5 pg/ml). Finally, cells were washed three times with PBS (10
min each wash) and slides were mounted with slow-Fade antifade reagent (Molecular
Probes, Eugene, OR) and observed using a Zeiss confocal microscope (LSM 5 Pascal). The
localization of flotillin-1/GLUT4 at the sarcolemma or perinuclear compartments was
determined by analyzing 100 randomly selected myotubes, before and after insulin
stimulation, from three independent experiments. Data were expressed as percentage of cell
number (see Results).

Insulin treatment

Cells were serum starved for 4 h. Cells were incubated for the indicated period of time with
160 nM insulin in serum-free medium. Cells were then processed for immunofluorescence,
co-immunoprecipitation, and for the isolation of DRMs as indicated.
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Co-immunoprecipitation
Cells were washed twice with PBS and lysed for 30 min at 4°C in a buffer containing 10
mM Tris, pH 8.0, 0.15 M NaCl, 5 mM EDTA, 1% Triton X-100, and 60 mM octyl glucoside
(cells were lysed in the following buffer for IRS-1/p85 co-immunoprecipitations: 137 mM
NaCl, 20 mM Tris, pH 7.5, 1 mM MgCl,, 1 mM CaCl,, 1% NP-40, 10% glycerol, 100 uM
sodium orthovanadate, 100 pg/ml okadaic acid). Samples were precleared for 1 h at 4°C
using protein A-Sepharose (20 pl; slurry, 1:1) and subjected to overnight
immunoprecipitation at 4°C using the intended antibody in the presence of protein A-
Sepharose (30 pl; slurry, 1:1). As an internal control, immunoprecipitations with unrelated
IgG were performed (unpublished data). After three washes with the immunoprecipitation
buffer, samples were separated by SDS-PAGE (12.5% acrylamide) and transferred to
nitrocellulose. Blots were then probed with the intended antibody.

Small interfering RNA

Knockdown of flotillin-1 expression was achieved by transfection of cells with mall
interfering RNA (siRNA) duplexes. The target sequence was as follows: 5'-
AGCAAATCCAGAGGATCTCTC-3'. Scrambled siRNA was used as a control.
Undifferentiated cells were transfected with siRNA using lipofectamine. After 24 h, cells
were differentiated for 3 days and cell lysates subjected to immunoblot analysis or
immunoprecipitation assays.

Glucose uptake

Skeletal muscle cells were cultured in 12 well plates and serum starved for 4 h at 37°C.
Cells were then incubated in Krebs-Ringer phopshate buffer (128 mM NaCl, 4.7 mM KCl,
1.25 mM MgCl,, 0.65 mM CaCl,, and 0.1 M sodium phosphate buffer pH 7.8) for 30 min at
37°C. Vehicle or 160 nM insulin and cold 2-deoxy-glucose (0.02 mM) were added for 10
min. 3H-2-deoxy-glucose (1 uCi/ml) was added during the last 5 min of incubation in the
presence or absence of insulin. Cells were then transferred to ice and washed three times
with cold PBS. Cells were subsequently solubilized in 0.1% SDS, and the 3H content was
determined by scintillation counting. Experimental conditions were performed in triplicate
each of three independent experiments.

RESULTS

GLUT4 is enriched into flotillin-1-containing membranes and forms a stable complex with
flotillin-1 in skeletal muscle cells

To investigate the possible role of flotillin-1 in the recruiting of GLUT4 from intracellular
stores to the plasma membrane, we employed conditionally immortalized skeletal muscle
cells that we have previously characterized (50, 60). We evaluated first the expression levels
of flotillin-1 and GLUT4 in undifferentiated myoblasts and differentiated myotubes. Figure
1A shows that both proteins are expressed at very low levels in myoblasts, while their
expression is up-regulated in differentiated myotubes. Caveolin-3, a marker of terminal
differentiation, is expressed only in myotubes (Fig. 1A). We next evaluated whether both
flotillin-1 and GLUT4 are enriched into DRMs and insulin affects their localization in

FASEB J. Author manuscript; available in PMC 2015 January 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fecchi et al.

Page 7

differentiated myotubes. Both flotillin-1 and GLUT4 were found in DRMs in skeletal
muscle cells, and insulin did not change their localization in these domains (Fig. 1B). This
result was confirmed in Fig. 1C, where we demonstrate that flotillin-1 and GLUT4 were part
of the same protein complex, as shown by the ability of GLUT4 antibodies to co-
immunoprecipitate flotillin-1. Insulin did not affect the interaction between the two proteins
(Fig. 1C).

