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Summary

Insulin controls glucose flux into muscle and fat by regulating the trafficking of GLUT4 between the interior and surface
of cells. Here, we show that the AS160 Rab GTPase activating protein (GAP) is a negative regulator of basal GLUT4
exocytosis. AS160 knockdown resulted in a partial redistribution of GLUT4 from intracellular compartments to the plasma
membrane, a concomitant increase in basal glucose uptake, and a 3-fold increase in basal GLUT4 exocytosis. Reexpres-
sion of wild-type AS160 restored normal GLUT4 behavior to the knockdown adipocytes, whereas reexpression of a GAP
domain mutant did not revert the phenotype, providing the first direct evidence that AS160 GAP activity is required for
basal GLUT4 retention. AS160 is the first protein identified that is specially required for basal GLUT4 retention. Our findings
that AS160 knockdown only partially releases basal GLUT4 retention provides evidence that insulin signals to GLUT4
exocytosis by both AS160-dependent and -independent mechanisms.
Introduction

One acute effect of insulin is to stimulate the recruitment of the
GLUT4 glucose transporter from intracellular compartments to
the plasma membrane (PM) of fat and muscle cells (Watson et
al., 2004). Most evidence supports a model in which the
amount of GLUT4 in the PM is dynamic, being determined by
the rates of exocytosis and endocytosis (Holman and Cush-
man, 1994; Jhun et al., 1992; Karylowski et al., 2004; Li et al.,
2001; Rudich and Klip, 2003; Yang and Holman, 1993; Yeh et
al., 1995). In basal adipocytes, GLUT4 is slowly exocytosed
and rapidly internalized and upon insulin stimulation, exo-
cytosis is accelerated and endocytosis is inhibited, resulting in
a net increase of GLUT4 on the PM.

Insulin receptor activation of the Akt/PKB serine/threonine
kinase is necessary for redistribution of GLUT4 to the cell sur-
face, although there is debate as to whether it is sufficient (Bae
et al., 2003; Cho et al., 2001; Jiang et al., 2003; Kanzaki et al.,
2004). Recently, a substrate of Akt has been identified, AS160,
that functions in insulin signaling to GLUT4 movement (Kane
et al., 2002; Sano et al., 2003). AS160, also known as TBC1D4,
has homology with members of the Rab GTPase activating
protein (GAP) family. Rab proteins are GTPases involved in the
regulation of many membrane trafficking processes (Deneka et
al., 2003; Spang, 2004; Zerial and McBride, 2001). The GTP
bound form of Rab proteins is considered the “active state”
and the GDP bound form the “inactive state.” Conversion from
one nucleotide bound form to the other is tightly regulated by
accessory factors, including GAP proteins, which stimulate
GTP hydrolysis and drive the equilibrium toward the GDP form,
and guanine nucleotide exchange factors, which stimulate the
exchange of GTP for GDP and promote activation of Rab pro-
teins. AS160 constructs in which Akt phosphorylation sites
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have been mutated to alanines inhibit insulin-stimulated redis-
tribution of GLUT4 to the PM (Sano et al., 2003; Zeigerer et al.,
2004). It was proposed that AS160 is a negative regulator of
GLUT4 trafficking in basal conditions, with its GAP activity
functioning to maintain a Rab protein(s) that regulates GLUT4
redistribution to the PM in the “inactive” GDP bound form, and
that insulin stimulation results in an inhibition of AS160 GAP
and a concomitant accumulation of the active GTP bound Rab
(Sano et al., 2003).

Here, we show that knockdown of AS160 in adipocytes re-
sults in a partial redistribution of GLUT4 to the PM in basal
conditions. The decreased basal intracellular retention of GLUT4
is correlated with an increased GLUT4 exocytosis in unstimulated
AS160 knockdown adipocytes. Insulin induces a further in-
crease of GLUT4 in the PM of the knockdown adipocytes by
stimulating GLUT4 exocytosis. Transient expression of wild-
type AS160, but not a GAP domain mutant of AS160, rescues
the AS160 knockdown phenotype, providing the first direct evi-
dence that AS160 GAP activity is required for basal GLUT4
retention. The effects of AS160 knockdown are specific for in-
sulin-regulated trafficking pathway, as the trafficking of IRAP is
affected by AS160 knockdown but the behavior of the transfer-
rin receptor is not. In studies of the behavior of GLUT4 during
the transition from basal to insulin-stimulated states, we show
that about 40% of GLUT4 is transiently recruited to the PM
of adipocytes expressing a dominant-inhibitory constitutively
active GAP AS160 mutant. This biphasic behavior indicates
that Akt phosphorylation of AS160 is required for maintaining
redistribution of GLUT4 to the PM, but not for all of the initial
recruitment. The results of this study demonstrate AS160 is
specifically required for GLUT4 retention and they suggest that
factors in addition to AS160 are required for the full intracellular
retention in basal conditions.
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Results

Reduction of AS160 by small-inhibitor RNA increases
GLUT4 on the surface of basal adipocytes
To further assess the role of AS160 in insulin-regulation of
GLUT4 trafficking, we knocked down AS160 using retroviral
constructs containing short-hairpin RNA (shRNA) targeting
AS160 sequences. We also created a retrovirus containing
shRNA sequences that do not target any known gene in the
mouse genome as a control (Mitra et al., 2004). The replication-
defective retroviruses were used to infect 3T3-L1 cells, which
were then selected for growth in puromycin. The surviving cells
were differentiated and the amount of AS160 examined by
Western blotting (Figures 1A and 1B). We chose to study two
of the shRNA constructs that resulted in a pronounced reduc-
tion of AS160. Both of these AS160 shRNA constructs, AS160
Figure 1. shRNA knockdown of mouse AS160 af-
fects expression of GLUT4 on plasma membrane, is
rescued by expression of human AS160, and does
not change the insulin-dose response

