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The peripheral Golgi protein golgin-160 is induced during 3T3L1 adipogenesis and is primarily localized to the Golgi
cisternae distinct from the trans-Golgi network (TGN) in a general distribution similar to p115. Small interfering RNA
(siRNA)-mediated reduction in golgin-160 protein resulted in an increase accumulation of the insulin-responsive amino
peptidase (IRAP) and the insulin-regulated glucose transporter (GLUT4) at the plasma membrane concomitant with
enhanced glucose uptake in the basal state. The redistribution of GLUT4 was rescued by expression of a siRNA-resistant
golgin-160 cDNA. The basal state accumulation of plasma membrane GLUT4 occurred due to an increased rate of
exocytosis without any significant effect on the rate of endocytosis. This GLUT4 trafficking to the plasma membrane in the
absence of golgin-160 was independent of TGN/Golgi sorting, because it was no longer inhibited by the expression of a
dominant-interfering Golgi-localized, �-ear–containing ARF-binding protein mutant and displayed reduced binding to
the lectin wheat germ agglutinin. Moreover, expression of the amino terminal head domain (amino acids 1–393) had no
significant effect on the distribution or insulin-regulated trafficking of GLUT4 or IRAP. In contrast, expression of carboxyl
� helical region (393–1498) inhibited insulin-stimulated GLUT4 and IRAP translocation, but it had no effect on the sorting
of constitutive membrane trafficking proteins, the transferrin receptor, or vesicular stomatitis virus G protein. Together,
these data demonstrate that golgin-160 plays an important role in directing insulin-regulated trafficking proteins toward
the insulin-responsive compartment in adipocytes.

INTRODUCTION

GLUT4 is the facilitative glucose transporter that is primar-
ily expressed in insulin-responsive tissues (i.e., striated mus-
cle and adipose) and is responsible for the clearance of
circulating glucose in the postprandial state (Mueckler, 1994;
Watson and Pessin, 2001). Under basal conditions, the
majority of GLUT4 is sequestered in specialized GLUT4
insulin-responsive storage compartments (IRCs). In re-
sponse to insulin, GLUT4 translocates from these intracellu-
lar compartments and is functionally incorporated into the
plasma membrane, thereby enhancing glucose uptake
(Chang et al., 2004; Watson and Pessin, 2006). Despite the
established importance of GLUT4 translocation in the regu-
lation of glucose homeostasis, details of how muscle and

adipose tissues maintain an insulin-sensitive IRC remain
unknown.

In a current model for GLUT4 compartmentalization, the
newly synthesized GLUT4 protein is sorted directly into
intracellular IRC (Watson et al., 2004). This process is differ-
ent from the trafficking of related proteins (e.g., GLUT1) and
other constitutively trafficking proteins (vesicular stomatitis
virus G protein; VSV-G) that traffic directly to the plasma
membrane after biosynthesis. The important initial biosyn-
thetic processing steps that establish an insulin-responsive
pool of GLUT4 are thought to take place in the sorting
compartments of the trans-Golgi network (TGN). In support
of this model, the TGN cargo adaptor Golgi-localized, �-ear–
containing ARF-binding protein (GGA) is required for the
initial entry of GLUT4 from the TGN into the insulin-respon-
sive compartment (Watson et al., 2004). More recently, the
expression of an amino-terminal deletion mutant of the
Golgi tethering protein, p115 was found to inhibit insulin-
stimulated GLUT4 translocation to the plasma membrane,
suggesting a role for p115 in the intracellular tethering of
GLUT4 (Hosaka et al., 2005).

p115 is one member of a large golgin family of Golgi-
localized proteins. These proteins have been implicated in
the maintenance of proper Golgi structure and function
(Barr et al., 2003). It has long been appreciated that the
cisternal Golgi membrane stacks of higher eukaryotes func-
tion in the processing and sorting of proteins en route from
the endoplasmic reticulum to the plasma membrane as well
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as to other intracellular locations (Fullekrug and Nilsson,
1998). At least some golgins contribute to cargo protein
trafficking and sorting in Golgi cisternae, allowing for
proper intracellular compartmentalization. The importance
of golgins in cargo sorting is highlighted by the fact that
disruption of tethering complexes between the golgins
GM130 and giantin results in an inhibition of Golgi transport
and subsequent accumulation of transport vesicles (Alvarez
et al., 2001).