GLUT4 moves together with flotillin-1 from intracellular stores to the plasma membrane
upon insulin stimulation in skeletal muscle cells through PI3K- and PKC(-dependent

pathways

Differentiated skeletal muscle cells were subjected to immunofluorescent labeling using
antibody probes against flotillin-1 and GLUTA4. Figure 2A, upper panels, illustrates that the
two proteins are colocalized to a perinuclear compartment in the absence of insulin. After
insulin stimulation (160 nM for 10 min), flotillin-1 together with GLUT4 moved to the
sarcolemma (Fig. 2A, lower panels). Quantification of flotillin-1/GLUT4 localization before
and after insulin stimulation is shown in Fig. 2B. The translocation from a perinuclear
compartment to the plasma membrane was PI13K- and PKCC-dependent, as shown by the
perinuclear localization of flotillin-1 and GLUT4 after insulin stimulation in the presence of
wortmannin and protein kinase C{ pseudosubstrate inhibitor, respectively (Fig. 2C). These
effects were specific as demonstrated by the inability of PD98059, an inhibitor of the p42/44
MAP kinase pathway, to block the translocation of flotillin-1 and GLUTA4 to the sarcolemma
after insulin stimulation (Fig. 2C).

Activation of the PI3K/Akt pathway occurs within 2 min after insulin stimulation and
requires caveolin-3

To examine the time course of the activation of the PI3K/Akt pathway, we began to evaluate
the phosphorylation of the insulin receptor after insulin stimulation. As shown in Fig. 3A,
phosphorylation of the insulin receptor occurred 2 min after insulin treatment. Five minutes
after insulin stimulation, the activation of the receptor remained elevated (Fig. 3A).
Consistent with these data, stimulation with insulin for 2 min was sufficient to activate PI3K
(Fig. 3B) and Akt (Fig. 3C). Caveolin-3 expression was necessary to activate this pathway as
demonstrated by the significant reduced activation of both PI3K and Akt after insulin
stimulation in caveolin-3 null skeletal muscle cells (Fig. 3B, 3C).

Reduced activation of the PI3K/Akt pathway in caveolin-3 null cells was not due to reduced
expression of the insulin receptor (Fig. 3D). In addition, the insulin receptor signaling was
successfully activated by the insulin mimetic pervanadate in both control and caveolin-3 null
cells, as demonstrated by comparable expression of phosphorylated Akt (Fig. 3E). Taken
together, these results suggest that lack of caveolin-3 may prevent the ability of the insulin
receptor to activate downstream signaling partners (P13K and Akt) only when the receptor is
activated by insulin and not when the insulin receptor is activated independently of insulin
(i.e., by insulin mimetics).
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Lack of caveolin-3 reduces glucose uptake by inhibiting the movement of GLUT4 to the
sarcolemma and p38-mediated activation of GLUT4

To further investigate the specific role of caveolin-3 in insulin signaling, we examined the
effect of lack of caveolin-3 on insulin-stimulated GLUT4 translocation and glucose uptake
by employing skeletal muscle cells derived from caveolin-3 null mice. We demonstrate in
Fig. 4A that the ability of flotillin-1/GLUT4 domains to reach the plasma membrane after
insulin stimulation was significantly compromised. In fact, while flotillin-1 and GLUT4
reached the sarcolemma in 68 + 5% of control cells after insulin stimulation (Fig. 2A and B),
flotillin-1/GLUT4-containing domains were found at the plasma membrane only in 18+3%
of caveolin-3 null cells (Fig. 4A and B). Both flotillin-1 and GLUT4 remained in a
perinuclear region in the majority of caveolin-3 null cells (82+7%) upon insulin stimulation
(Fig. 4A and B), in contrast to control cells (32+4%, Fig. 2A and B). In support of this
finding, caveolin-3 null cells showed a drastic inhibition (~68% vs. control cells) of insulin-
mediated glucose uptake (Fig. 4C). In contrast, basal glucose uptake was not affected (Fig.
4C).

The p38 MAP kinase pathway is believed to play a role in the insulin-mediated activation of
GLUT4 (66-68). Consistent with this data, we found that the p38 MAP kinase inhibitor
SB203580 dramatically prevented insulin-stimulated glucose uptake in control skeletal
muscle cells (Fig. 4D). Interestingly, activation of p38 MAP kinase by insulin was
significantly inhibited in myotubes lacking caveolin-3 (Fig. 4E). This result contributes to
explain the reduced insulin-mediated glucose uptake that we observed in caveolin-3 null
cells.

