
Molecular Biology of the Cell
Vol. 21, 2034–2044, June 15, 2010

Insulin-regulated Aminopeptidase Is a Key Regulator of
GLUT4 Trafficking by Controlling the Sorting of GLUT4
from Endosomes to Specialized Insulin-regulated Vesicles
Ingrid Jordens,* Dorothee Molle,*† Wenyong Xiong,*† Susanna R. Keller,‡
and Timothy E. McGraw*

*Department of Biochemistry, Weill Medical College of Cornell University, New York, NY 10065; and
‡Division of Endocrinology, Department of Medicine, University of Virginia, Charlottesville, VA 22908

Submitted February 24, 2010; Revised March 30, 2010; Accepted April 14, 2010
Monitoring Editor: Benjamin S. Glick

Insulin stimulates glucose uptake by regulating translocation of the GLUT4 glucose transporter from intracellular
compartments to the plasma membrane. In the absence of insulin GLUT4 is actively sequestered away from the general
endosomes into GLUT4-specialized compartments, thereby controlling the amount of GLUT4 at the plasma membrane.
Here, we investigated the role of the aminopeptidase IRAP in GLUT4 trafficking. In unstimulated IRAP knockdown
adipocytes, plasma membrane GLUT4 levels are elevated because of increased exocytosis, demonstrating an essential role
of IRAP in GLUT4 retention. Current evidence supports the model that AS160 RabGAP, which is required for basal
GLUT4 retention, is recruited to GLUT4 compartments via an interaction with IRAP. However, here we show that AS160
recruitment to GLUT4 compartments and AS160 regulation of GLUT4 trafficking were unaffected by IRAP knockdown.
These results demonstrate that AS160 is recruited to membranes by an IRAP-independent mechanism. Consistent with a
role independent of AS160, we showed that IRAP functions in GLUT4 sorting from endosomes to GLUT4-specialized
compartments. This is revealed by the relocalization of GLUT4 to endosomes in IRAP knockdown cells. Although IRAP
knockdown has profound effects on GLUT4 traffic, GLUT4 knockdown does not affect IRAP trafficking, demonstrating
that IRAP traffics independent of GLUT4. In sum, we show that IRAP is both cargo and a key regulator of the
insulin-regulated pathway.

INTRODUCTION

Insulin stimulates glucose uptake into adipose and muscle
cells by inducing translocation of glucose transporter 4
(GLUT4) glucose transporters from intracellular compart-
ments to the plasma membrane (PM; Huang and Czech,
2007; Antonescu et al., 2009). Adipose and muscle cells
have a specialized mechanism to retain GLUT4 intracel-
lularly in the absence of insulin, thereby keeping the
amount of GLUT4 in the PM and the flux of glucose into
those cells low in the fasted state. In unstimulated cells,
GLUT4 is actively sequestered away from the general
recycling endosomes into GLUT4-specialized compart-
ments (Karylowski et al., 2004; Zeigerer et al., 2004; Martin
et al., 2006). GLUT4 exocytosis to the PM from these
specialized compartments is slow compared with general
exocytosis from recycling endosomes (Yeh et al., 1995;
Zeigerer et al., 2004). On insulin stimulation, GLUT4 exo-
cytosis is accelerated (Jhun et al., 1992; Satoh et al., 1993; Li
et al., 2001; Zeigerer et al., 2002; Karylowski et al., 2004;
Lizunov et al., 2005; Martin et al., 2006) and in adipocytes
also GLUT4 internalization is reduced (Jhun et al., 1992;

Blot and McGraw, 2008). The changes in GLUT4 exocyto-
sis and endocytosis both contribute to a net increase of
GLUT4 in the PM of insulin-stimulated adipocytes and
muscle cells.

GLUT4 retention is established by its targeting to two
different specialized compartments that depend on the
functions of two cytoplasmic motifs: an NH2-terminal
FQQI5– 8 motif and COOH-terminal TELE487– 490-based
motif (Govers et al., 2004; Blot and McGraw, 2008; Xiong et
al., 2010). The FQQI5– 8 motif controls the sorting of
GLUT4 from general endosomes to a perinuclear GLUT4
storage compartment from which GLUT4 cannot reach the
PM directly. The TELE487– 490-based motif controls the
sorting of GLUT4 from general endosomes to GLUT4-
specialized vesicles (GSV) that ferry GLUT4 to the PM
(Blot and McGraw, 2008). Mutation of either of these
motifs leads to reduced targeting to the specialized reten-
tion pathway, enhanced localization of GLUT4 to endo-
somes, and a concomitant increase of GLUT4 in the PM
(Govers et al., 2004; Blot and McGraw, 2008; Xiong et al.,
2010). On the basis of the behaviors of the GLUT4 mu-
tants, we favor a model in which GSV are not directly
formed from the storage compartment. However, we can-
not rule out there is direct communication between the
two retention compartments.

The above data on the intracellular distributions of the
GLUT4 mutants underlines the importance of proper sorting
of GLUT4 to the specialized compartments in the retention
of GLUT4. Yet, the full complement of proteins involved in
the specialized recognition and sorting of GLUT4 is un-
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known. One of the proteins required for basal GLUT4 reten-
tion is the Rab GTPase-activating protein AS160 (Sano et al.,
2003; Zeigerer et al., 2004; Eguez et al., 2005; Larance et al.,
2005). AS160 controls the amount of GLUT4 in the PM by
controlling the docking of GSV with the PM (Zeigerer et
al., 2004; Jiang et al., 2008). In unstimulated cells AS160 is
active and keeps its target Rab proteins in their inactive
conformation (Miinea et al., 2005; Ishikura et al., 2007).
AS160 is phosphorylated by Akt2 upon insulin stimula-
tion (Sano et al., 2003), which leads to its inactivation and
allows activation of its substrate Rab proteins. In adipo-
cytes, Rab10 is a main target of AS160 and is required for
insulin-stimulated translocation of GLUT4 to the PM
(Sano et al., 2007).

The insulin-regulated aminopeptidase, IRAP, is a type II
membrane protein (Keller et al., 1995). The luminal do-
main of IRAP contains an aminopeptidase activity that is
involved in peptide hormone processing and antigenic
peptide processing (Wallis et al., 2007; Saveanu et al.,
2009). In insulin-sensitive tissues IRAP traffics together
with GLUT4 to the specialized compartments and, like
GLUT4, is retained intracellularly in the basal state and
translocates to the plasma membrane in an insulin-regu-
lated manner (Keller et al., 1995; Ross et al., 1996, 1997;
Garza and Birnbaum, 2000).

Although IRAP is clearly a cargo of the insulin-regulated
trafficking pathway, there are several observations that sug-
gest IRAP might have a role in GLUT4 trafficking. For ex-
ample, in vivo studies in mouse models suggest there might
be a functional interaction between GLUT4 and IRAP, be-
cause knockout of either of the proteins affects the stability
of the other (Jiang et al., 2001; Keller et al., 2002; Abel et al.,
2004; Carvalho et al., 2004). Moreover, recent studies showed
there is an interaction between the cytoplasmic domain of
IRAP and AS160, leading to the hypothesis that IRAP has a
role in targeting AS160 to the GSV (Larance et al., 2005; Peck
et al., 2006). Because AS160 is an essential element of the
GLUT4 retention machinery, in this model IRAP, by virtue
of recruitment of AS160 to GSV, is more than cargo of the
specialized GLUT4 pathway and is also a critical component
of GLUT4 retention machinery.

Here we used short hairpin RNA (shRNA) protein deple-
tion to further define the role of IRAP in GLUT4 trafficking.
IRAP-knockdown (KD) resulted in a two- to threefold in-
crease in basal PM GLUT4, due to accelerated exocytosis
that correlated with a partial redistribution of GLUT4 to
rapidly recycling endosomes. These findings document an
essential role of IRAP in basal GLUT4 retention by regulat-
ing GLUT4 sorting from endosomes to GSV. Although loss
of IRAP affected GLUT4 behavior, GLUT4-KD did not affect
IRAP trafficking. In addition, we found that AS160 associa-
tion with and AS160 regulation of GLUT4 compartments
was unaffected in IRAP-KD adipocytes. This demonstrates
IRAP is not essential for the targeting of AS160 to mem-
branes and indicates IRAP and AS160 have independent
roles in basal GLUT4 retention.

MATERIALS AND METHODS

Antibodies and Reagents
Anti-hemagglutinin (HA) epitope antibody (HA.11) was purified from ascites
(Covance, Berkley, CA) on a protein G affinity column (GE Healthcare, Little
Chalfont, Buckinghamshire, United Kingdom). Mouse monoclonal anti-hu-
man transferrin receptor was a gift from Dr. Fred Maxfield (Weill Cornell
Medical College) and rabbit anti-GLUT4 was a gift from Dr. Sam Cushman
(National Institutes of Health). Rabbit anti-IRAP was described earlier (Keller
et al., 1995). Rabbit anti-AS160 was purchased from Upstate Biotechnology
(Lake Placid, NY), rabbit anti-FLAG from Sigma-Aldrich (St. Louis, MO),

rabbit anti-actin from Cytoskeleton (Denver, CO), rabbit anti-PPAR� from
Santa Cruz Biotechnology (Santa Cruz, CA). All fluorescence secondary an-
tibodies were purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA) and the horseradish peroxidase (HRP)-labeled secondary antibod-
ies were purchased from Pierce Chemical (Rockford, IL; Thermo Fisher Sci-
entific). Alexa546 was purchased from Invitrogen (Carlsbad, CA) and was
conjugated to human transferrin (Sigma-Aldrich) according to the manufac-
turer’s instructions.