A and B) Western blotting of extracts from adipo-
cytes on day 5 postdifferentiation expressing a con-
trol shRNA that does not target any mouse gene or
shRNA AS160 KD1 or shRNA AS160 KD2. Extracts
were prepared from the same number of cells, and
dilutions of the extracts, noted at top of the gel,
were blotted for AS160 and for actin. The actin
levels serve as gel loading controls. In (B), the two
KD2 extracts were from adipocytes prepared from
different infections with the KD2 shRNA.
C–F) Surface-to-total distributions of HA-GLUT4-
GFP in basal and insulin conditions. The surface-
to-total value is the ratio of the HA.11 on surface
(measured in indirect immunofluorescence) to the
GFP in individual cells. This ratio is proportional to
the fraction of GLUT4 on the cell surface. Insulin-
stimulated cells were incubated with 170 nM insulin
for 30 min.
C) The average ±SEM of ten independent paired ex-
periments comparing the control shRNA to shRNA
AS160 KD1 are shown. The paired, two-tailed t test
probabilities (p) are shown.
D) The data are the average of five experiments
±SEM comparing control to AS160 KD2.
E) The average ±SEM of five experiments from con-
trol and AS160 KD2 adipocytes coelectroporated
with HA-GLUT4-GFP and wild-type human AS160
are shown.
F) The average ±SD of three experiments from con-
trol and AS160 KD2 adipocytes electroporated with
HA-GLUT4-GFP alone (none) or coelectroporated
with HA-GLUT4-GFP and the human AS160 R/K
mutant are shown.
G) The amount of HA-GLUT4-GFP on the surface of
control and AS160 KD1 adipocytes as a function of
30 min incubation in various concentrations of insu-
lin. To compare the response of the control and
AS160 KD1 cells, which have different amounts of
HA-GLUT4-GFP on the surface in basal and optimal
insulin, the fractional change in surface HA-GLUT4-
GFP is plotted, which is the difference in HA-
GLUT4-GFP on the surface at each insulin concen-
tration minus the amount on the surface in basal,
divided by the change in surface HA-GLUT4-GFP
measured between 0 and 170 nM insulin. The data
are the average of three experiments ±SD.
264
Knock Down 1 (AS160 KD1): GAGCAAGCCTTTGAAATGC and
AS160 Knock Down 2 (AS160 KD2: GACTTAACTCATCCAA
CGA, reduced AS160 by 70% to 90%.

A GLUT4 reporter containing an exofacial HA epitope and
GFP fused to the carboxyl cytoplasmic domain, HA-GLUT4-
GFP, was used to characterize the behavior of GLUT4 in the
AS160 KD adipocytes (Zeigerer et al., 2002). Knockdown of
AS160 resulted in a 3-fold increase of GLUT4 in the PM of
basal adipocytes and an approximate 20% reduction of GLUT4
on the surface of insulin-stimulated adipocytes (Figures 1C and
1D). The increase in HA-GLUT4-GFP in the PM was measured
by an increase in anti-HA epitope antibody (HA.11) staining on
the cell surface, which measures HA-GLUT4-GFP that has
been inserted into the PM. The increased surface expression
of GLUT4 in basal AS160 KD cells demonstrates a role for
AS160 in basal intracellular retention of GLUT4, establishing
that AS160 is a negative regulator of GLUT4 movement to the
CELL METABOLISM : OCTOBER 2005
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PM. The reduction of GLUT4 on the PM of insulin-stimulated
knockdown cells provides evidence that AS160 has a role in
determining the amount of GLUT4 in the PM in the stimulated
conditions as well. Knockdown of AS160 using the two dif-
ferent AS160 shRNA targeting sequences resulted in similar
phenotypes, indicating that the change in GLUT4 behavior was
due to the specific knockdown of AS160.

The sequences targeted by AS160 KD2 are not identical
between mouse and human (mouse, GACTTAACTCATCCAA
CGA, and human, GACCTAAACTGCAACCCTA). Identity of se-
quence is required for efficient RNAi gene silencing. To confirm
that the change in GLUT4 behavior was due to a knockdown
in AS160, we determined whether human AS160 could rescue
the effects of KD2. In AS160 KD2 adipocytes transiently ex-
pressing human AS160, the surface-to-total distribution of HA-
GLUT4-GFP was indistinguishable from that in control cells, in
both basal and insulin-stimulated conditions (Figure 1E). Thus,
the alteration in GLUT4 distribution in the AS160 KD cells is
due to a reduction of AS160 and not due to a change in ex-
pression of some other protein. The sequences in KD1 are
identical in both mouse and human AS160, and therefore it
was not possible to test for rescue by transfection with hu-
man AS160.

A functional AS160 GAP domain is required
for basal GLUT4 retention
The ability to rescue the AS160 KD phenotype of KD2 cells by
transient transfection of human AS160 provides a means of
testing whether the GAP domain of AS160 is required for basal
retention of GLUT4 (Sano et al., 2003). Transfection of AS160
KD2 cells with a previously described AS160 R/K mutant, in
which the critical arginine of the GAP domain has been mu-
tated to lysine, thereby inactivating the GAP activity (Miinea et
al., 2005; Sano et al., 2003), does not restore basal GLUT4
intracellular retention (Figure 1F). These data provide the first
direct evidence that a functional AS160 GAP domain is re-
quired for basal retention of GLUT4.