Caveolin-3 moves from the plasma membrane toward the cytoplasm upon insulin
stimulation and temporarily interacts with flotillin-1/GLUT4-containing domains

Caveolin-3 is localized at the sarcolemma of differentiated myotubes (50, 60). As we have
shown in Fig. 2A that flotillin-1, together with GLUT4, moved to the plasma membrane in
response to insulin, we asked whether the localization of caveolin-3 was affected by insulin
in differentiated myotubes. We show in Fig. 5A that caveolin-3 moved from the sarcolemma
(left panel) to the cytoplasm (right panel) upon insulin stimulation (160 nM for 10 min), as
GLUT4 moved from perinuclear compartments (left panel) to the plasma membrane (right
panel). Interestingly, caveolin-3 and GLUT4 colocalized in the cytoplasm when the cells
were treated with insulin for 5 min, suggesting that caveolin-3-containing domains, as they
move away from the sarcolemma (see arrowhead in Fig. 5A, middle panel), may temporarily
interact with flotillin-1/GLUT4-containing domains, before they reach the sarcolemma (see
arrows in Fig. 5A, middle panel). In support of these findings, we show in Fig. 5B that
caveolin-3 and flotillin-1 did not interact in the absence of insulin and that their interaction
peaked 5 min after insulin stimulation. Their interaction returned to basal levels after 20 min
(Fig. 5B).

Insulin promotes the movement of the insulin receptor from caveolin-3-containing
domains to flotillin-1-containing domains after 5 min

The insulin receptor has been previously shown to co-immunoprecipitate with caveolin-3 in
skeletal muscle tissue (58). As we observed interaction between caveolin-3-containing
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domains and flotillin-1/GLUT4-containing domains 5 min after insulin stimulation, we next
asked whether the insulin receptor is part of the same protein complex with caveolin-3
before insulin stimulation, and can interact with flotillin-1 after insulin stimulation. Toward
this end, cell lysates from differentiated myotubes were immunoprecipitated with anti-
insulin receptor 1gGs, and immunoprecipitates subjected to immunoblot analysis with
antibody probes specific for caveolin-3 and flotillin-1. Figure 6A illustrates that the insulin
receptor was mainly localized in caveolin-3-containing domains in the absence of insulin.
After insulin stimulation, the insulin receptor moved from caveolin-3-containing domains to
flotillin-1-containing domains (Fig. 6A). The fact that the interaction between the insulin
receptor and flotillin-1 begins after 5 min is consistent with the data of Fig. 5B, where we
demonstrated that the interaction between caveolin-3-containing domains and flotillin-1-
containing domains is maximal 5 min after insulin treatment.

The movement of Cbl and Crkll to flotillin-1-containing domains, as well as the activation
of C3G, occurs 5 min after insulin stimulation

As we have shown in Fig. 6A that the insulin receptor moved from caveolin-3-containing
domains to flotillin-1-containing domains 5 min after insulin stimulation, and flotillin-1 is
known to directly bind the Chl-associated protein CAP in adipocytes (12), we next asked
whether flotillin-1 mediates the insulin stimulated activation of the Cbl/C3G/TC10 pathway
in skeletal muscle cells. Differentiated myotubes were immunoprecipitated using specific
antibody probes directed against Cbl, Crkll, and C3G. Immunoprecipitates were then
subjected to immunaoblot analysis using anti-flotillin-1 1gGs. Figure 6B shows that both Cbl
and Crkll temporarily moved into flotillin-1-containing domains 5 min after insulin
stimulation. In contrast, the GDP/GTP exchange factor C3G was located in flotillin-1-
containing domains before and after insulin stimulation (Fig. 6B). However, activation of
C3G occurred 5 min after insulin treatment (Fig. 6C), which temporally matched the
translocation of the insulin receptor, Cbl, and Crkll into flotillin-1-containing domains.
Taken together, these data suggest that flotillin-1 may mediate the activation of the
Cbl/C3G/TC10 pathway 5 min after insulin treatment and that activation of this pathway
follows the activation of the PI3K/Akt-dependent pathway, which occurs 2 min after
stimulation with insulin.

Disruption of flotillin-1-containing domains prevents the activation of C3G, movement of
GLUT4 to the sarcolemma, and glucose uptake in response to insulin

To confirm a major role of flotillin-1 in the activation of the Cbl/C3G/TC10 pathway and
GLUT4 translocation after insulin stimulation, we disrupted flotillin-1-containing domains
using the cholesterol-sequestering agent methyl-B-cyclodextrin (MbetaCD). Figure 7A
shows that we successfully disrupted flotillin-1-containing domains, as demonstrated by the
exclusion of both flotillin-1 and GLUT4 from DRMs in differentiated myotubes stimulated
with insulin upon treatment with MbetaCD. Treatment with MbetaCD also prevented the
interaction between the insulin receptor and flotillin-1 5 min after insulin stimulation (Fig.
7B). Consistent with the idea that the insulin-promoted translocation of the insulin receptor
to flotillin-1-containing domains is required for the consequent activation of the Chl/C3G/
TC10 pathway, we show in Fig. 7C that the insulin-stimulated activation of C3G is
dramatically inhibited by the treatment with MbetaCD.
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Interestingly, disruption of flotillin-1-containing domains with MbetaCD prevented the
translocation of both flotillin-1 and GLUT4 to the sarcolemma in response to insulin (Fig.
7D). In support of these data, insulin-stimulated glucose uptake was prevented by the
treatment with MbetaCD (Fig. 7E).