Cell Culture, Electroporation, and Plasmids
3T3-L1 fibroblast were differentiated and electroporated as described previ-
ously (Zeigerer et al., 2002). Studies were performed 1 d after electroporation,
with the exception of the transient knockdowns. Wild-type (WT) HA-GLUT4-
GFP and the FA and EEAA mutants have been described previously (Lamp-
son et al., 2001; Blot and McGraw, 2006, 2008). The IRAP rescue construct was
made by cloning IRAP from the pCR Script (SK�; Keller et al., 1995) into
pCDNA3.1 (�) (Invitrogen) using BamHI and HindIII sites. The wobble
mutations were created in the target sides of the shRNA using QuickChange
mutagenesis XL (Stratagene, La Jolla, CA) following manufacturer’s instruc-
tions. pCMV FLAG-AS160 WT and 4P were previously described (Zeigerer et
al., 2004; Eguez et al., 2005). pCMV transferrin (Tf) receptor (TR) and pCMV
IRAP-TR (a fusion of the first 109 amino acids of IRAP with the transmembrane and
luminal domains of TR) have been described previously (Johnson et al., 1998).

Transient and Stable Knockdown
For transient knockdown experiments 2 nmol of stealth small interfering RNA
(siRNA; Invitrogen) against mouse AS160 was added to each electroporation
as described earlier (Eguez et al., 2005). Experiments were performed 2 d after
electroporation. For stable knockdown of IRAP and GLUT4, shRNAs were
designed against the luminal domain of mouse IRAP (GGCTGGTTGTTC-
CTCTTT; base pairs 2617–2634) and GLUT4 (GGTGATTGAACAGAGCTAC;
base pairs 149–167) using the pSIREN RetroQ system (Clontech, Palo Alto,
CA) according to the manufacturer’s instructions. Phoenix packaging cells
were transfected with the retroviral cDNA, and culture medium from the
packaging cells, harvested between 24 and 48 h after transfection, was used to
infect 3T3-L1 cells (Wertheim et al., 2004). The infected cells were selected for
growth in puromycin, the surviving cells were differentiated, and the behav-
ior of GLUT4 or IRAP-TR was characterized. The control retrovirus express-
ing a shRNA not targeting any mouse gene has been described previously
(Eguez et al., 2005).

Translocation Assay
All live cell incubations were performed in serum-free DMEM with 20 mM
sodium bicarbonate, 20 mM HEPES (pH 7.2; SF-DMEM) at 37°C in 5% CO2.
In all experiments, adipocytes were preincubated in SF-DMEM medium for at
least 120 min at 37°C in 5% CO2/air (basal conditions). For insulin stimula-
tion, cells were incubated in SF-medium containing 1 nM insulin (Sigma-
Aldrich) for 30 min at 37°C in 5% CO2. Cells were washed twice in ice-cold
PBS containing Ca2�/Mg2� and fixed in 3.7% formaldehyde (Sigma). To
measure GLUT4 translocation, cells expressing HA-GLUT4-GFP were stained
for surface HA.11 in nonpermeabilized cells using indirect immunofluores-
cence with Cy3-labeled goat anti-mouse IgG, whereas green fluorescent pro-
tein (GFP) fluorescence is a measure of total HA-GLUT4-GFP per cell. To
detect expression of IRAP or FLAG-AS160 constructs, cells were permeabil-
ized with 0.025% saponin and subjected to indirect immunofluorescence
using either rabbit anti-IRAP or rabbit anti-FLAG.

To measure the translocation of TR and IRAP-TR, cells electroporated with
cDNA encoding human TR or IRAP-TR were treated overnight with an
antibody against mouse TR to block endogenous TR expression. The next day
cells were incubated in serum-free DMEM containing Tf-Alexa546 for at least
3 h. Then the total amount of TR expressed per cell is determined by the
uptake of Tf-Alexa546, whereas the amount of TR at the surface was deter-
mined using an antibody against the extracellular domain of human TR in
nonpermeabilized cells.

Kinetic Assays
The exocytosis rate constants of HA-GLUT4-GFP in basal adipocytes were
determined as described previously (Karylowski et al., 2004; Blot and
McGraw, 2008). We incubated HA-GLUT4-GFP–expressing adipocytes with
saturating amount of anti-HA.11 for 5, 30, 60, 120, 200, 240, or 420 min,
respectively. Cells were fixed and internalized anti-HA.11 was revealed by
indirect immunofluorescence using Cy3-labeled goat anti-mouse IgG in sa-
ponin-permeabilized cells The ratio of cell-associated Cy3 to total HA-
GLUT4-GFP versus time � SEM was plotted, and each data point from the
individual experiments was normalized to the control plateau.

The internalization rate of HA-GLUT4-GFP in basal adipocytes was mea-
sured by incubating HA-GLUT4-GFP–expressing cells with a saturating
amount of anti-HA.11 in the serum-free DMEM for 5, 10, 20, or 30 min at 37°C.
Cells were fixed, and HA.11 on the surface was blocked using saturating
concentrations of Cy5-conjugated secondary antibodies without permeabili-
zation. To reveal internalized HA.11, cells were saponin-permeabilized and
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stained with Cy3-labeled goat anti-mouse IgG. The ratio of internalized
anti-HA to average surface HA-GLUT4-GFP for each time point was deter-
mined and fit to linear curves, the slopes of which are a measure of the
relative internalization rate of basal HA-GLUT4-GFP.

Determining the Membrane-bound Fraction of AS160
Adipocytes expressing both HA-GLUT4-GFP and FLAG-AS160 were starved
for 2 h in serum-free DMEM. Cells were washed with cold PBS supplemented
with Ca2�/Mg2� and subsequently permeabilized for 1 min in 80 mM Pipes
containing 10 mM EGTA, 1 mM MgCl2, and 0.05% saponin to leak out
cytosolic contents (Gonzalez and McGraw, 2009). AS160 was revealed by
indirect immunofluorescence using rabbit anti-FLAG in saponin-permeabi-
lized cells. HA-GLUT4-GFP was used as an expression marker to identify
electroporated cells. For each sample, the average AS160 fluorescence inten-
sity was determined, and the membrane-bound fraction of AS160 was deter-
mined by the ratio of AS160 fluorescence intensity in permeabilized versus
nonpermeabilized cells.

Ablation Assay
The intracellular distribution of HA-GLUT4-GFP between endosomes and
GSV was measured using the epitope ablation assay as described previously
(Johnson et al., 2001; Zeigerer et al., 2002; Karylowski et al., 2004). In short, cells
expressing both HA-GLUT4-GFP and human TR were incubated in media
containing saturating levels of anti-HA.11 and with or without Tf-HRP for
3–4 h. Subsequently, cells were placed on ice and incubated for 30 min with
250 �g/ml diaminobenzidine (DAB) and 0.0025% H2O2, which ablates all
HA.11 epitopes present in the same compartment as Tf-HRP. Cells were fixed
with 3.7% formaldehyde and the HA.11 epitopes that were not ablated were
revealed by indirect immunofluorescence in saponin-permeabilized cells us-
ing Cy3-labeled goat anti-mouse IgG. The difference in the Cy3 fluorescence
between cells with versus without Tf-HRP represents the fraction of total
HA-GLUT4-GFP that was present in Tf-positive endosomes.

Immunoabsorption and Immunoblotting
For immunoabsorption, electroporated HA-GLUT4-GFP control or IRAP-KD
adipocytes were washed once in PBS, scraped into 1 ml of HES buffer (20 mM
HEPES, 1 mM EDTA, 250 mM sucrose, and protease inhibitors) and homog-
enized by subsequent passaging through Q18G1/4 and Q26G5/8 syringes on
ice. Total cell homogenates were cleared by centrifugation at 1300 � g for 7
min. GLUT4-containing compartments were isolated by incubation with GFP
beads, according to manufacturer’s instructions (Miltenyi Biotech, Bergish
Gladbach, Germany). For total cell lysates, cells were washed in PBS and
lysed in Laemmli buffer. Lysates were sheared through a Q26G5/8 syringe,
and proteins were resolved in SDS-PAGE, transferred to nitrocellulose mem-
branes, and probed with antibodies against AS160 and actin according to the
supplier’s protocols. Protein contents were quantified by Odyssey Li-Cor
software (Lincoln, NE) or ImageJ software (http://rsb.info.nih.gov/ij/).

Data Acquisition and Processing
Fluorescent images were collected on a DMIRB inverted microscope (Leica
Microsystems, Deerfield, IL) coupled to a charge-coupled device 12-bit cam-
era (Princeton Instruments, West Chester, PA) using a 40� 1.25 NA oil-
immersion objective. Fluorescence quantifications were done using Meta-
Morph image processing software (Molecular Devices, Sunnyvale, CA) as
described previously (Lampson et al., 2000, 2001; Zeigerer et al., 2002).