One golgin that has been the focus of current research is
the protein golgin-160. Recent studies have demonstrated
that golgin-160 is a caspase substrate during programmed
cell death, and after cleavage the head domain is required
for efficient apoptotic disassembly of the Golgi (Mancini et
al., 2000). These results suggest that cleavage of golgin-160
disrupts protein–protein interactions that are important for
Golgi function. However, the function of golgin-160 under
normal (nonapoptotic) conditions remains unknown. In this
regard, golgin-160 has recently been shown to be involved in
the trafficking of the ROMK potassium channel (Bundis et
al., 2006) and the �-1 adrenergic receptor (Hicks et al., 2006).
Golgin-160 has also been observed to directly associate with

PIST (also known as GOPC, CAL, and FIG) that seems to be
required for the vesicular trafficking of a subset of plasma
membrane proteins (Hicks and Machamer, 2005). In partic-
ular, PIST was found to associate with syntaxin 6 (Stx6), and
this Q-SNARE has been implicated in insulin-stimulated
GLUT4 translocation (Charest et al., 2001; Shewan et al., 2003;
Perera et al., 2003). Based upon these data, we have exam-
ined the potential role of golgin-160 in the regulation of
GLUT4 trafficking. Our data demonstrate that golgin-160 is
up-regulated during adipogenesis and is required for the
proper sorting of GLUT4 to the insulin-responsive compart-
ment at a step before GGA-dependent function.

MATERIALS AND METHODS

Brefeldin A (Sigma-Aldrich, St. Louis, MO) was prepared as a 5-mg/ml stock
in methanol and used at a final concentration of 5 �g/ml. SuperSignal
enhanced chemiluminescence reagents were purchased from Pierce Chemical
(Rockford, IL) and used according to the manufacturer’s instructions. The
rabbit golgin-160 antibody used in this study was produced in rabbits to a
glutathione S-transferase (GST) fusion protein containing residues 1–393 of
human golgin-160, generated and purified as described previously (Hicks and
Machamer, 2005). The antibody was affinity purified on GST-golgin-160

Figure 1. Golgin-160 colocalizes with p115
in the Golgi stacks in 3T3L1 adipocytes. Fully
differentiated 3T3L1 adipocytes were either
left untreated (a–c, g–i) or incubated with 5
�g/ml BFA (d–f, j–l) for 30 min at 37°C. The
cells were fixed and subjected to confocal flu-
orescent microscopy for the localization of
golgin-160 (a, d, g, and j) and p115 (b and e)
and stx6 (h and k). Merged images are shown
in c, f, i, and l. These are representative image
taken from three independent experiments.
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bound to glutathione beads. The Stx6 and p115 monoclonal antibodies were
purchased from BD Transduction Laboratories (Lexington, KY). The mono-
clonal VSV-G antibody was purchased from Accurate Chemical and Scientific
(Westbury, NY). The c-Myc (9E10) antibody was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Horseradish peroxidase-conjugated
secondary antibodies were purchased from Pierce Chemical. Insulin, dexa-
methasone, isobutyl-1-methylxanthine, bovine serum albumin, and donkey
serum were purchased from Sigma-Aldrich. VECTASHIELD was obtained
from Vector Laboratories (Burlingame, CA).

The carboxy-terminal enhanced green fluorescent protein (EGFP)-tagged
GLUT4 (GLUT4-EGFP) and the myc epitope-tagged GLUT4 (myc-GLUT4)
constructs were prepared as described previously (Thurmond et al., 1998;
Kanzaki et al., 2004). The TR-IRAP construct was prepared as previously
described (Subtil et al., 2000; Hou et al., 2006). Myc-tagged full-length golgin-
160 and golgin-160 truncation mutants were prepared as described previously
(Hicks and Machamer, 2002). VSV-G cDNA was obtained from the University
of Iowa DNA Core facility (Iowa City, IA). Transferrin receptor cDNA was
obtained from the America Type Culture Collection (Manassas, VA).