To further demonstrate the direct role of flotillin-1 in the activation of the Cbl/C3G/TC10
pathway, activation of C3G was investigated after endogenous flotillin-1 expression was
down-regulated by siRNA. Figure 8A illustrates that flotillin-1 expression was reduced by
~90% in myotubes transfected with siRNA directed against flotillin-1. Down-regulation of
flotillin-1 expression resulted in reduced interaction between C3G and flotillin-1 (Fig. 8B,
upper panel). In addition, reduced flotillin-1 levels were sufficient to dramatically inhibit the
activation of C3G in response to insulin, as demonstrated by reduced phosphorylation of
C3G in flotillin-1 siRNA-transfected cells, as compared with control siRNA-transfected
myotubes (Fig. 8B, middle panel). Low level of phosphorylated C3G was not the result of
reduced total C3G protein expression in flotillin-1 siRNA-transfected cells (Fig. 8B, lower
panel). In contrast, C3G expression was up-regulated in cells where flotillin-1 expression
was reduced by siRNA, which may represent a compensatory mechanism adopted,
unsuccessfully, by the cells to overcome reduced C3G activation due to lack of flotillin-1.

DISCUSSION

The localization of flotillin-1 within the cell is intriguing. Liu and colleagues (69) have
shown that while flotillin-1 is localized at the plasma membrane in CHO, HepG2, and HelLa
cells, it has a Golgi-like intracellular distribution in COS-1 cells, and an intracellular
granular-like staining in MDCK cells and pre-adipocytes. Interestingly, flotillin-1 moved
from intracellular granular structures in pre-adipocytes to the plasma membrane in
differentiated adipocytes (69). They concluded that flotillin-1 can be found both at the
plasma membrane and in intracellular structures and that its movement from intracellular
compartments to the plasma membrane may be promoted by specific signaling mechanisms.
In support of this hypothesis, we have shown in the present study that flotillin-1 is localized
to perinuclear domains in skeletal muscle cells under basal conditions and that insulin
promoted the movement of flotillin-1 to the plasma membrane.

GLUT4 is found in intracellular stores before moving to the plasma membrane in response
to insulin. However, the precise nature of these stores remains to be determined. We
demonstrate here for the first time that GLUT4 localizes to flotillin-1-containing domains,
which are concentrated in perinuclear regions in skeletal muscle cells under basal
conditions. After insulin stimulation, GLUT4, together with flotillin-1, moves to the
sarcolemma where glucose uptake takes place. The fact that flotillin-1 was found in
perinuclear regions in differentiated skeletal muscle cells, but at the plasma membrane in
adipocytes (69), under basal conditions, suggests that the role of flotillin-1 in targeting
GLUT4 to the plasma membrane after insulin stimulation may differ between muscle and fat
tissue. The key role of flotillin-1-containing domains in the translocation of GLUT4 to the
sarcolemma in skeletal muscle cells after insulin stimulation is demonstrated by lack of
GLUT4 staining at the plasma membrane and glucose uptake when flotillin-1-based
domains are disrupted by a cholesterol-sequestering agent.
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Activation of the Ins-R/PI3K pathway occurs after insulin stimulation. However, the
dynamic of its activation in skeletal muscle cells remains to be fully explored. We show here
that the insulin receptor, PI3K, and Akt are all activated within 2 min after insulin
stimulation in skeletal muscle cells. Expression of caveolin-3 is necessary for the activation
of this pathway, as demonstrated by reduced activation of both PI3K and Akt in cells
lacking caveolin-3 expression. These results are consistent with data showing that
caveolin-3 co-immunoprecipitates with the insulin receptor (58) and that caveolin-3 can
stimulate the phosphorylation of IRS-1 in vivo if co-transfected with the insulin receptor
(70). We conclude that the activation of the Ins-R/PI13K pathway occurs in caveolar
membranes in skeletal muscle cells and is an early event.

In addition to Akt, PI3K can also activate atypical PKC after insulin stimulation (71, 72).
We demonstrate that activation of PKC{ is required to mediate the signaling pathway that
leads to the translocation of flotillin-1/GLUT4-containing domains to the plasma membrane
in response to insulin, as shown by the perinuclear localization of both flotillin-1 and
GLUT4 after insulin stimulation in the presence of protein kinase CZ pseudosubstrate
inhibitor. Consistent with this data, we show that wortmannin, a PI3K inhibitor, produced an
identical effect.