RESULTS

IRAP Is Required for Basal GLUT4 Retention
To investigate the role of IRAP in GLUT4 trafficking, we
stably knocked down IRAP in 3T3-L1 adipocytes. This
knockdown resulted in an approximate 90% reduction in
IRAP expression (Figure 1A). IRAP-KD did not affect pro-
teins whose expression is increased with differentiation of
adipocytes, including the transcription factor PPAR� and
Rab GTPase-activating protein AS160 (Figure 1, A and B).
The expression of GLUT4, which is also up-regulated during
differentiation, was not markedly affected by IRAP-KD (Fig-
ure 1, A and B). These data suggest that IRAP expression is
not essential for differentiation of preadipocytes into adipo-
cytes.

Intracellular GLUT4 is distributed between a perinuclear
compartment and punctate structures distributed through-
out the cytoplasm, a distribution that was not grossly altered
by IRAP-KD (Figure 1C). We used a GLUT4 reporter with an
exofacial HA epitope and GFP fused to its carboxyl-termi-

nus to quantify the effect of IRAP knockdown on GLUT4
distribution between intracellular compartments and the
PM. Total HA-GLUT4-GFP is based on GFP fluorescence,
whereas HA-GLUT4-GFP inserted into the PM is revealed
by anti-HA immunofluorescence in nonpermeabilized cells
(Lampson et al., 2000). In the IRAP-KD adipocytes there
was an increase in anti-HA staining, demonstrating that
IRAP-KD resulted in an increase of HA-GLUT4-GFP in the
PM of basal adipocytes (Figure 1D). Quantification of the
distribution of HA-GLUT4-GFP between the PM and intra-
cellular compartments revealed a two- to threefold increase
of PM GLUT4 in basal IRAP-KD adipocytes (Figure 1E).
Transient reexpression of IRAP in IRAP-KD adipocytes,
which resulted in an expression level of about three times
that of endogenous IRAP, completely restored basal GLUT4
retention (Figure 1E). This confirms that the increased PM
GLUT4 in basal IRAP-KD adipocytes was due to a loss of
IRAP.

Insulin stimulated a large translocation of HA-GLUT4-
GFP to the PM of IRAP-KD adipocytes, demonstrating that
GLUT4 distribution was still under the control of insulin in
these cells (Figure 1E). Translocation in IRAP-KD adipocytes
tended to be smaller than in control adipocytes, although
this difference did not achieve statistical significance (p �
0.45). Transient reexpression of IRAP in the IRAP-KD adi-
pocytes increased the translocation of GLUT4 to the PM of
IRAP-KD adipocytes, an effect that also did not reach statis-
tical significance (p � 0.08). Although these data may sug-
gest a possible role for IRAP in controlling the behavior of
GLUT4 in the insulin-stimulated cells, the predominant ef-
fect of IRAP-KD was the reduced basal GLUT4 intracellular
retention.

To determine whether IRAP-KD affected general mem-
brane trafficking, we examined the TR distribution between
the PM and intracellular compartments. IRAP-KD did not
have an effect on either the basal or the insulin-stimulated
distribution of the TR, demonstrating that IRAP’s role is
specific to GLUT4 trafficking (Figure 1F).

The Cytoplasmic Domain of IRAP Is Sufficient for Its
Role in Basal GLUT4 Retention
Previous studies have documented that the IRAP cytoplas-
mic domain is sufficient for targeting IRAP to the specialized
GLUT4-trafficking pathway (Lampson et al., 2000; Subtil et
al., 2000; Johnson et al., 2001; Hou et al., 2006). To determine
which domain of IRAP is involved in GLUT4 basal reten-
tion, we made use of IRAP-TR, a construct that contains the
cytoplasmic domain of IRAP fused to the transmembrane
and extracellular domains of the TR (Johnson et al., 1998).
Transient expression of IRAP-TR, which reached expression
levels of three times that of endogenous IRAP, rescued the
increase in basal PM GLUT4 to the same degree as reexpres-
sion of full-length IRAP (Figure 1E). Expression of IRAP-TR
in IRAP-KD adipocytes had no significant effect on the in-
sulin-stimulated GLUT4 translocation (Figure 1E). These re-
sults demonstrate that the IRAP cytoplasmic domain is suf-
ficient for IRAP function in basal GLUT4 retention, thereby
eliminating a role for the IRAP transmembrane and lumi-
nal/extracellular domains in this process.

IRAP Traffics Independent of GLUT4
Mice knockout models indicated that the absence of either
GLUT4 or IRAP affects the stability and/or trafficking of the
other protein, supporting the hypothesis that GLUT4 and
IRAP are functionally linked (Jiang et al., 2001; Keller et al.,
2002; Abel et al., 2004; Carvalho et al., 2004). Our data that
GLUT4 distribution is dependent on the presence of IRAP is

I. Jordens et al.

Molecular Biology of the Cell2036



consistent with this hypothesis. We next tested whether the
reverse was true by studying the behavior of IRAP-TR in
GLUT4-KD adipocytes. The level of GLUT4 was reduced by
�80% in GLUT4-KD adipocytes (Figure 2A). GLUT4-KD
adipocytes differentiated normally based on lipid droplet
formation, and the reduction in GLUT4 did not affect the
intracellular localization of endogenous IRAP (Figure 2, B
and C). The distribution of IRAP-TR between the PM and
intracellular compartments was not changed by GLUT4-KD
(Figure 2D), indicating IRAP traffics independent of GLUT4.

Transient knockdown of AS160, a known regulator of the
GLUT4/IRAP pathway (Sano et al., 2003; Zeigerer et al.,
2004; Eguez et al., 2005; Larance et al., 2005), resulted in a
twofold increase in basal PM IRAP-TR and a blunting in
insulin-stimulated translocation in both control and
GLUT4-KD adipocytes (Figure 2E). These changes are in the
same range as we observed for the effects on GLUT4, indi-
cating that effects on trafficking of IRAP-TR will be revealed
using this assay. These above results also demonstrate that
the AS160-dependent, insulin-regulated pathway is func-
tional in the GLUT4-KD adipocytes. Therefore, GLUT4, in
contrast to IRAP, does not have a role in the function of the
insulin-regulated pathway and therefore is only cargo of the
insulin-regulated pathway.

IRAP-KD Increased Basal GLUT4 Exocytosis without
Affecting Internalization
We next investigated the underlying changes in GLUT4
behavior that cause the increased PM GLUT4 in IRAP-KD
adipocytes. The amount of GLUT4 in the PM is determined
by its rates of exocytosis and endocytosis (Karylowski et al.,
2004). In IRAP-KD adipocytes HA-GLUT4-GFP exocytosis
was about twofold faster than in control adipocytes, a
change that accounts for the increased accumulation of
GLUT4 in the PM (Figure 3A). This increased exocytosis was
rescued by reexpression of either full-length IRAP or
IRAP-TR (Figure 3A). In fact, GLUT4 exocytosis in IRAP-KD
adipocytes reexpressing IRAP or expressing IRAP-TR was
slower than in control adipocytes, suggesting IRAP levels
are limiting in unstimulated adipocytes (Figure 3A). To test
this further, we overexpressed either IRAP or IRAP-TR in
control adipocytes to about three times that of the endoge-
nous IRAP. This resulted in a reduction in the exocytosis of
GLUT4 (Figure 3B) and reduced basal steady state PM
GLUT4 in control adipocytes by �30%, confirming the im-
portant role of exocytosis in establishing the amount of PM
GLUT4 in basal adipocytes (Figure 3C). The effects of over-
expression of IRAP on GLUT4 were limited to basal condi-
tions since insulin-stimulated redistribution of GLUT4 to the

Figure 1. IRAP is essential for basal GLUT4 intracel-
lular retention. (A) Representative immunoblot analy-
sis of the indicated differentiation markers in cell ex-
tracts of control 3T3-L1 adipocytes and IRAP-KD
adipocytes at day 5 after differentiation. (B) Quantifi-
cation of the expression of the indicated differentiation
markers normalized to actin as the ratio IRAP-KD
adipocytes-to-control adipocytes. Each data point rep-
resents the average � SEM of 5–7 independent exper-
iments. (C) Epifluorescence images detecting endoge-
nous GLUT4 in basal control and IRAP-KD adipocytes.
Bar, 10 �m. (D) Epifluorescence images of basal control
and IRAP-KD adipocytes expressing HA-GLUT4-GFP.
Surface GLUT4 (PM) and endogenous IRAP were de-
tected by indirect immunofluorescence of anti-HA and
anti-IRAP, respectively. Arrows indicate HA-GLUT4-
GFP–expressing cells. Bar, 10 �m. (E) PM-to-total HA-
GLUT4-GFP ratios of control, IRAP-KD, and IRAP-KD
adipocytes reexpressing IRAP, or IRAP-TR in basal
and insulin-stimulated state. Each data point repre-
sents the average � SEM of 8–20 experiments. The
data from the individual experiments were normalized
to basal IRAP-KD adipocytes reexpressing IRAP (res-
cue basal). Insulin-stimulated cells were incubated
with 1 nM insulin for 30 min at 37°C. IRAP or IRAP-TR
expression was verified by indirect immunofluores-
cence in saponin-permeabilized cells (***p � 0.0001
compared with control; ns, nonsignificant, paired Stu-
dent’s t test). (F) PM-to-total transferrin receptor (TR)
ratios of IRAP-KD adipocytes or IRAP-KD adipocytes
reexpressing IRAP in basal and insulin-stimulated
state. Each data point represents the average � SEM of
2–3 experiments (ns, nonsignificant; paired Student’s t
test). The data from the individual experiments are
normalized to basal IRAP-KD adipocytes (Basal KD).
IRAP expression was verified by indirect immunoflu-
orescence.
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PM was unaltered by overexpression of IRAP (Figure 3C).
These data suggest IRAP levels are limiting in basal adipo-
cytes.