AS160 knockdown does not affect
insulin signal transduction
The insulin dose-response in AS160 KD adipocytes was un-
changed compared to control cells, which document that the
phenotype of the AS160 KD cells results from a change in traf-
ficking of GLUT4 rather than a change in sensitivity to insulin
(Figure 1G). Furthermore, HA-GLUT4-GFP on the surface of
AS160 KD adipocytes rapidly increased after addition of insu-
lin, reaching a steady-state surface level within 10 min (see
Figure S1 in the Supplemental Data available with this article
online). The rise to a new stable plateau was similar to the
change in surface GLUT4 in control cells, demonstrating that
the reduced GLUT4 translocation in the AS160 KD cells is not
due to a delay in redistribution of GLUT4 to the cell surface.

Insulin-stimulated redistribution of GLUT4 to the PM requires
activation of phosphoinositide 3 kinase (PI 3 kinase). 100 nM
wortmannin, a PI 3 kinase inhibitor, inhibited insulin-stimulated
translocation of HA-GLUT4-GFP to the PM of AS160 KD cells,
without affecting the amount of HA-GLUT4-GFP in the PM of
basal AS160 KD adipocytes (Figure S1). Thus, insulin recruits
GLUT4 to the PM of AS160 KD adipocytes by a PI 3 kinase-
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dependent mechanism, and the increase of GLUT4 in the PM
of basal AS160 KD adipocytes is not due to an inappropriate
activation of PI 3 kinase.

The amount of AS160 expressed is not linearly
correlated with GLUT4 retention
Translocation of GLUT4 is measured in single cells using the
HA-GLUT4-GFP reporter (Lampson et al., 2001; Zeigerer et al.,
2002). It was of interest to determine, at an individual cell level,
whether there is a linear (or graded) correlation between the
amount of AS160 expressed and the degree of GLUT4 reten-
tion. In control adipocytes, AS160 was in a punctate distribu-
tion, with some concentration in the perinuclear region (Figure
2A). There was only a partial overlap between HA-GLUT4-GFP
and AS160, most prominently in the perinuclear region. The
reduction in AS160 was readily apparent in the KD cells. The
HA-GLUT4-GFP (GFP fluorescence) pattern was not greatly al-
tered in the AS160 KD cells, although there was an increase in
diffuse GFP, probably reflecting HA-GLUT4-GFP in the PM. The
3-fold increase in HA-GLUT4-GFP in the PM was evident in the
increased HA.11 staining of AS160 KD adipocytes.

In control cells, there was a 3-fold range of expression of
AS160 among individual cells; however, the degree of GLUT4
retention was constant over this range and there was no corre-
lation between AS160 expression and the insulin-stimulated re-
distribution of GLUT4 to the PM (Figure 2B). The majority of the
AS160 KD cells expressed AS160 at a level below the range
observed in controls cells, and the distribution of GLUT4 in
basal AS160 KD cells was shifted toward the cell surface.
There was no linear or graded correlation between the amount
of AS160 expressed in the KD cells and the surface-to-total
distribution of GLUT4. Rather, it appears as if a certain amount
of AS160 is required for proper basal GLUT4 retention and
once the amount drops below this threshold there is a partial
redistribution of GLUT4 to the PM. The GLUT4 surface-to-total
distribution in insulin-stimulated AS160 KD cells was not lin-
early correlated with the amount of AS160 expressed per cell.

AS160 knockdown elevates basal glucose transport
In both control and AS160 KD basal adipocytes, endogenous
GLUT4 was localized to the perinuclear region and distributed
throughout the cytoplasm in small punctate structures (Figure
2C). In some of the KD adipocytes, the increase in surface
GLUT4 was apparent, but this was not the case for all AS160
KD cells. The expression of endogenous GLUT4 in AS160 KD
cells provides evidence that the knockdown of AS160 did not
grossly inhibit differentiation (also see below). Staining of
GLUT4 in insulin-stimulated control and AS160 KD adipocytes
did not reveal any significant differences, with the redistribution
of GLUT4 into the PM apparent in both cases (Figure 2C).

In qualitative agreement with GLUT4 distribution measured
by HA-GLUT4-GFP, basal 3H-2-deoxy-glucose uptake into
AS160 KD adipocytes was about 2-fold higher than in adipo-
cytes expressing the control shRNA (Figure 2D). Insulin-stim-
ulated glucose uptake into AS160 KD adipocytes was also re-
duced by a small amount, consistent with the small reduction
in HA-GLUT4-GFP on the surface of insulin-stimulated AS160
KD cells.

The quantitative differences in GLUT4 behavior between
control and AS160 KD cells measured by hexose uptake are
smaller than measured by HA-GLUT4-GFP (Figures 1 and 2D).
This is not surprising since hexose uptake is not a direct mea-
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Figure 2. The effect of AS160 KD on GLUT4 distri-
bution examined in individual cells, on hexose up-
take, on differentiation, and on the behavior of IRAP
and TR