If the caveolin-3-mediated activation of the PI3K pathway is indeed required for the
trafficking of flotillin-1/GLUT4-containing domains away from a perinuclear compartment
toward the sarcolemma, this step would be inhibited in cells lacking caveolin-3.
Interestingly, our results show that flotillin-1/GLUT4-containing domains remain localized
to a perinuclear compartment after insulin stimulation in caveolin-3 null myotubes.
Consistent with this result, we demonstrate that insulin-stimulated glucose uptake is
impaired in skeletal muscle cells lacking caveolin-3. The fact that insulin-stimulated glucose
uptake is not completely prevented in caveolin-3 null myotubes is consistent with the
marginal activation of both PI3K (Fig. 3B) and Akt (Fig. 3C), as well as the residual
movement of GLUT4 to the sarcolemma (Fig. 4B) observed in these cells upon treatment
with insulin.

Activation of the Cbl/C3G/TC10 pathway is required, in addition to the PI3K/Akt pathway,
for the movement of GLUT4 to the plasma membrane in response to insulin in adipocytes.
The role of this pathway in the modulation of GLUT4 translocation in skeletal muscle cells
remains to be fully understood. We show here that c-Cbl and Crkll transiently move into
flotillin-1-containing domains 5 min after insulin stimulation in differentiated myotubes. In
contrast, the GDP/GTP exchange factor C3G, which activates the Rho-family GTPase
TC10, co-immunoprecipitates with flotillin-1 before and after insulin treatment.
Phosphorylation has been previously shown to activate C3G (73-76). Interestingly,
phosphorylation of C3G transiently occurs 5 min after stimulation with insulin. Flotillin-1-
containing domains are required for the activation of this pathway as shown by the
dramatically reduced activation of C3G upon insulin stimulation when flotillin-1-based
domains are disrupted by either a cholesterol-sequestering agent or flotillin-1 siRNA. Taken
together, these results indicate that activation of the Cbl/C3G/TC10 pathway occurs in
flotillin-1-based domains in skeletal muscle cells and is a late event, i.e., occurs 5 min after
insulin stimulation.
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How are the two pathways activated? It is believed that two separate pools of insulin
receptor mediate the activation of the PI3K/Akt and Cbl/C3G/TC10 pathways in adipocytes.
Our results show that caveolin-3 moves away from the plasma membrane upon insulin
stimulation and temporarily interacts with flotillin-1/GLUT4-containing domains 5 min after
insulin stimulation, before they reach the sarcolemma, in skeletal muscle cells. In addition,
we show that the insulin receptor moves from caveolin-3-containing domains to flotillin-1-
containing domains 5 min after insulin treatment, which temporally matches the activation
of C3G. Taken together, our results suggest for the first time that the same pool of insulin
receptor may activate both pathways in a two-step event that is spatially and temporally
regulated by caveolin-3 and flotillin-1 in skeletal muscle cells (Fig. 9). Within 2 min after
insulin stimulation, the insulin receptor activates the PI3K-dependent pathway in caveolar
membrane (Step 1); after 5 min, the insulin receptor moves from caveolin-3-based domains
to flotillin-1-based domains where it activates the Cbl/C3G/TC10 pathway (Step I1). To our
knowledge, this is the first example of functional cooperation between two different types of
DRMs in the regulation of the same signaling pathway within the same cell type.

Thus, the spatial and temporal compartmentalization of signaling molecules by caveolin-3
and flotillin-1 might play a key role in providing specificity in the trafficking/docking/fusion
of GLUT4-containing vesicles. More precisely, the early caveolin-3-mediated activation of
the PI3K pathway may be important for the trafficking of flotillin-1/GLUT4-containing
domains away from a perinuclear compartment and toward the sarcolemma. Subsequently,
the late flotillin-1-mediated activation of the Chl/C3G/TC10 pathway may serve for the final
docking and fusion of GLUT4 vesicles to the plasma membrane. Given the fact that insulin
is not the only stimulus able to activate the PI3K pathway, the existence of a second insulin-
initiated pathway, i.e., the Cbl/C3G/TC10 pathway, which is PI3K-independent, may
provide a safeguard mechanism to avoid unregulated glucose uptake when cells are under
the influence of stimuli which activate PI3K in an insulin receptor-independent manner.