Neither IRAP-KD nor its overexpression affected GLUT4
internalization (Figure 3D). This indicates that the two- to
threefold increase in basal surface GLUT4 we observed in
IRAP-KD adipocytes is due increased GLUT4 exocytosis,
documenting that IRAP has a specific and essential role in
GLUT4 exocytosis in basal adipocytes.

IRAP and AS160 Function at Different Steps of the
Retention Mechanism
AS160 RabGAP is a well-studied regulator of the specialized
GLUT4 trafficking pathway. In basal adipocytes, AS160 in-
hibits GLUT4 insertion into the PM by specifically inhibiting
a prefusion step of GSV with the PM (Zeigerer et al., 2004;
Jiang et al., 2008). Knockdown of AS160 partially releases
GLUT4 basal retention without affecting the distribution of
TR (Eguez et al., 2005; Larance et al., 2005). Thus, the effect of
IRAP-KD on the basal GLUT4 distribution is similar to
AS160 knockdown. It has recently been shown that the

cytoplasmic domain of IRAP interacts with AS160, suggest-
ing that IRAP recruits AS160 to GLUT4-containing vesicles
(Larance et al., 2005; Peck et al., 2006). Therefore, one possi-
bility for the similarities in the phenotypes of AS160 and
IRAP-KDs, is that IRAP-KD impairs AS160 recruitment to
GLUT4 vesicles, leading to increased basal exocytosis and a
concomitant increase in PM GLUT4. If this is the case, si-
multaneous knockdown of AS160 and IRAP would not have
additive effects on GLUT4.

We performed a transient knockdown of AS160 in
IRAP-KD adipocytes (Figure 4A). In control adipocytes,
transient AS160 knockdown resulted in a twofold increase in
basal PM GLUT4, consistent with previous data (Figure 2E;
[Eguez et al., 2005]). In IRAP-KD adipocytes, AS160 knock-
down resulted in an additive twofold increase in basal PM
GLUT4, with about a net fivefold increase of GLUT4 in the
PM of AS160/IRAP double knockdown basal adipocytes.
Reexpression of IRAP in AS160/IRAP double knockdown
adipocytes restored PM GLUT4 to the level of AS160 knock-
down alone (Figure 4A). These results show there was ad-
ditivity of effects when AS160 and IRAP were simulta-

Figure 2. IRAP traffics independent of GLUT4. (A)
Quantification of the expression of endogenous GLUT4
detected by indirect immunofluorescence in control and
GLUT4-KD adipocytes in arbitrary units (A.U.). Each data
point represents the average � SEM; n � � 50 cells. (B)
Phase-contrast and epifluorescence images of basal control
and GLUT4-KD adipocytes. Endogenous GLUT4 was de-
tected by indirect immunofluorescence with GLUT4 anti-
bodies. Bar, 10 �m. (C) Epifluorescence images of basal
control and GLUT4-KD adipocytes. Endogenous IRAP
was detected by indirect immunofluorescence with IRAP
antibodies. Bar, 10 �m. (D) PM-to-total IRAP-TR ratios of
control and GLUT4-KD adipocytes in basal and insulin-
stimulated states. Each data point represents the aver-
age � SEM of three experiments. The data from the indi-
vidual experiments were normalized to basal control
adipocytes. Insulin-stimulated cells were incubated with 1
nM insulin for 30 min at 37°C. ns, nonsignificant; paired
Student’s t test. (E) Control and GLUT4-KD adipocytes
were transfected with either control siRNA or AS160
siRNA. Data points represent PM-to-total IRAP-TR distri-
butions in basal and insulin-stimulated state of three in-
dependent experiments � SEM. Insulin-stimulated cells
were incubated with 1 nM insulin for 30 min at 37°C. ns,
nonsignificant; paired Student’s t test.
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neously knocked down and thus indicate that IRAP and AS160
function at different steps of the GLUT4 retention pathway.

These findings provoked us to reconsider the hypothesis
that IRAP targets AS160 to GLUT4-containing vesicles. The
IRAP-KD adipocytes provide a useful tool to study the role
of IRAP in membrane recruitment of AS160 and therefore
we analyzed the localization of AS160 in IRAP-KD adipo-
cytes. First, we measured membrane-associated AS160 in
cells using a quantitative microscopy assay in which cells are
saponin-permeabilized before fixation to allow soluble cyto-
solic contents to diffuse from cells (Schenck et al., 2008;
Gonzalez and McGraw, 2009). We expressed HA-GLUT4-
GFP together with FLAG-AS160 and quantified the amounts
of FLAG-AS160 with and without permeabilization in basal
control and IRAP-KD adipocytes. The amount of FLAG-
AS160 in each condition was determined, and the mem-
brane-bound fraction was measured as the ratio of AS160
fluorescence in permeabilized cells to nonpermeabilized
cells (Figure 4B). We did not observe differences in FLAG-
AS160 membrane association between basal control and
IRAP-KD adipocytes. We did see a release of FLAG-AS160
from membranes in control adipocytes stimulated with
insulin, which did not change upon IRAP-KD (data not
shown). These findings are consistent with previous re-
ports that insulin promotes the release of AS160 from
membranes (Larance et al., 2005; Gonzalez and McGraw,
2009). This assay, however, measures AS160 on all mem-
branes and is insensitive to shifts in the distribution of
AS160 among different membranes. Therefore, we performed
an immunoabsorption assay to isolate the GLUT4 compart-

ments. Basal control and IRAP-KD adipocytes expressing HA-
GLUT4-GFP were homogenized and the GLUT4-containing
compartments were absorbed using beads coupled to anti-GFP
antibody. No differences were observed between the amount
of endogenous AS160 immunoabsorbed with GLUT4-con-
taining compartments from control and IRAP-KD adipo-
cytes (Figure 4C). Together these results demonstrate that
although IRAP and AS160 might interact, this interaction is
not required for the membrane localization of AS160.

IRAP Is Required for GLUT4 Sorting to GSV
The above data show that IRAP-KD does not affect AS160
recruitment to the membrane and therefore suggest that
AS160 and IRAP control different steps in the GLUT4 reten-
tion pathway. We next tested whether IRAP could play a
role in the sorting of GLUT4 to the storage compartment
and/or GSV (Figure 5A, steps 1 and 2). The FQQI5–8 is
required for GLUT4 targeting to the GLUT4 storage com-
partments, from which GLUT4 is unable to directly traffic to
the plasma membrane (Figure 5A, step 2; Blot and McGraw,
2008). The TELE487–490-based motif functions in the dynamic
retention cycle between the endosomes and the GSV that
ultimately dock and fuse with the PM in the presence of
insulin (Figure 5A, step 1; Govers et al., 2004; Blot and
McGraw, 2008). In previous studies using mutants of these
trafficking motifs we have shown that reduced sorting of
GLUT4 from endosomes to the GLUT4-storage compart-
ments and the GSV (Figure 5A, steps 1 and 2) results in an
increase of exocytosis and concomitant increase in basal PM
GLUT4 (Blot and McGraw, 2008; Xiong et al., 2010), similar

Figure 3. Effects of IRAP-KD and IRAP overexpres-
sion on HA-GLUT4-GFP exocytosis and internalization.
HA-GLUT4-GFP exocytosis in (A) basal control adipo-
cytes, IRAP-KD adipocytes, IRAP-KD adipocytes reex-
pressing IRAP or IRAP-TR, and (B) control adipocytes
and control adipocytes expressing IRAP or IRAP-TR.
Data from at least five different experiments was aver-
aged and plotted as the ratio internalized-to-total HA-
GLUT4-GFP versus time � SEM. Each data point from
the individual experiments was normalized to the con-
trol plateau. In this assay the time to achieve the plateau
reflects the exocytosis rate constant. (C) PM-to-total HA-
GLUT4-GFP ratios of control adipocytes and adipocytes
overexpressing IRAP in basal and insulin-stimulated
state. Each data point represents the average � SEM of
4–10 experiments (***p � 0.001 compared with basal
control; paired Student’s t test). The data from the indi-
vidual experiments are normalized to basal control.
IRAP expression was verified by indirect immunofluo-
rescence. (D) Internalization of HA-GLUT4-GFP in basal
control adipocytes, IRAP-KD adipocytes and control
adipocytes expressing IRAP or IRAP-TR. IRAP coex-
pression with HA-GLUT4-GFP was verified by indirect
immunofluorescence.
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to the change in behavior of GLUT4 in the IRAP-KD adipo-
cytes.