A) The surface-to-total HA-GLUT4-GFP distribu-
tions and the amount of AS160 expressed were de-
termined in unstimulated individual control and
AS160 KD1 cells. Surface HA-GLUT4-GFP was
quantified by indirect immunofluorescence of HA.11
of fixed cells. Following staining for surface HA.11,
the cells were permeabilized and AS160 quantified
by indirect immunofluorescence. The images were
collected with a 40× objective.
B) Each symbol is the surface-to-total HA-GLUT4-
GFP distribution in an individual cell. The data for
the control shRNA basal adipocytes and the basal
AS160 KD1 are pooled from three experiments; the
data for the insulin-stimulated AS160 KD1 are from
two experiments, and the data for control shRNA
insulin-stimulated adipocytes are from a single ex-
periment. In each experiment, the surface-to-total
values of the individual cells were normalized to the
average surface-to-total value of the control basal
cells in that experiment, and the amount of AS160
per cell, detected by indirect immunofluorescence,
was normalized to the average AS160 in control
basal cells in that experiment. The AS160 immuno-
fluorescence values shown were not corrected for
background. The AS160 fluorescence is in arbitrary
fluorescence units (AFU) with 1 being the average
value in control cells. Surface-to total values from
83 basal and 19 insulin-stimulated shRNA control
adipocytes and 69 basal and 37 insulin-stimulated
KD1 adipocytes are plotted.
C) Images of endogenous GLUT4 in basal and insu-
lin-stimulated control and AS160 KD1 adipocytes 5
days postdifferentiation determined by indirect im-
munofluorescence. Images were collected using a
40× objective.
D) 3H-2-deoxy-glucose uptake in adipocytes ex-
pressing control shRNA or AS160 KD1 shRNA. The
average ±SD of four experiments measuring uptake
in day 10 adipocytes are shown. In each experi-
ment, the uptake of 3H-2-deoxy-glucose was nor-
malized to the uptake in basal control adipocytes.
Paired, two-tailed t test probabilities (p) are shown.
E) Western blot analysis of protein expression in day
5 shRNA control and AS160 KD2 adipocytes. Ex-
tracts of each cell type were prepared from the
same number of adipocytes and the same volume
of extract was run per lane of the gel.

F) The average ±SD of the surface-to-total distribution of the IRAP-TR chimera and the human TR determined in three experiments are shown. The data from the
individual experiments are normalized to the surface-to-total value for the TR in basal adipocytes expressing the control shRNA construct.
sure of GLUT4 in the PM, as GLUT1 in the PM also contributes
to both basal and insulin-stimulated 3H-2-deoxy-glucose up-
take. There was no difference in the amount of GLUT1 ex-
pressed in AS160 KD cells and control adipocytes (not shown)
and therefore the changes in 3H-2-deoxy-glucose uptake in
AS160 KD adipocytes are likely due to an effect of AS160 on
the amount of endogenous GLUT4 in the PM in basal and insu-
lin-stimulated conditions, with the magnitude of the changes
measured by hexose uptake blunted by the contribution of
GLUT1.

AS160 knockdown adipocytes differentiated normally
The AS160 KD adipocytes are morphologically indistinguish-
able from control adipocytes, with both accumulating signifi-
cant lipids by day 5 of differentiation (Figure S2). Both PPARγ
and C/EBPα, two transcription factors critical for adipocyte dif-
266
ferentiation (Rosen, 2002), are properly expressed in the AS160
KD cells (Figure 2E). Two additional markers of differentiation
are GLUT4 and IRAP, both of which are properly expressed in
the AS160 KD cells (Figure 2E). These data argue that the de-
fects in GLUT4 trafficking in AS160 KD cells are not due to a
defect in differentiation of the AS160 KD adipocytes. Further-
more, the fact that transient reexpression of AS160 KD adipo-
cytes reverts the GLUT4 trafficking to wild-type (Figure 1E) also
provides evidence that the KD phenotype is due to loss of
AS160 and not due to altered differentiation.

AS160 KD affects IRAP but not transferrin-receptor
distribution
IRAP, a transmembrane aminopeptidase, is the only other
membrane protein known to traffic with GLUT4 by the insulin-
CELL METABOLISM : OCTOBER 2005
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regulated recycling pathway (Keller et al., 2002; Ross et al., 1997).
As a reporter for IRAP behavior, we used a chimera in which
the cytoplasmic domain of IRAP is substituted for that of the
transferrin receptor (Johnson et al., 1998; Subtil et al., 2000;
Zeigerer et al., 2002). AS160 knockdown induced a redistribu-
tion of IRAP-TR to the PM of basal adipocytes as well as a
small reduction in the amount of IRAP-TR in the PM of stim-
ulated cells (Figure 2F). The insulin-stimulated fold transloca-
tion of IRAP-TR to the PM of AS160 KD adipocytes was
smaller than that of HA-GLUT4-GFP (Figures 1C and 1D to
Figure 2F). We do not know the reason for this small difference.
Regardless, the change in behavior of IRAP-TR is consistent
with AS160 knockdown affecting the insulin-regulated pathway
and not just GLUT4.

The transferrin receptor (TR) is a reporter of general endo-
cytic trafficking. The distribution of the TR between the interior
and cell surface is only slightly affected by insulin (increased
by 2-fold or less; Tanner and Lienhard, 1987; Zeigerer et al.,
2002). AS160 knockdown had no significant effect on the sur-
face-to-total distribution of the TR in basal or insulin stimulated
conditions, indicating that reduction of AS160 does not perturb
general endocytic trafficking (Figure 2F).

AS160 knockdown increases basal GLUT4
exocytosis by 3-fold
We next compared the recycling kinetics of HA-GLUT4-GFP in
control and AS160 KD adipocytes (Figure 3A). Exocytosis is
measured by incubating cells in medium containing anti-HA
epitope antibody HA.11. Any HA-GLUT4-GFP that appears on
the surface during the incubation is bound by HA.11 and re-
mains bound regardless of whether it remains on the surface
or is internalized (Karylowski et al., 2004; Zeigerer et al., 2002,
2004). Total cell-associated HA.11 increases with time of incu-
bation until all HA-GLUT4-GFP has cycled to the PM, with the
rise to this plateau level determined by the exocytosis rate con-
stant. Cell-associated HA.11 reached a plateau by 200 min in
AS160 KD adipocytes, whereas a plateau was not reached un-
til about 500 min in control adipocytes. The exocytosis rate
constants calculated from these data demonstrated that
GLUT4 was recycled to the cell surface about 3-fold faster in
basal AS160 KD adipocytes than in control cells, directly es-
tablishing a role for AS160 in the regulation of basal GLUT4
exocytosis (Figure 3B).