Movement to the plasma membrane and activation of GLUT4 is believed to be modulated
by two separate mechanisms. p38 MAP kinase has been proposed as a possible positive
regulator of GLUT4 activity, but not translocation, in response to insulin (66-68). We show
here that p38 MAP kinase is activated by insulin in control myotubes and that inhibition of
this pathway with the specific SB203580 inhibitor totally prevents glucose uptake. In
addition, we show that the activation of the p38 MAP kinase pathway by insulin is
significantly inhibited in caveolin-3 null myotubes, where glucose uptake is impaired. Thus,
we conclude that 1) activation of the p38 MAP kinase pathway is necessary for glucose
uptake, 2) caveolin-3 expression positively regulates the insulin-mediated activation of p38
MAP kinase, and 3) the reduced activation of p38 MAP kinase detected in caveolin-3 null
cells may contribute to explain the reduced glucose uptake observed in the absence of
caveolin-3.

Proteins that bind GLUT4 could also play a role in promoting GLUT4 activity. For example,
an inhibitor may be removed from GLUT4 after insulin stimulation, as suggested by
previous studies showing that the cytosolic C terminus of GLUT4 is more accessible to
antibodies upon insulin stimulation than it is before insulin stimulation (77, 78).
Interestingly, caveolins are known to directly bind numerous signaling molecules. Thus, it is
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possible to speculate that the temporary interaction between caveolin-3-containing domains
and flotillin-1/GLUT4-containing domains may result not only in the translocation of the
insulin receptor from the former to the latter but also in the movement of a potential
inhibitor of GLUT4 from flotillin-1/GLUT4-containing domains to caveolin-3-containing
domains, leading to GLUT4 activation. However, additional experiments are necessary to
directly prove this hypothesis.
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Flotillin-1 and GLUT4 are part of same protein complex in skeletal muscle cells. A)
Immunoblot analysis. Skeletal muscle cells were left undifferentiated or differentiated for
different periods of time (1 and 5 days). Cell lysates were then subjected to immunoblot
analysis with anti-flotillin-1, anti-GLUT4, and anti-caveolin-3 1gGs. B) Sucrose density
gradient centrifugation. Skeletal muscle cells were differentiated for 5 days, treated with or
without insulin (160 nM for 10 min), and detergent-resistant microdomains (DRMs
fractions) were separated from the bulk of cellular membranes and cytosolic proteins (Non-
DRM s fractions) by equilibrium sucrose density gradient centrifugation. Expression of
flotillin-1 and GLUT4 was examined by imunoblotting analysis using specific antibody
probes. C) Co-immunoprecipitation. Skeletal muscle cells were differentiated for 5 days and
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treated with or without 160 nM insulin for 10 min. Cell lysates were immunoprecipitated
with anti-GLUT4 IgGs. Immunoprecipitates were subjected to Western blotting analysis
using an antibody probe specific for flotillin-1. Immunoprecipitation with beads alone was
used as an internal control. Insulin did not change either flotillin-1 or GLUTA4 total protein
expression (lower panels).
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Figure 2.
Flotillin-1 and GLUT4 move to the sarcolemma in response to insulin in a PI3K/PKC(-

dependent fashion in skeletal muscle cells. A) Immunofluorescence. Differentiated
myotubes were left untreated or treated with insulin (160 nM for 10 min). Localization of
flotillin-1 and GLUT4 was examined using anti-flotillin-1 and anti-GLUT4 IgGs followed
by incubation with fluorescent secondary antibodies. B) Quantification. Quantification of
localization of flotillin-1 and GLUT4 in skeletal muscle cells before and after stimulation
with insulin. Before insulin stimulation, 93 + 6% of cells expressed flotillin-1/GLUT4
around the nucleus and only 7 £ 1.5% at the sarcolemma. After insulin stimulation,
flotillin-1/GLUT4 was found in perinuclear compartments in 32 + 4% of cells and at the
plasma membrane in 68 + 5% of cells. Values are mean = SE; n = 100; *P < 0.005
(intracellular localization +Ins vs. —Ins); **P < 0.005 (plasma membrane localization +Ins
vs. —Ins). C) Skeletal muscle cells were differentiated for 5 days and treated with insulin
(160 nM for 10 min) in the presence or absence of wortmannin (wtm), protein kinase
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CCpseudoinhibitor (PKCC inh.), and PD98059. Expression of flotillin-1 and GLUT4 was
detected as in A. Green: flotillin-1; red: GLUT4; yellow: colocalization between flotillin-1
and GLUT4.
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Figure 3.
Activation of Ins-R/PI3K/Akt pathway occurs 2 min after insulin stimulation and requires

caveolin-3 expression. Control (A, B, C) and caveolin-3 null (B, C) skeletal muscle cells
were differentiated for 5 days and treated with or without insulin (160 nM) for 2, 5, and 20
min. Cell lysates were immunoprecipitated with anti-insulin receptor-p IgGs (A) and IRS-1
IgGs (B), and immunoprecipitates were subjected to immunoblot analysis using specific
antibody probes against phospho-tyrosine proteins (A), and p85 (B). In addition, total cell
lysates were separated by SDS-PAGE and subjected to Western blotting analysis using anti-
phospho-Akt and Akt 1gGs (C). Total IRS-1 and p85 protein expression was not affected by
insulin (data not shown). Moreover, total cell lysates from control and caveolin-3 null
myotubes were subjected to immunoblot analysis with anti-Ins-Rp 1gGs (D). Finally, control
and caveolin-3 null myotubes were left untreated or treated with 10 pM pervanadate for 15
min, and cell lysates subjected to immunaoblot analysis using anti-phospho-Akt and Akt 1gGs