To directly assess the effect of IRAP-KD on GLUT4 sort-
ing, we tested the distribution of GLUT4 in TR-containing
recycling endosomes versus the specialized compartments.
We used a previously described endosome ablation assay to
determine the relative amount of GLUT4 in TR-containing
endosomes in basal control and IRAP-KD adipocytes

(Martin et al., 1996; Johnson et al., 2001; Zeigerer et al., 2002).
We found a significant increase in the fraction of GLUT4
present in the endosomes in the IRAP-KD adipocytes, which
could be reversed by IRAP reexpression (Figure 5B). These
results provide direct support for the hypothesis that IRAP
has a role in GLUT4 retention by regulating the sorting of
GLUT4 from the endosomes to the GLUT4 compartments.

To determine at which step in the retention pathway IRAP
has a role, we examined the behaviors of GLUT4 mutated in
the FQQI5–8 (F5A) or the TELE487–490 (E488A,E490A) motifs in
IRAP-KD adipocytes. As previously shown, in control adi-
pocytes the F5A mutation induced a fourfold increase in PM
GLUT4, whereas the increase induced by the E488A,E490A
was about twofold (Figure 5C; Blot and McGraw, 2008).
Interestingly, IRAP-KD was additive to the F5A mutation
but not to the E488A,E490A mutation (Figure 5C). Transient
reexpression of IRAP in the IRAP-KD adipocytes largely
restored the amount F5A-GLUT4 in the PM to the level
observed when the F5A-GLUT4 mutant is expressed in con-
trol adipocytes and restored PM levels of the E488A,E490A-
GLUT4 to PM level of wild-type GLUT4 levels (Figure 5C).
These results provide strong support for the hypothesis that
IRAP has a role in the sorting of GLUT4 from endosomes to
the GSV (Figure 5A, step 1).

The above data suggest that in the IRAP-KD adipocytes
some GLUT4 returns to the PM in TR-containing vesicles
formed from endosomes. A dominant-interfering mutant of
AS160 (AS160-4P), which is not inactivated after insulin
stimulation, inhibits insulin-stimulated GLUT4 transloca-
tion (Figure 5A, step 3; Sano et al., 2003; Zeigerer et al., 2004).
The effect of AS160-4P is specific for GSV, and trafficking of
the TR is unaffected by expression of AS160-4P (Sano et al.,
2003; Zeigerer et al., 2004). If the increased PM GLUT4 in
basal IRAP-KD adipocytes is due to a partial redistribution
of GLUT4 to TR recycling vesicles, then expression of
AS160-4P should not reduce basal PM GLUT4. When we
expressed AS160-4P in IRAP-KD adipocytes, we did not
observe a decrease in basal PM GLUT4 (Figure 5D). These
data support the hypothesis that in IRAP-KD adipocytes the
increased basal PM GLUT4 reflects exocytosis of GLUT4 in
vesicles that are not under the control of AS160 (i.e., not
inhibited by AS160-4P) and thereby support the hypothesis
that IRAP has a role in the sorting of GLUT4 from endo-
somes to GSV that ferry GLUT4 to the PM in the presence of
insulin. Expression of AS160-4P did inhibit insulin-stimu-
lated redistribution of GLUT4 to the PM of IRAP-KD adi-
pocytes, consistent with the hypothesis that loss of IRAP
affects the efficiency, but does not completely block GLUT4
sorting to the GSV (Figure 5D).

DISCUSSION

Intracellular basal retention of GLUT4 requires sorting of
GLUT4 away from the fast recycling endosomes to a spe-
cialized exocytic recycling pathway that slowly equilibrates
with the PM in basal adipocytes (Yeh et al., 1995; Karylowski
et al., 2004). Important details regarding the mechanism of
the specialized sorting are unknown. Here, we show that
IRAP is an essential element of the machinery that sorts
GLUT4 from endosomes to GSV to control basal GLUT4
retention. A previous study using adipocytes transiently
knocked down for IRAP showed an impairment of the in-
sulin-mediated GLUT4 translocation (Yeh et al., 2007). Al-
though we see a trend toward a decrease in the insulin-
mediated GLUT4 translocation in our stable IRAP-KD
adipocytes, the primary effect is observed in the basal state
(Figure 1E). In addition, we show IRAP is not required for

Figure 4. IRAP and AS160 function at different steps in GLUT4
intracellular retention. (A) Transient AS160 knockdown in basal
IRAP-KD adipocytes has additive effects on PM GLUT4 levels.
Control and IRAP-KD adipocytes were transfected with either con-
trol siRNA or AS160 siRNA. Data points represent the average basal
PM-to-total HA-GLUT4-GFP distributions of four independent ex-
periments � SEM (*p � 0.05 compared with control siRNA, **p �
0.001 compared with control siRNA; paired Student’s t test). The
data from the individual experiments are normalized to IRAP-KD
adipocytes reexpressing IRAP transfected with control siRNA (res-
cue). IRAP coexpression with HA-GLUT4-GFP was verified by in-
direct immunofluorescence. (B) IRAP-KD has no effect on the
membrane localization of FLAG-AS160. Control and IRAP-KD
adipocytes coexpressing HA-GLUT4-GFP and FLAG-AS160 were
permeabilized, or not, before fixation. FLAG-AS160 was revealed by
indirect immunofluorescence using rabbit anti-FLAG. Shown is
membrane-bound fraction of FLAG-AS160 as the ratio of FLAG-
AS160 fluorescence in permeabilized cells to nonpermeabilized
cells. Each data point is the average of three independent experi-
ments � SEM (ns, nonsignificant; paired Student’s t test). (C) IRAP
is not essential for AS160 localization to GLUT4-positive compart-
ments. GLUT4-containing compartments were isolated by immuno-
absorption of HA-GLUT4-GFP using beads conjugated to anti-GFP
and immunoblotted for endogenous AS160. Shown is the quantifi-
cation of the fraction of total AS160 in the immunoabsorption (IA) of
three independent experiments in control and IRAP KD adipocytes.
Each data point of the individual experiments was normalized to
the ratio in control adipocytes. (ns, nonsignificant; paired Student’s
t test).
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the association of AS160 with GLUT4 compartments, indi-
cating IRAP and AS160 have independent roles in the basal
retention of GLUT4. Finally, we show that GLUT4, in con-
trast to IRAP, is just a cargo of the insulin-regulated traffick-
ing pathway.

IRAP and AS160 Have Independent Roles in Basal GLUT4
Retention
In the basal state GSV fusion with the PM is inhibited by
AS160 (Zeigerer et al., 2004; Eguez et al., 2005). AS160 func-
tions by inactivating Rab10, which is required for the dock-
ing of GSV to the PM (Sano et al., 2007). In the presence of
insulin, Akt2 phosphorylates AS160 and thereby relieves
this inhibition (Sano et al., 2003), leading to GLUT4 translo-
cation. Recent data showed that the membrane localization
of AS160 to the GSV is essential for its function in basal
GLUT4 retention (Stockli et al., 2008). It is however largely
unclear how AS160 targeting to the GSV is regulated. Data
from two separate groups showed an interaction between
AS160 and the cytoplasmic domain of IRAP (Larance et al.,
2005; Peck et al., 2006), which led to the current hypothesis
that IRAP is required for AS160 targeting to the GSV mem-
brane. Our data do not support this hypothesis. First, we
observed additivity in the increase in basal PM GLUT4
when AS160 and IRAP were simultaneously knocked down
(Figure 4A). This would not be the case if IRAP-KD by itself
would interfere with AS160 membrane targeting. Second,

there was no effect on the amount of AS160 localization to
GLUT4-positive compartments in IRAP-KD adipocytes (Fig-
ure 4C), which suggests IRAP is dispensable for membrane
localization of AS160 and implicates other proteins in this
process. A recently identified binding partner of AS160, the
low-density lipoprotein receptor–related protein, might pro-
vide the binding site to recruit AS160 the GLUT4 vesicles
(Jedrychowski et al., 2009). A hypothesis that will need to be
tested in future studies.