Small-interfering double-stranded RNA (siRNA) molecules were generated
using the target sequence of CACUUGAUCCUGAGCUCAU (nucleotides
557–575 of mouse golgin-160) and purchased from Dharmacon RNA Tech-
nologies (Lafayette, CO). The scrambled control sequence was CCCAUG-
GACGACAACACAA.

cDNA for siRNA-resistant golgin-160 was generated using QuikChange
mutagenesis to convert the wild-type sequence of CGCTTGATCCTGAGCT-
CAT to CGCTTGACCCCGAACTTAT. This resulted in an alternative codon
usage without affecting the protein sequence of golgin-160.

Cell Culture and Transient Transfection of 3T3L1
Adipocytes
Murine 3T3L1 preadipocytes were purchased from the American Type Tissue
Culture repository. Cells were cultured in DMEM supplemented with 25 mM
glucose and 10% calf serum at 37°C with 8% carbon dioxide. Cells were
differentiated into adipocytes with the addition of 1 �g/ml insulin, 1 mM
dexamethasone, and 0.5 mM isobutyl-1-methylxanthine. Adipocytes were
used in experiments 6–9 d after the initiation of differentiation. Cells were
electroporated using the Gene Pulser II (Bio-Rad, Hercules, CA) with settings
of 0.16 kV and 960 microfarads. For all experiments, 50 �g of DNA and 1 nmol
of siRNA were used for electroporation. After electroporation, cells were
plated on glass coverslips and allowed to recover in complete medium.

Immunofluorescence and Image Analysis
Differentiated 3T3L1 adipocytes transfected with the appropriate cDNAs
and/or siRNA constructs were grown on coverslips and serum-starved in
DMEM for 2 h before each experiment. Cells were then incubated with 100
nM insulin for 30 min or left untreated. Shortly after stimulation, cells were
fixed using 4% paraformaldehyde with 0.18% Triton X-100 for 10 min at room
temperature. Cells were then blocked using 1% bovine serum albumin solu-
tion with 5% donkey serum for 1 h at room temperature. Coverslips were then
incubated in primary antibody solution for 1 h at 37°C. After incubation, the

coverslips were washed three times with phosphate-buffered saline (PBS)
solution, followed by incubation in secondary antibody for 1 h at 37°C.
Coverslips were then again washed three times with PBS and mounted with
VECTASHIELD medium. Plasma membrane localization was determined by
using an LSM510 confocal fluorescence microscope (Carl Zeiss, Thornwood,
NY) to score 50 representative cells per condition for the appearance of a
continuous plasma membrane ring of GLUT4. The results represent the
mean � SD for three to five independent experiments.

Immunoblotting
Samples were separated by SDS-PAGE and electrophoretically transferred to
polyvinylidene difluoride membranes. The samples were immunoblotted
with monoclonal or polyclonal-specific antibody as indicated in figure leg-
ends. The primary antibodies were detected with horseradish peroxidase-
conjugated anti-mouse or anti-rabbit IgG antibodies. Specific signals were
visualized, scanned, and analyzed by Molecular Imager FX (Bio-Rad).

GLUT4 Endocytosis Assay
Basal golgin-160 knockdown cells and insulin-stimulated control adipocytes
were chilled and incubated with the myc monoclonal antibody for 1 h at 4°C
to label the GLUT4 at the plasma membrane. Cells were then washed to
remove insulin and excess myc antibody as described previously (Kao et al.,
1998). The cells were placed at 37°C and incubated for various times to allow
myc antibody-bound GLUT4 to internalize. The reactions were stopped by
washing once with ice-cold PBS and fixing in 4% paraformaldehyde and 0.2%
Triton X-100 in PBS at room temperature for 10 min. The cells were incubated
with Alexa584-anti-mouse secondary antibody at 37°C for 1 h. Translocation
of myc antibody-bound GLUT4 from plasma membrane to the intracellular
pool was examined by immunofluorescence microscopy.