(E).
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Figure4.
GLUT4 translocation and glucose uptake are inhibited in caveolin-3 null cells. A)

Immunofluorescence. Caveolin-3 null cells were differentiated for five days and treated with
160 nM insulin for 10 min. Cells were then incubated with flotillin-1 and GLUT4 IgGs.
Expression of flotillin-1 and GLUT4 was evaluated using fluorescent secondary antibodies.
Green: flotillin-1; red: GLUT4; yellow indicates colocalization between flotillin-1 and
GLUT4. B) Quantification. Quantification of localization of flotillin-1 and GLUT4 in
caveolin-3 null myotubes after insulin stimulation. Flotillin-1/GLUT4 remained localized to
perinuclear compartments in 82 + 7% of cells and moved to sarcolemma in 18 +3 % of cells
after insulin stimulation. Values are mean + SE; n = 100; *P < 0.005 (intracellular
localization KO+Ins vs. CTL+Ins; Fig. 2B); **P <0.005 (plasma membrane localization KO
+Ins vs. CTL+Ins (Fig. 2B). C) Glucose uptake. Skeletal muscle cells derived from control
and caveolin-3 null mice were differentiated for 5 days and treated with or without insulin
(160 nM) for 10 min. 3H-2-deoxy-glucose (1 pCi/ml) was added during the last 5 min of
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incubation. Cells were subsequently solubilized and the 3H content determined by
scintillation counting. Values are mean = SE; n=9; *P <0.005 (CTL+Ins vs. CTL-Ins); **P
<0.01 (KO+Ins vs. CTL+Ins). D) Glucose uptake. Control skeletal muscle cells were
differentiated for 5 days and treated with or without insulin (160 nM for 10 min), in the
presence or absence of the p38 MAP kinase inhibitor SB203580 (SB203580 was also added
to cells during serum starvation for 4 h). Glucose uptake was determined as described in C.
Values are mean + SE; n=9; *P <0.005 (CTL+Ins+SB vs. CTL+Ins-SB). E) Immunoblot
analysis. Differentiated control and caveolin-3 null myotubes were left untreated or treated
with insulin (160 nM) for different periods of time (2, 5, and 20 min). Cell lysates were then
subjected to immunaoblot analysis using an antibody probe specific for the phosphorylated
form of p38 MAP kinase. Immunoblot analysis with anti-p38 MAP kinase 1gGs (lower
panel), which recognize total p38 MAP kinase, indicates that total p38 MAP kinase protein
expression was not modified by insulin treatment.
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Figure5.
Caveolin-3 moves away from the sarcolemma and interacts with GLUT4 after insulin

stimulation. A) Skeletal muscle cells were differentiated for 5 days. Cells were left untreated
(Ieft panel) and treated with insulin (160 nM) for 5 (middle panel) and 10 (right panel) min.
Cells were then incubated with antibody probes specific for caveolin-3 and GLUTA4,
followed by incubations with fluorescent secondary antibodies. Green: caveolin-3; red:
GLUT4; yellow indicates colocalization between caveolin-3 and GLUT4. B) Differentiated
myotubes were left untreated or treated with 160 nM insulin for different periods of time (2,
5, and 20 min). Cell lysates were immunoprecipitated with anti caveolin-3 1gGs.
Immunoprecipitates were then subjected to immunoblot analysis with an antibody probe
specific for flotillin-1. Insulin did not change caveolin-3 and flotillin-1 total protein
expression (lower panels).
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Figure®6.
Activation of the Ins-R/Cbl/C3G pathway occurs 5 min after insulin stimulation. Skeletal

muscle cells were differentiated for 5 days and treated with or without insulin (160 nM) for
2, 5, and 20 min. Cell lysates were immunoprecipitated with anti-Ins-Rp (A), anti-Cbl 1gGs
(B), anti-Crkll 1gGs (B), and anti-C3G IgGs (B, C), and immunoprecipitates subjected to
immunoblot analysis using anti-caveolin-3 IgGs (A), anti-flotillin-1 19Gs (A, B), and anti-
phosphotyrosine IgGs (C). Total caveolin-3, flotillin-1, Cbl, Crkll, and C3G protein
expression was not affected by insulin (data not shown).
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Figure7.
Disruption of flotillin-1-containing domains prevents activation of C3G, movement of