The same method was used to examine the exocytosis of
GLUT4 in insulin-stimulated adipocytes. In this case, the cells
were incubated with insulin for 30 min and then incubated in
medium with insulin and HA.11 antibody. Insulin stimulated a
3- to 4-fold increase in GLUT4 exocytosis in AS160 KD adipo-
cytes (Figures 3C and 3D). Exocytosis of GLUT4 in the AS160
KD cells was slightly slower than in control cells, although this
trend did not reach statistical significance.

AS160 knockdown affects the distribution of GLUT4
between endosomes and specialized
GLUT4/IRAP compartment
We next used an HRP ablation method to examine the distribu-
tion of HA-GLUT4-GFP between TR-containing endosomes and
the GLUT4/IRAP specialized compartment (Lampson et al., 2001;
Martin et al., 1996; Zeigerer et al., 2002). HRP-Tf is delivered to
endosomes by uptake via the TR and to endosomes and the
GLUT4/IRAP specialized compartment by uptake via IRAP-TR
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(Karylowski et al., 2004; Zeigerer et al., 2002). HA.11 epitopes in
the same compartments as the internalized HRP-Tf are ablated
by the HRP-catalyzed polymerization of diaminobenzidene. In
control adipocytes, HRP-Tf delivered to cells by IRAP-TR ab-
lated nearly all the internalized HA.11, indicating extensive co-
localization of IRAP-TR and HA-GLUT4-GFP, whereas HRP-Tf
delivered by TR ablated about half of the HA.11, indicating that
only half of the HA-GLUT4-GFP in basal adipocytes was in TR-
containing endosomes (Figures 3E and 3F). In basal AS160 KD
cells, there was a significant increase in ablation of HA.11 with
HRP-Tf internalized by TR and no change in the ablation by
HRP-Tf internalized by IRAP-TR (Figure 3E). In basal AS160
KD adipocytes, about 70% of intracellular GLUT4 was in TR-
containing endosomes, compared to about 50% in control adi-
pocytes (Figure 3F). Thus, AS160 knockdown resulted in a shift
in the intracellular distribution of GLUT4 from the GLUT4/IRAP
specialized compartment to endosomes.

Insulin transiently recruits GLUT4 to the PM in cells
expressing a dominant-interfering AS160
We have previously shown that expression of the AS160 mu-
tated in four of the six Akt phosphorylation sites, which we
refer to here as dominant-interfering AS160 (DI-AS160, which
has been referred to as AS160-4P), abrogates the steady-state
accelerated exocytosis kinetics of GLUT4 in the presence of
insulin (Sano et al., 2003; Zeigerer et al., 2004). To examine the
effect of the DI-AS160 on the transition of GLUT4 from basal
to insulin-stimulated conditions, we compared the amount of
HA-GLUT4-GFP on the surface of cells as a function of time in
insulin (Figure 4A). In control adipocytes, the amount of GLUT4
on the surface rapidly increased to a new plateau level within
10 min of insulin treatment, and this time was not affected by
overexpression of wild-type AS160. In cells expressing DI-AS160,
there was a rise in surface HA-GLUT4-GFP, peaking at about
five times the basal level within 5 min of insulin treatment (Fig-
ure 4B). However, unlike the case in control cells, this increase
in surface HA-GLUT4-GFP was only transiently maintained,
with surface GLUT4 decaying by 15 min to a plateau about
3-fold above basal. The reduced steady-state redistribution of
GLUT4 to the PM of cells expressing DI-AS160, which was
about 30% of the control translocation, was in agreement with
the results of previous studies (Sano et al., 2003; Zeigerer et
al., 2004). The transient rise in surface GLUT4 indicates that in
cells expressing DI-AS160, insulin can initially recruit GLUT4 to
the surface but this increase cannot be fully maintained.

To more closely examine the behavior of GLUT4 during the
transition from basal to insulin stimulated conditions, we exam-
ined how much of the GLUT4 is rapidly recruited to the cell
surface DI-AS160 adipocytes. HA.11 and insulin were simulta-
neously added to cells, so that HA-GLUT4-GFP rapidly re-
cruited to the surface would be bound by HA.11. In control
cells, total cell-associated HA.11 leveled off at about 30 to 40
min, and there was no significant increase in cell-associated
HA.11 when the incubation was continued for 480 min (Figure
4C). These data show that the insulin-recruitable intracellular
pool of HA-GLUT4-GFP moved to the PM within 40 min of
insulin addition, consistent with previous observations (Govers
et al., 2004; Karylowski et al., 2004). In DI-AS160 adipocytes,
the increase in total cell-associated HA.11 was biphasic. Ap-
proximately 40% of intracellular GLUT4 was labeled within 40
min of insulin addition (Figure 4C). Upon prolonged incubation,
267
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Figure 3. HA-GLUT4-GFP exocytosis kinetics and
distribution among intracellular compartments