IRAP Is Required for Sorting GLUT4 to GSV That Have a
Low Efflux Rate in Basal Adipocytes
Knockdown of IRAP resulted in an increased GLUT4 exo-
cytosis to the PM. Our data suggest that the underlying
cause of the increased exocytosis is the partial redistribution
of GLUT4 from slowly recycling GSV to rapidly recycling
general endosomes (Figure 5B). In this case, the GLUT4
exocytosis curves shown in Figure 3A and B consist of two
components, a fast component that follows the efflux rate of
TR and a slow component that follows the efflux rate of the
GLUT4-specialized exocytosis vesicles. However, the data
are equally well fit by a single or double exponential, which
we interpret to indicate that the assay is not of sufficient
sensitivity to detect the two components of exocytosis in the
IRAP-KD adipocytes. Regardless, the increase in net GLUT4
exocytosis, the shift of GLUT4 to TR-positive endosomes,
and the failure of dominant-interfering AS160-4P to reduce

Figure 5. The intracellular distribution of
GLUT4 in IRAP-KD adipocytes and the effect
of IRAP-KD on the behavior of mutant
GLUT4. (A) Schematic overview of the special-
ized GLUT4 pathway versus the general TR
pathway and the steps at which IRAP could
function. In basal cells GLUT4 is distributed to
the specialized GLUT4 compartments and the
general TR-positive endosomes. IRAP-KD can
affect either the sorting of GLUT4 from the TR
pathway to the GSV (step 1) regulated by the
TELE motif, or the GLUT4 storage compart-
ments (step 2) regulated by the FQQI motif, or
affect the slow recycling specialized pathway
(step 3), which is under control of AS160. (B)
Distribution of HA-GLUT4-GFP between en-
dosomes and GSV is affected by IRAP-KD.
Each data point represents the average � SEM
of four independent experiments (**p � 0.01
compared with control; paired Student’s t
test). (C) The behaviors of the FQQI5–8 and
TELE487–490 HA-GLUT4-GFP mutants in con-
trol and IRAP-KD adipocytes. PM-to-total
HA-GLUT4-GFP WT, F5A and E488A,E490A
distributions in basal control, IRAP-KD or
IRAP-KD adipocytes reexpressing IRAP. Each
data point represents the average � SEM of
4–7 independent experiments (**p � 0.01 com-
pared with own control adipocytes, *p � 0.05
compared with F5A control adipocytes, #p �
0.05 compared with WT control, ##p � 0.01
compared with WT control; paired Student’s t
test). The data from the individual experi-
ments are normalized to WT HA-GLUT4-GFP
in IRAP KD reexpressing IRAP adipocytes
(WT rescue). IRAP expression was verified by
indirect immunofluorescence. (D) The increase in basal PM GLUT4 in IRAP-KD adipocytes is insensitive to AS160-4P. PM-to-total
distributions of HA-GLUT4-GFP in IRAP-KD adipocytes expressing IRAP or AS160-4P in basal and insulin-stimulated state. Shown is the
average of four independent experiments � SEM (*p � 0.05 compared with rescue basal; unpaired Student’s t test). The data of the individual
experiments is normalized to basal IRAP-KD reexpressing IRAP adipocytes (rescue basal). IRAP and AS160 expression were verified by
indirect immunofluorescence.
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basal PM GLUT4 in IRAP-KD adipocytes together provide
compelling support for the hypothesis that the increased
exocytosis is due to an increased fraction of GLUT4 return-
ing to the PM via TR exocytic vesicles.

In addition to the finding that GLUT4 sorting to GSV in
IRAP-KD adipocytes is less efficient, we also have data that
suggest the opposite occurs upon overexpression of IRAP. In
adipocytes overexpressing IRAP, we observed a slower exo-
cytosis rate, which is reflected in a reduced basal PM GLUT4
(Figure 3, B and C). Therefore, overexpression of IRAP likely
facilitates the sorting of GLUT4 away from the endosomes,
thereby reducing the fast recycling fraction of GLUT4 in the
endosomes. These results suggest that the amount of IRAP
within an individual cell is limiting for sorting GLUT4 to the
GSV.

The Role of the IRAP Cytoplasmic Domain in GLUT4
Sorting
Transient expression of the IRAP cytoplasmic domain,
which contains all information necessary for the insulin-
regulated trafficking of IRAP (Lampson et al., 2000; Subtil et
al., 2000; Johnson et al., 2001; Hou et al., 2006), is sufficient to
rescue the increased basal PM GLUT4 in IRAP-KD adipo-
cytes (Figure 1E). Previous studies showed that microinjec-
tion of the IRAP cytoplasmic domain in adipocytes caused
an insulin-independent translocation of GLUT4 to the PM
(Waters et al., 1997). The effect was dose-dependent, which
suggests that the injected soluble cytoplasmic domain of
IRAP interacts with proteins required for the specialized
GLUT4-sorting machinery. Based on those findings, it was
hypothesized that IRAP and GLUT4 might compete for the
same sorting machinery. Our data demonstrate that IRAP
and GLUT4 do not compete; on the contrary overexpression
of IRAP further lowers the amount of GLUT4 at the surface
in the basal state (Figure 3C). Therefore, it is more likely that
the recruitment of the sorting machinery for GLUT4 is at
least partially accomplished by IRAP. In this scenario, mi-
croinjected IRAP cytoplasmic domain, without a membrane-
binding domain, competes for proteins normally recruited
to membranes by endogenous IRAP, which would result in
a phenotype resembling IRAP-KD. Several proteins have
been identified to interact with the cytoplasmic domain of
IRAP but only a couple have the properties expected of
proteins involved in protein sorting and vesicle formation.
These include p115, Tankyrase, and FHOS (formin homolog
overexpressed in spleen; Chi and Lodish, 2000; Tojo et al.,
2003; Hosaka et al., 2005). For future studies it will be of great
interest to specify the different roles of these IRAP-interact-
ing proteins in the function of IRAP in GLUT4 sorting.

IRAP and GLUT4 Are Not Essential for the Biogenesis of
Insulin-regulated Compartments
GLUT4, IRAP, and Sortilin are part of the major cargo pro-
teins of the GSV; however, how the GSV are originally
formed and the order of events in this process is largely
unclear. Previous studies suggested that Sortilin mediates
the biogenesis of insulin-responsive compartments during
differentiation, since the absence of Sortilin reduced the in
vitro formation of these compartments, and adipocytes sta-
bly knocked down for Sortilin displayed impaired insulin-
mediated GLUT4 translocation (Shi and Kandror, 2005,
2007). Our data indicate that IRAP is not essential for the
formation of the insulin-responsive compartments. First, we
are able to restore the basal GLUT4 retention by transient
expression of either IRAP or its cytoplasmic domain in fully
differentiated IRAP-KD adipocytes. Second, we show there
is still formation of GSV in IRAP-KD adipocytes, given that

GLUT4 in IRAP-KD adipocytes is still under the regulation
of AS160, which is specific for the GSV (Zeigerer et al., 2004;
Eguez et al., 2005). Therefore, we hypothesize that IRAP has
a role after differentiation in the sorting of GLUT4 from the
endosomal compartments to the specialized compartments,
but is not essential for the original formation of the GSV.

In addition, we show that knockdown of GLUT4 has no
effect on the insulin-responsiveness of IRAP-TR, indicating
IRAP-TR still follows the insulin-regulated pathway in
GLUT4-KD adipocytes. In the same cells IRAP-TR is still
under the regulation of AS160, because transient knock-
down of AS160 is able to reduce the basal retention (Figure
2E). These results suggest GLUT4 is cargo of the insulin-
regulated pathway, but is not required for the formation of
the insulin-regulated compartments and the sorting of
IRAP-TR.

IRAP-KD Adipocytes versus the IRAP Knockout Mouse
The loss of IRAP on the behavior of GLUT4 has also been
investigated using IRAP�/� mice. The most striking change
in these mice was a dramatic reduction in GLUT4 protein
levels in adipose cells, skeletal muscle, and heart (Keller et
al., 2002). This finding indicates that IRAP is required to
maintain normal levels of GLUT4. We were, however, un-
able to recapitulate this decrease in endogenous GLUT4
expression in the stable IRAP-KD adipocytes (Figure 1B).
Although many important discoveries regarding GLUT4
trafficking were revealed using adipocytes and muscle cell
lines, these cultured cells may not fully represent the pri-
mary cells and tissues. One of the differences between pri-
mary and cultured adipocytes is the GLUT4 localization. In
primary adipocytes most of the GLUT4 is localized to
GLUT4-specialized compartments, whereas in cultured adi-
pocytes only half of the GLUT4 is localized to the specialized
compartments (Malide et al., 1997). It has been shown that
targeting of GLUT4 away from the endosomal system in-
creases the half-life of GLUT4 (Shi and Kandror, 2005; Liu et
al., 2007), therefore redistribution of GLUT4 from the spe-
cialized compartments to general endosomes will have a
larger effect on the GLUT4 stability in primary adipocytes
compared with cultured adipocytes. Another possibility is
that the change in GLUT4 levels in the IRAP�/� mouse do
not reflect a direct effect of IRAP but rather a more complex
compensatory change in response to increased basal GLUT4
trafficking to the cell surface and initially increased glucose
uptake induced by IRAP knockout.

General Role for IRAP in Specialized Sorting
IRAP expression is not restricted to insulin-responsive tis-
sues (Keller et al., 1995; Rogi et al., 1996). For example, in
mast cells IRAP is found in a specialized compartment seg-
regated from the general TR-positive recycling endosomes
and upon stimulation with IgE, IRAP translocates to the PM
in a manner independent of mast cell granula (Liao et al.,
2006).