GLUT4 to the sarcolemma, and glucose uptake after insulin treatment. A) Sucrose density
gradient centrifugation. Skeletal muscle cells were differentiated for 5 days and treated with
or without 10 mM methyl-meta-cyclodextrin (MbetaCD) for 1 h before insulin stimulation
(160 nM for 10 min) in the presence or absence of MbetaCD. Detergent-resistant
microdomains (DRMs fractions) were separated from the bulk of cellular membranes and
cytosolic proteins (Non-DRMs fractions) by equilibrium sucrose density gradient
centrifugation. Expression of flotillin-1 and GLUT4 was examined by imunoblotting
analysis using specific antibody probes. B, C) Coimmunoprecipitation. Skeletal muscle cells
were differentiated for 5 days and treated with or without 10 mM methyl-meta-cyclodextrin
(MbetaCD) for 1 h before insulin stimulation (160 nM for 5 min) in the presence or absence
of MbetaCD. Cell lysates were immunoprecipitated with anti-Ins-Rp 1gGs (B) and C3G
IgGs (C). Immunoprecipitates were then subjected to Western blotting analysis with anti-
flotillin-1 1gGs (B, C) and anti-phosphotyrosine IgGs (C). MbetaCD did not change total
InsR-B, flotillin-1, and C3G protein expression (data not shown). D) Immunofluorescence.
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Skeletal muscle cells were differentiated for 5 days and treated with or without 10 mM
methyl-meta-cyclodextrin (MbetaCD) for 1 h before insulin stimulation (160 nM for 10
min) in the presence or absence of MbetaCD. Cells were then incubated with flotillin-1 and
GLUT4 1gGs. Expression of flotillin-1 and GLUT4 was evaluated using fluorescent
secondary antibodies. Green: flotillin-1; red: GLUTA4. E) Glucose uptake. Control skeletal
muscle cells were differentiated for 5 days and treated with or without 10 mM methyl-meta-
cyclodextrin (MbetaCD) for 1 h before insulin stimulation (160 nM for 10 min) in the
presence or absence of MbetaCD. 3H-2-deoxy-glucose (1 uCi/ml) was added during the last
5 min of incubation. Cells were subsequently solubilized, and 3H content was determined by
scintillation counting. Values are mean + SE; n=9; *P < 0.005 (CTL+Ins+MbetaCD vs.
CTL+Ins).
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Figure8.

Down-regulation of flotillin-1 expression prevents insulin-stimulated activation of C3G. A)
Undifferentiated myoblasts were transfected with flotillin-1 siRNA (Flo-1 siRNA).
Transfection with scrambled siRNA was used as a control. Cells were then differentiated to
multinucleated myotubes for 3 days and cell lysates subjected to immunoblot analysis using
an antibody probe specific for flotillin-1. Immunoblot analysis with anti-p-actin 1gGs was
done as an internal control. B) Cells were transfected and differentiated as in A. Cells were
then treated with or without insulin (160 nM) for 5 min. Cell lysates were
immunoprecipitated with anti-C3G IgGs and immunoprecipitates subjected to immunoblot
analysis using anti-flotillin-1 1gGs and anti-phosphotyrosine 1gGs. Total C3G protein
expression is shown in the lower panel.
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Figure9.
Schematic diagram summarizing the modulation of GLUT4 translocation by flotillin-1 and

caveolin-3. Phase | (0-2 min): Upon insulin stimulation, the insulin receptor, which is
localized into caveolar membranes, activates IRS1, which phosphorylates and activates
PI13K, with consequent production of PIP3. PIP3 serves as an allosteric regulator of PDK.
PDK phosphorylates and activates Akt, as well as PKCC, which stimulate the movement of
flotillin-1/GLUT4-containing domains from a perinuclear compartment toward the plasma
membrane. Caveolin-3 expression is necessary for the activation of both PI3K and Akt.
Phase Il (2-5 min): Caveolin-3-containing domains move from the sarcolemma to the
cytoplasm, where they interact with flotillin-1/GLUT4-containing domains. Insulin receptor
now moves from caveolin-3-containing domains to flotillin-1/GLUT4-containing domains,
where it promotes recruiting of Cbl, and Crkll, as well as activation of C3G (indicated as
C3G™*). Flotillin-1 expression is necessary for activation of C3G. Activation of
flotillin-1/Cbl/C3G-dependent, but PI3K-independent, pathway finalizes the movement of
flotillin-1/GLUT4-containing domains to the plasma membrane, where glucose uptake takes
place. Caveolin-3 expression is also required for insulin-dependent activation of p38 MAP
kinase, which is necessary for glucose uptake.

FASEB J. Author manuscript; available in PMC 2015 January 09.