A) A representative experiment of basal GLUT4 exo-
cytosis kinetics. The data are the average ±SEM of at
least 20 cells per time point. Cell-associated HA.11
was calculated as the ratio of HA.11, measured by
indirect immunofluorescence with a Cy3-labeled goat
anti-mouse-IgG. The GFP fluorescence was used as
a measure of total HA-GLUT4-GFP expressed per
cell. All points were collected using the same Cy3 and
GFP exposure times. The lines are a fit of the data
to (Cy3/GFP)t = (HA-GLUT4-GFP)plateau − [(HA-
GLUT4-GFP)intracellular*(e-kexo*t)]; where kexo is the
exocytosis rate constant, t is time of incubation,
(Cy3/GFP)t is cell-associated HA.11 at time t, (HA-
GLUT4-GFP)plateau is the Cy3-to-GFP plateau level,
and (HA-GLUT4-GFP)intracellular is the amount of HA-
GLUT4-GFP intracellular at time 0. In this experi-
ment, the kexo measured were 0.006 min−1 and
0.025 min−1 for the control and AS160 KD, respec-
tively.
B) The average basal kexo measured in four inde-
pendent experiments ±SD.
C) A representative experiment of steady-state insu-
lin-stimulated GLUT4 exocytosis kinetics. Cells
were prestimulated with 170 nM insulin for 30 min
and the time course of HA.11 uptake in the contin-
ued presence of insulin was measured. The data are
the average ±SEM of at least 20 cells per time point.
The lines are a fit of the data to the equation as
discussed for (A). In this experiment, the insulin-
stimulated kexo measured were 0.09 min−1 and 0.07
min−1 for the control and AS160 KD, respectively.
D) The average insulin-stimulated kexo measured in
three independent experiments ±SD.
E) Distribution of GLUT4 between endosomes and
the specialized GLUT4/IRAP compartment is altered
by AS160 knockdown. Colocalization of HA-GLUT4-
GFP with TR and IRAP-TR determined by HRP abla-
tion. Data from a representative experiment are
shown. The values are the amount of HA.11 de-
tected by immunofluorescence of permeabilized
cells, normalized to the GFP fluorescence per cell.
The data are the average of values from at least 20
cells ±SEM. Cells cotransfected with HA-GLUT4-
GFP and TR, or HA-GLUT4-GFP and IRAP-TR, were
incubated with HA.11 antibody and Tf-HRP for 240
min. The no-ablation control cells were incubated in
HA.11 antibody but no Tf-HRP. Tf-HRP in intracellu-
lar compartments converts DAB in the presence of

H2O2 into a polymer that ablates epitopes within that compartment (Karylowski et al., 2004; Lampson et al., 2001). The amount of HA.11 bound HA-GLUT4-GFP in
compartments that contain TR or IRAP TR was determined by immunofluorescence of saponin-permeabilized cells.
F) The average results for the distribution of intracellular GLUT4 between endosomes and the specialized compartment determined in four independent experiments ±SD.
the cell-associated HA.11 slowly rose to a level at 480 min that
was similar to the plateau reached in control cells at 40 min.
This slow rise is the slow exocytosis rate previously measured
for GLUT4 at steady state in insulin-stimulated adipocytes ex-
pressing DI-AS160 (Zeigerer et al., 2004). The behavior of HA-
GLUT4-GFP in the transition from basal to insulin-stimulated
conditions in DI-AS160 adipocytes indicated that about 40%
of GLUT4 was rapidly recruited to the cell surface, yet this in-
crease in expression of GLUT4 on the PM was not fully main-
tained in the presence of DI-AS160.

Although the quantitative differences between control and
DI-AS160-expressing cells in the transition from basal to insu-
lin-stimulated steady state were readily apparent, this was not
reflected in differences in the morphology of the compartments
containing HA.11 in the different conditions (Figure S3). Thus,
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the two pools of GLUT4 detected by the kinetic analysis of DI-
AS160-expressing adipocytes were not distinguishable at the
level of light microscopy.

Discussion

Here, we establish that the AS160 RabGAP is essential for
basal GLUT4 intracellular retention. This is the first demonstra-
tion of a protein specifically required for the GLUT4 retention.
Knockdown of AS160 results in an acceleration of basal
GLUT4 exocytosis, directly demonstrating a role for AS160 as
a negative regulator of GLUT4 exocytosis. The effects of
AS160 knockdown on GLUT4 are not due to perturbations of
general membrane recycling. AS160 knockdown did not
change the responsiveness of adipocytes to insulin, since nei-
CELL METABOLISM : OCTOBER 2005
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Figure 4. Effect of DI-AS160 on GLUT4 surface ex-
pression during the transition from basal to insulin-
stimulated state

A) The time course for insulin-stimulated recruit-
ment of HA-GLUT4-GFP into the plasma membrane
measured in adipocytes expressing HA-GLUT4-
GFP (control) and coexpressing wild-type human
AS160, or DI-AS160. The data for the control and
DI-AS160 cells are the averages of six experiments
±SEM, and the data for the wild-type AS160 is the
average ±SD of two experiments. The values for
each experiment were normalized to the plateau
level in the control cells of the individual experi-
ments.
B) Data from DI-AS160 in (A) on an expanded y axis.
The 5 and 7 min points are significantly different
from the 30 min point with probabilities of *p < 0.05
and **p < 0.001, two-tailed, paired t test.
C) Cells were incubated in the presence of insulin
and a saturating concentration of HA.11 antibody.
At the specified times, the cells were washed, fixed,
and total cell-associated HA.11 antibody detected

by quantitative immunofluorescence microscopy of permeabilized cells. The data are the averages ±SEM of six experiments, except the 480 min time point, which is
the average data from 22 cells measured in a single experiment. The values for each experiment were normalized to surface-to-total ratio of the 30 min time point in
the control cells of the individual experiments.
ther the time required to reach a new steady state GLUT4 dis-
tribution in insulin nor the concentration of insulin to stimulate
translocation were altered. AS160 knockdown had a small but
reproducible inhibitory effect on the insulin-stimulated redistri-
bution of GLUT4 into the PM, documenting an unanticipated
role for AS160 in maintaining GLUT4 on the surface in insulin-
stimulated cells.