The luminal aminopeptidase domain of IRAP, besides
having a role in peptide hormone processing, has also been
identified as the high-affinity binding site for Angiotensin IV
and LVV-Hemorphin in the brain (Albiston et al., 2001).
Because agonists of IRAP are competitive inhibitors of its
peptidase activity, it has been proposed that these com-
pounds can improve memory by preventing processing of
IRAP substrates that have a stimulatory effect on memory,
including the recently identified substrate Vasopressin (re-
viewed in Albiston et al. (2003, 2007) and Wallis et al. (2007).
Therefore it is tempting to speculate that neurons might
have a sorting mechanism to keep IRAP intracellular to
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prevent negative effects on memory under unstimulated
conditions. In addition, in dendritic cells IRAP has been
found in early phagosomes, where its aminopeptidase ac-
tivity is involved in the processing of internalized antigens
to facilitate MHC class I–mediated cross priming to CD8-
positive T-cells (Saveanu et al., 2009).

All the above cases concerned specialized secretory cells.
Therefore, our study of IRAP’s function in GLUT4 sorting in
adipocytes could shed new light on the regulatory function
of IRAP in cell types other than insulin-sensitive cells. IRAP
could provide a general mechanism to prevent translocation
of certain factors to the PM in the absence of stimulus by
facilitating specialized sorting.

ACKNOWLEDGMENTS

The authors thank Eva Gonzalez, Sameer Mohammad, and Salihah Dick for
helpful discussions and critically reading the manuscript and David Iaea for
technical assistance. This work was supported by National Institutes of
Health Grants DK52852 (T.E.M.), DK69982 (T.E.M.), and an ADA mentor-
based postdoctoral fellowship (I.J.).

REFERENCES

Abel, E. D., Graveleau, C., Betuing, S., Pham, M., Reay, P. A., Kandror, V.,
Kupriyanova, T., Xu, Z., and Kandror, K. V. (2004). Regulation of insulin-
responsive aminopeptidase expression and targeting in the insulin-respon-
sive vesicle compartment of glucose transporter isoform 4-deficient cardio-
myocytes. Mol. Endocrinol. 18, 2491–2501.

Albiston, A. L., et al. (2001). Evidence that the angiotensin IV (AT(4)) receptor
is the enzyme insulin-regulated aminopeptidase. J. Biol. Chem. 276, 48623–
48626.

Albiston, A. L., Mustafa, T., McDowall, S. G., Mendelsohn, F. A., Lee, J., and
Chai, S. Y. (2003). AT4 receptor is insulin-regulated membrane aminopepti-
dase: potential mechanisms of memory enhancement. Trends Endocrinol.
Metab. 14, 72–77.

Albiston, A. L., Peck, G. R., Yeatman, H. R., Fernando, R., Ye, S., and Chai,
S. Y. (2007). Therapeutic targeting of insulin-regulated aminopeptidase: heads
and tails? Pharmacol. Ther. 116, 417–427.

Antonescu, C. N., Foti, M., Sauvonnet, N., and Klip, A. (2009). Ready, set,
internalize: mechanisms and regulation of GLUT4 endocytosis. Biosci. Rep.
29, 1–11.

Blot, V., and McGraw, T. E. (2006). GLUT4 is internalized by a cholesterol-
dependent nystatin-sensitive mechanism inhibited by insulin. EMBO J. 25,
5648–5658.

Blot, V., and McGraw, T. E. (2008). Molecular mechanisms controlling GLUT4
intracellular retention. Mol. Biol. Cell 19, 3477–3487.

Carvalho, E., Schellhorn, S. E., Zabolotny, J. M., Martin, S., Tozzo, E., Peroni,
O. D., Houseknecht, K. L., Mundt, A., James, D. E., and Kahn, B. B. (2004).
GLUT4 overexpression or deficiency in adipocytes of transgenic mice alters
the composition of GLUT4 vesicles and the subcellular localization of GLUT4
and insulin-responsive aminopeptidase. J. Biol. Chem. 279, 21598–21605.

Chi, N. W., and Lodish, H. F. (2000). Tankyrase is a golgi-associated mitogen-
activated protein kinase substrate that interacts with IRAP in GLUT4 vesicles.
J. Biol. Chem. 275, 38437–38444.

Eguez, L., Lee, A., Chavez, J. A., Miinea, C. P., Kane, S., Lienhard, G. E., and
McGraw, T. E. (2005). Full intracellular retention of GLUT4 requires AS160
Rab GTPase activating protein. Cell Metab. 2, 263–272.

Garza, L. A., and Birnbaum, M. J. (2000). Insulin-responsive aminopeptidase
trafficking in 3T3–L1 adipocytes. J. Biol. Chem. 275, 2560–2567.

Gonzalez, E., and McGraw, T. E. (2009). Insulin-modulated Akt subcellular
localization determines Akt isoform-specific signaling. Proc. Natl. Acad Sci.
USA 106, 7004–7009.

Govers, R., Coster, A. C., and James, D. E. (2004). Insulin increases cell surface
GLUT4 levels by dose dependently discharging GLUT4 into a cell surface
recycling pathway. Mol. Cell. Biol. 24, 6456–6466.

Hosaka, T., Brooks, C. C., Presman, E., Kim, S. K., Zhang, Z., Breen, M., Gross,
D. N., Sztul, E., and Pilch, P. F. (2005). p115 Interacts with the GLUT4 vesicle
protein, IRAP, and plays a critical role in insulin-stimulated GLUT4 translo-
cation. Mol. Biol. Cell 16, 2882–2890.

Hou, J. C., Suzuki, N., Pessin, J. E., and Watson, R. T. (2006). A specific
dileucine motif is required for the GGA-dependent entry of newly synthe-
sized insulin-responsive aminopeptidase into the insulin-responsive compart-
ment. J. Biol. Chem. 281, 33457–33466.

Huang, S., and Czech, M. P. (2007). The GLUT4 glucose transporter. Cell
Metab. 5, 237–252.

Ishikura, S., Bilan, P. J., and Klip, A. (2007). Rabs 8A and 14 are targets of the
insulin-regulated Rab-GAP AS160 regulating GLUT4 traffic in muscle cells.
Biochem. Biophys. Res. Commun. 353, 1074–1079.

Jedrychowski, M. P., Gartner, C. A., Gygi, S. P., Zhou, L., Herz, J., Kandror,
K. V., and Pilch, P. F. (2009). Proteomic analysis of GLUT4 storage vesicles
(GSVS) reveals low-density lipoprotein receptor-related protein 1 (LRP1) to be
an important vesicle component and target of insulin signaling. J. Biol. Chem.
285, 104–114.

Jhun, B. H., Rampal, A. L., Liu, H., Lachaal, M., and Jung, C. Y. (1992). Effects
of insulin on steady state kinetics of GLUT4 subcellular distribution in rat
adipocytes. Evidence of constitutive GLUT4 recycling. J. Biol. Chem. 267,
17710–17715.

Jiang, H., Li, J., Katz, E. B., and Charron, M. J. (2001). GLUT4 ablation in mice
results in redistribution of IRAP to the plasma membrane. Biochem. Biophys.
Res. Commun. 284, 519–525.

Jiang, L., Fan, J., Bai, L., Wang, Y., Chen, Y., Yang, L., Chen, L., and Xu, T.
(2008). Direct quantification of fusion rate reveals a distal role for AS160 in
insulin-stimulated fusion of GLUT4 storage vesicles. J. Biol. Chem. 283, 8508–
8516.

Johnson, A. O., Lampson, M. A., and McGraw, T. E. (2001). A di-leucine
sequence and a cluster of acidic amino acids are required for dynamic reten-
tion in the endosomal recycling compartment of fibroblasts. Mol. Biol. Cell 12,
367–381.

Johnson, A. O., Subtil, A., Petrush, R., Kobylarz, K., Keller, S. R., and McGraw,
T. E. (1998). Identification of an insulin-responsive, slow endocytic recycling
mechanism in Chinese hamster ovary cells. J. Biol. Chem. 273, 17968–17977.

Karylowski, O., Zeigerer, A., Cohen, A., and McGraw, T. E. (2004). GLUT4 is
retained by an intracellular cycle of vesicle formation and fusion with endo-
somes. Mol. Biol. Cell 15, 870–882.

Keller, S. R., Davis, A. C., and Clairmont, K. B. (2002). Mice deficient in the
insulin-regulated membrane aminopeptidase show substantial decreases in
glucose transporter GLUT4 levels but maintain normal glucose homeostasis.
J. Biol. Chem. 277, 17677–17686.

Keller, S. R., Scott, H. M., Mastick, C. C., Aebersold, R., and Lienhard, G. E.
(1995). Cloning and characterization of a novel insulin-regulated membrane
aminopeptidase from Glut4 vesicles. J. Biol. Chem. 270, 23612–23618.

Lampson, M. A., Racz, A., Cushman, S. W., and McGraw, T. E. (2000).
Demonstration of insulin-responsive trafficking of GLUT4 and vpTR in fibro-
blasts. J. Cell Sci. 113(Pt 22), 4065–4076.

Lampson, M. A., Schmoranzer, J., Zeigerer, A., Simon, S. M., and McGraw,
T. E. (2001). Insulin-regulated release from the endosomal recycling compart-
ment is regulated by budding of specialized vesicles. Mol. Biol. Cell 12,
3489–3501.

Larance, M., et al. (2005). Characterization of the role of the Rab GTPase-
activating protein AS160 in insulin-regulated GLUT4 trafficking. J. Biol.
Chem. 280, 37803–37813.