The results of studies of both AS160 KD adipocytes and adi-
pocytes expressing the DI-AS160 are consistent with AS160
functioning as a negative regulator of basal GLUT4 exocytosis.
In the knockdown cells, a loss of AS160 results in a change in
basal retention, as would be expected by loss of a negative
regulator of basal exocytosis. On the other hand, expression
of the DI-AS160 (whose GAP activity is not inhibited by insulin)
has a pronounced affect on the behavior of GLUT4 in insulin-
stimulated adipocytes, as anticipated for an unregulated nega-
tive regulator of GLUT4 exocytosis (Miinea et al., 2005; Sano
et al., 2003; Zeigerer et al., 2004).

Reduction of AS160 also induced a shift in the distribution
of GLUT4 from the GLUT4/IRAP compartment toward endo-
somes. This effect is similar to the effect of insulin on intracellu-
lar distribution of GLUT4 in control adipocytes (Bryant et al.,
2002; Karylowski et al., 2004). In basal conditions, GLUT4 rap-
idly cycles between endosomes and the GLUT4/IRAP com-
partment (Bryant et al., 2002; Karylowski et al., 2004). A plausi-
ble explanation for the effect of AS160 KD, as well of that of
insulin in wild-type adipocyte cells, is that in the absence of
AS160 or the presence of insulin, the rate constant for move-
ment of specialized GLUT4-containing vesicles to and/or their
fusion with the PM is markedly increased. As a consequence,
the amount of GLUT4 in the specialized compartment de-
creases, relative to that in the endosome. Based on this expla-
nation, in the basal state AS160 may function to prevent GLUT4-
containing vesicle movement and/or fusion with the PM.

Our data establish a role for AS160 in the regulation of
GLUT4 insertion into the membrane, although future studies
are required to identify the exact site(s) of AS160 action. Identi-
CELL METABOLISM : OCTOBER 2005
fying the downstream target(s) of AS160 will be important for
defining AS160 mode and site(s) of action. In this regard, our
demonstration that the phenotype of the knockdown cells was
reverted by transient expression of AS160, but not transient
expression of an AS160 GAP domain mutant, provides the first
direct evidence that AS160 GAP activity is required for GLUT4
retention in adipocytes and thereby provide critical support for
the model that the target Rab protein(s) of AS160 regulates
GLUT4 movement to the PM. Additional support for the AS160
Rab GAP model comes from the recent report that several Rab
proteins are targets of AS160 GAP activity in vitro, although the
role of these Rab proteins in GLUT4 trafficking has not been
established (Miinea et al., 2005).

Munc18c, a member of the sec1p/Munc18 family of proteins
that regulate the assembly of the SNARE fusion complex, has
been suggested as a possible target of AS160 regulation
(James, 2005). Adipocytes in which Munc18c has been
knocked out have a greater sensitivity to insulin; however, un-
like the case of AS160 KD, there was no increase in PM GLUT4
in basal Munc18c knockout adipocytes, establishing that
Munc18c is not required for basal retention (Kanda et al.,
2005). Therefore, it is unlikely that Munc18c is a target of
AS160 regulation, since if this were the case Munc18c knock-
out would have resulted in a similar loss of basal GLUT4 reten-
tion, as did AS160 KD.

Is AS160 an obligate intermediate for all of insulin
signaling to GLUT4 exocytosis?
The rate of basal GLUT4 exocytosis in AS160 KD adipocytes
was three times greater than that in control cells. Still, insulin
stimulated a near 4-fold acceleration of GLUT4 exocytosis in
the AS160 KD cells, demonstrating an effect of insulin on
GLUT4 movement in the knockdown adipocytes. These data
clearly establish an important role for AS160 as a negative reg-
ulator of GLUT4 trafficking. However, AS160 knockdown did
not completely mimic the stimulatory effect of insulin on
GLUT4 exocytosis, as would be the case if AS160 was an obli-
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gate intermediate for all of insulin signaling to GLUT4 exo-
cytosis. One interpretation of these data is that the partial ef-
fect on GLUT4 exocytosis is due to the incomplete knockdown
of AS160, with the AS160 remaining in the knockdown adipo-
cytes sufficient to partially, but not completely, inhibit basal
GLUT4 exocytosis. An alternative interpretation of the data,
which we favor, is that insulin signals to GLUT4 exocytosis
through both AS160-dependent and -independent mecha-
nisms. Our observation that the effect of insulin on GLUT4 in
AS160 KD cells is inhibited by 100 nM wortmannin indicates
that the AS160-independent regulation is also downstream of
PI 3 kinase activation.

Several observations argue against the view that the partial
loss of retention results from an incomplete knockdown of
AS160. If the partial effects on GLUT4 trafficking are due to
residual AS160, then the amount of AS160 in the knockdown
cells is necessarily limiting. Consequently, the degree of
GLUT4 retention would be sensitive to small variations in the
amount of AS160 expressed in the individual knockdown cells.
This is not what we observed. Within the limits of the sensitivity
of the immunofluorescence assay used to quantify AS160 ex-
pression per cell, we did not find a linear correlation between
the amount of AS160 expressed and the degree of GLUT4 re-
tention in individual cells. This lack of a graded correlation
between AS160 and GLUT4 retention is more in line with the
proposal of additional AS160-independent regulation of exo-
cytosis.

The studies of DI-AS160, a completely different perturbation
of AS160 function, also suggest insulin signaling to GLUT4
exocytosis that is independent of Akt/PKB phosphorylation of
AS160. In cells expressing DI-AS160, insulin-stimulated re-
cruitment of GLUT4 to the PM is biphasic, with a rapid recruit-
ment of about 40% of GLUT4 and a slow recruitment of the
remaining GLUT4. Finally, in addition to our analysis of AS160,
the results of several recent studies also support regulation of
GLUT4 exocytosis at multiple steps. Insulin can stimulate a re-
localization of GLUT4-containing vesicles to the cell periphery
independent of fusion of these vesicles with the PM (Kanda et
al., 2005; Semiz et al., 2003; van Dam et al., 2005).

Many studies have documented the complexity of the
GLUT4 trafficking pathway. The model emerging from recent
studies of GLUT4 trafficking is that its exocytosis is regulated
at multiple steps. In a multistep retention mechanism, regula-
tion of sequential steps gives rise to a net GLUT4 exocytosis
rate that is slower than any one of the individual steps. Since
each of the regulated steps contributes to the net exocytosis
rate, the loss of regulation of any one step would not fully reca-
pitulate the effects of insulin on GLUT4 exocytosis. The view
that insulin modulates GLUT4 in the PM by altering numerous
aspects of this process is mirrored by the molecular complexity
of insulin receptor signal transduction. It is possible that dif-
ferent molecular branches of insulin signal transduction in-
tersect GLUT4 trafficking at distinct sites; in which case, sig-
naling to GLUT4 vesicles is not a linear sequence culminating
at one site but rather the sum effect of regulation of multiple
sites responsible for the basal GLUT4 retention.

Experimental procedures

Ligands and chemicals
Fluorescent antibodies were purchased from Jackson Immunolabs, Inc.
(West Grove, Pennsylvania). Anti-GLUT4 antibody was a gift from Sam
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Cushman. Mouse anti-HA monoclonal antibody (HA.11) was purified from
ascites (Covance, Berkley, California) using a protein G affinity column (Am-
ersham, Uppsala, Sweden). The concentration of HA.11 required to saturate
the HA-epitope of HA-GLUT4-GFP was determined for each preparation of
antibody as previously described (Karylowski et al., 2004). The anti AS160
antibody is an affinity-purified rabbit antibody prepared against a GST fu-
sion protein with a portion of mouse AS160 corresponding to amino acids
584-833 of human AS160.

Cell culture and electroporation
The methods for electroporation have been described (Zeigerer et al., 2002).
The HA-GLUT4-GFP and various AS160 constructs have been described
(Kane et al., 2002; Lampson et al., 2001; Sano et al., 2003; Zeigerer et al.,
2004).

Preparation of shRNA retroviral constructs
The pSiren RetroQ system from BD Clontech Biosciences was used ac-
cording to the manufacturer’s instructions. Amphopak packaging cells were
transfected with the retroviral cDNA (BD Clontech Biosciences), and culture
medium from the packaging cells, harvested between 24 and 48 hr post-
transfection, was used to infect 3T3-L1 cells (Wertheim et al., 2004). The
infected cells were selected for growth in puromycin and the surviving cells
were pooled, aliquots frozen and some of the cells differentiated, and the
behavior of GLUT4 characterized. Pooled knockdown cells were not carried
for more than two passages. In the course of this study, multiple batches
of both AS160 KD1 and KD2 cells were prepared and we did not find any
significant variation in the behavior of GLUT4 among cells derived from
different infections.

Kinetic studies
All live cell incubations were performed in serum-free DMEM with 20 mM
sodium bicarbonate, 20 mM HEPES (pH7.2) (SF-DMEM) at 37°C in 5%
CO2. In all experiments, adipocytes were preincubated in SF-DMEM me-
dium for at least 180 min at 37°C in 5% CO2/air (basal conditions). For
indirect immunofluorescence, cells were fixed with 3.7% formaldehyde, in-
cubated with primary antibody in 150 mM NaCl, 20 mM HEPES, 1 mM
CaCl2, 5 mM KCl, 1 mM MgCl2 (pH 7.2) (med 1) with 1% calf serum for 60
min at 37°C, washed extensively with med 1, and incubated with fluores-
cent secondary antibody in med 1 with 1% calf serum. For indirect immuno-
fluorescence of permeabilized cells, med 1 with 250 �M saponin was used
for incubations and washes.

The methods for measuring the surface-to-total distribution of HA-GLUT4-
GFP, IRAP-TR, and TR and for measuring the efflux kinetics of HA-GLUT4-
GFP have been described in detail elsewhere (Karylowski et al., 2004;
Lampson et al., 2001; Zeigerer et al., 2002; 2004).

Fluorescence quantification
All images were collected on a DMIRB inverted microscope using a 40×
1.25 numerical aperture oil immersion objective (Leica Microsystems, Deer-
field, Illinois) and a cooled charge-coupled device 12-bit camera (Princeton
Instruments, West Chester, Pennsylvania). Image quantification was done
as described previously (Dunn et al., 1994; Lampson et al., 2000).

Hexose transport
Hexose transport activity of cells was assayed by the uptake of 3H-2-
deoxy-glucose at 37°C, as described (Gibbs et al., 1988).

Distribution between endosomes and the specialized compartment
The distribution of HA-GLUT4-GFP between endosomes and the special-
ized compartment was determined using a previously described HRP abla-
tion assay (Johnson et al., 1996; Karylowski et al., 2004; Mayor et al., 1998;
Zeigerer et al., 2002).

Supplemental data
Supplemental Data include three figures and can be found with this article
online at http://www.cellmetabolism.org/cgi/content/full/2/4/263/DC1/.
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