Li, D., Randhawa, V. K., Patel, N., Hayashi, M., and Klip, A. (2001). Hyper-
osmolarity reduces GLUT4 endocytosis and increases its exocytosis from a
VAMP2-independent pool in l6 muscle cells. J. Biol. Chem. 276, 22883–22891.

Liao, H., Keller, S. R., and Castle, J. D. (2006). Insulin-regulated aminopepti-
dase marks an antigen-stimulated recycling compartment in mast cells. Traffic
7, 155–167.

Liu, X. J., Yang, C., Gupta, N., Zuo, J., Chang, Y. S., and Fang, F. D. (2007).
Protein kinase C-zeta regulation of GLUT4 translocation through actin re-
modeling in CHO cells. J. Mol. Med. 85, 851–861.

Lizunov, V. A., Matsumoto, H., Zimmerberg, J., Cushman, S. W., and Frolov,
V. A. (2005). Insulin stimulates the halting, tethering, and fusion of mobile
GLUT4 vesicles in rat adipose cells. J. Cell Biol. 169, 481–489.

Malide, D., Dwyer, N. K., Blanchette-Mackie, E. J., and Cushman, S. W. (1997).
Immunocytochemical evidence that GLUT4 resides in a specialized translo-
cation post-endosomal VAMP2-positive compartment in rat adipose cells in
the absence of insulin. J. Histochem. Cytochem. 45, 1083–1096.

Martin, O. J., Lee, A., and McGraw, T. E. (2006). GLUT4 distribution between
the plasma membrane and the intracellular compartments is maintained by
an insulin-modulated bipartite dynamic mechanism. J. Biol. Chem. 281, 484–
490.

IRAP Regulates GLUT4 Intracellular Retention

Vol. 21, June 15, 2010 2043



Martin, S., Tellam, J., Livingstone, C., Slot, J. W., Gould, G. W., and James,
D. E. (1996). The glucose transporter (GLUT-4) and vesicle-associated mem-
brane protein-2 (VAMP-2) are segregated from recycling endosomes in insu-
lin-sensitive cells. J. Cell Biol. 134, 625–635.

Miinea, C. P., Sano, H., Kane, S., Sano, E., Fukuda, M., Peranen, J., Lane, W. S.,
and Lienhard, G. E. (2005). AS160, the Akt substrate regulating GLUT4
translocation, has a functional Rab GTPase-activating protein domain. Bio-
chem. J. 391, 87–93.

Peck, G. R., Ye, S., Pham, V., Fernando, R. N., Macaulay, S. L., Chai, S. Y., and
Albiston, A. L. (2006). Interaction of the Akt substrate, AS160, with the
glucose transporter 4 vesicle marker protein, insulin-regulated aminopepti-
dase. Mol. Endocrinol. 20, 2576–2583.

Rogi, T., Tsujimoto, M., Nakazato, H., Mizutani, S., and Tomoda, Y. (1996).
Human placental leucine aminopeptidase/oxytocinase. A new member of
type II membrane-spanning zinc metallopeptidase family. J. Biol. Chem. 271,
56–61.

Ross, S. A., Herbst, J. J., Keller, S. R., and Lienhard, G. E. (1997). Trafficking
kinetics of the insulin-regulated membrane aminopeptidase in 3T3–L1 adipo-
cytes. Biochem. Biophys. Res. Commun. 239, 247–251.

Ross, S. A., Scott, H. M., Morris, N. J., Leung, W. Y., Mao, F., Lienhard, G. E.,
and Keller, S. R. (1996). Characterization of the insulin-regulated membrane
aminopeptidase in 3T3–L1 adipocytes. J. Biol. Chem. 271, 3328–3332.

Sano, H., Eguez, L., Teruel, M. N., Fukuda, M., Chuang, T. D., Chavez, J. A.,
Lienhard, G. E., and McGraw, T. E. (2007). Rab10, a target of the AS160 Rab
GAP, is required for insulin-stimulated translocation of GLUT4 to the adipo-
cyte plasma membrane. Cell Metab. 5, 293–303.

Sano, H., Kane, S., Sano, E., Miinea, C. P., Asara, J. M., Lane, W. S., Garner,
C. W., and Lienhard, G. E. (2003). Insulin-stimulated phosphorylation of a
Rab GTPase-activating protein regulates GLUT4 translocation. J. Biol. Chem.
278, 14599–14602.

Satoh, S., Nishimura, H., Clark, A. E., Kozka, I. J., Vannucci, S. J., Simpson,
I. A., Quon, M. J., Cushman, S. W., and Holman, G. D. (1993). Use of
bismannose photolabel to elucidate insulin-regulated GLUT4 subcellular traf-
ficking kinetics in rat adipose cells. Evidence that exocytosis is a critical site of
hormone action. J. Biol. Chem. 268, 17820–17829.

Saveanu, L., Carroll, O., Weimershaus, M., Guermonprez, P., Firat, E., Lindo,
V., Greer, F., Davoust, J., Kratzer, R., Keller, S. R., Niedermann, G., and van
Endert, P. (2009). IRAP identifies an endosomal compartment required for
MHC class I cross-presentation. Science 325, 213–217.

Schenck, A., Goto-Silva, L., Collinet, C., Rhinn, M., Giner, A., Habermann, B.,
Brand, M., and Zerial, M. (2008). The endosomal protein Appl1 mediates Akt
substrate specificity and cell survival in vertebrate development. Cell 133,
486–497.

Shi, J., and Kandror, K. V. (2005). Sortilin is essential and sufficient for the
formation of Glut4 storage vesicles in 3T3–L1 adipocytes. Dev. Cell 9, 99–108.

Shi, J., and Kandror, K. V. (2007). The luminal Vps10p domain of sortilin plays
the predominant role in targeting to insulin-responsive Glut4-containing
vesicles. J. Biol. Chem. 282, 9008–9016.

Stockli, J., Davey, J. R., Hohnen-Behrens, C., Xu, A., James, D. E., and Ramm,
G. (2008). Regulation of glucose transporter 4 translocation by the Rab
guanosine triphosphatase-activating protein AS160/TBC1D4, role of phos-
phorylation and membrane association. Mol. Endocrinol. 22, 2703–2715.

Subtil, A., Lampson, M. A., Keller, S. R., and McGraw, T. E. (2000). Charac-
terization of the insulin-regulated endocytic recycling mechanism in 3T3–L1
adipocytes using a novel reporter molecule. J. Biol. Chem. 275, 4787–4795.

Tojo, H., Kaieda, I., Hattori, H., Katayama, N., Yoshimura, K., Kakimoto, S.,
Fujisawa, Y., Presman, E., Brooks, C. C., and Pilch, P. F. (2003). The Formin
family protein, formin homolog overexpressed in spleen, interacts with the
insulin-responsive aminopeptidase and profilin IIa. Mol. Endocrinol. 17,
1216–1229.

Wallis, M. G., Lankford, M. F., and Keller, S. R. (2007). Vasopressin is a
physiological substrate for the insulin-regulated aminopeptidase IRAP. Am. J.
Physiol. Endocrinol. Metab. 293, E1092–E1102.

Waters, S. B., D’Auria, M., Martin, S. S., Nguyen, C., Kozma, L. M., and
Luskey, K. L. (1997). The amino terminus of insulin-responsive aminopepti-
dase causes Glut4 translocation in 3T3–L1 adipocytes. J. Biol. Chem. 272,
23323–23327.

Wertheim, N., Cai, Z., and McGraw, T. E. (2004). The transcription factor
CCAAT/enhancer-binding protein alpha is required for the intracellular re-
tention of GLUT4. J. Biol. Chem. 279, 41468–41476.

Xiong, W., Jordens, I., Gonzalez, E., and McGraw, T. E. (2010). GLUT4 is
sorted to vesicles whose accumulation beneath and insertion into the plasma
membrane are differentially regulated by insulin and selectively affected by
insulin resistance. Mol. Biol. Cell 21, 1375–1386.

Yeh, J. I., Verhey, K. J., and Birnbaum, M. J. (1995). Kinetic analysis of glucose
transporter trafficking in fibroblasts and adipocytes. Biochemistry 34, 15523–
15531.

Yeh, T. Y., Sbodio, J. I., Tsun, Z. Y., Luo, B., and Chi, N. W. (2007). Insulin-
stimulated exocytosis of GLUT4 is enhanced by IRAP and its partner
tankyrase. Biochem. J. 402, 279–290.

Zeigerer, A., Lampson, M. A., Karylowski, O., Sabatini, D. D., Adesnik, M.,
Ren, M., and McGraw, T. E. (2002). GLUT4 retention in adipocytes requires
two intracellular insulin-regulated transport steps. Mol. Biol. Cell 13, 2421–
2435.

Zeigerer, A., McBrayer, M. K., and McGraw, T. E. (2004). Insulin stimulation
of GLUT4 exocytosis, but not its inhibition of endocytosis, is dependent on
RabGAP AS160. Mol. Biol. Cell 15, 4406–4415.

I. Jordens et al.

Molecular Biology of the Cell2044