2-Deoxyglucose Assay
3T3L1 adipocytes were seeded in 12-well plates and 2-deoxyglucose uptake
determined as described previously (Kanzaki and Pessin, 2001). In brief, cells
were serum starved for 3 h before the assay. Cells were then washed twice
with KRPH buffer (5 mM Na2HPO4, 20 mM HEPES, pH 7.4, 1 mM MgSO4, 1
mM CaCl2, 136 mM NaCl, 4.7 mM KCl, 0.1% [wt/vol] BSA) and stimulated
with 100 nM insulin or left untreated for 30 min. Glucose uptake was mea-
sured by incubation with 0.1 mM 2-deoxyglucose containing 1 �Ci/ml 2-de-
oxy-d-glucose, [1,2-3H] at 4°C for 5 min. Transport was terminated by wash-
ing the cells three times with ice-cold PBS. Cells were solubilized with 1%
Triton X-100, and the radioactivity was detected by scintillation counting.
Nonspecific deoxyglucose uptake was measured in the presence of 20 �M
cytochalasin B and was subtracted from each determination to obtain specific
uptake. Data are representative of three experiments, and each value was
corrected for protein content.

Plasma Membrane Sheet Assay
Plasma membrane sheets were prepared from adipocytes by the method
described previously (Elmendorf et al., 1998). Briefly, after the appropriate

Figure 2. Golgin-160 protein expression is in-
duced during adipogenesis and is effectively
reduced after siRNA transfection. (A) Total
cell extracts were prepared from 3T3L1 cells
before the initiation of differentiation and at 4,
8, and 12 d postdifferentiation. The cell extracts
were then immunoblotted for golgin-160 and
p115. (B) 3T3L1 cells were fixed at the initia-
tion of differentiation (0) and at 4, 8, and 12 d
postdifferentiation. The cells were then sub-
jected to confocal fluorescence microscopy for
the endogenous golgin-160 and p115 proteins.
(C) Fully differentiated adipocytes were trans-
fected with a random (�) or golgin-160–spe-
cific siRNA (�). Total cell extracts were pre-
pared 24, 48, and 72 h later and immunoblotted
for the presence of golgin-160, Stx6, and p115.
These are representative experiments indepen-
dently performed three times.
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treatment as described in the figure legend, coverslips were rinsed once in
ice-cold PBS and incubated with 0.5 mg/ml poly-l-lysine in PBS for 30 s. Cells
were then swollen in a hypotonic buffer (23 mM KCl, 10 mM HEPES, pH 7.5,
2 mM MgCl2, and 1 mM EGTA) by three successive rinses. The swollen cells
were sonicated for 3 s in sonication buffer (70 mM KCl, 30 mM HEPES, pH 7.5,
5 mM MgCl2, 3 mM EGTA, 1 mM dithiothreitol, and 0.1 mM phenylmethyl-
sulfonyl fluoride). The bound plasma membrane sheets were washed two
times with sonication buffer and used for indirect immunofluorescence as
described above.

IRAP and GLUT4 Glycosylation
One milligram of total detergent cell extracts (in buffer containing 10% SDS,
20% glycerol, and 0.125 M Tris) from random and golgin-160 siRNA-treated
3T3L1 adipocytes were incubated with 200 �l of wheat germ agglutinin
(WGA) immobilized on agarose beads (glycoprotein isolation kit; Pierce
Chemical). The WGA-bound glycoproteins were washed and then eluted.
Equal percentage aliquots of the total cell lysates incubated with WGA and
eluted proteins were then immunoblotted for the GLUT4, IRAP, transferrin
receptor, and CD36 as described above.

RESULTS

Localization of Golgin-160 in 3T3L1 Adipocytes
To examine the distribution of golgin-160 in adipocytes, we
compared the localization of endogenous golgin-160 with
that of the Golgi marker p115 as well as the TGN marker

Stx6 by using confocal immunofluorescence microscopy.
Golgin-160 was primarily concentrated in the perinuclear
region, with low levels of diffuse background staining
throughout the cell (Figure 1a). This distribution overlapped
well with the localization pattern of p115 (Figure 1, b and c)
and displayed partial colocalization with Stx6 (Figure 1, g–i).

To test whether golgin-160 was localized to the Golgi
stacks and/or to the TGN, we took advantage of the ability
of brefeldin A (BFA) to collapse the Golgi cisternae back into
the endoplasmic reticulum (Banting and Ponnambalam,
1997; Lippincott-Schwartz et al., 1991; Reaves and Banting,
1992). Under these conditions, the BFA inhibition of TGN
anterograde transport also results in fusion of the TGN with
late endosomes that coalesce into a more spherical mass near
the microtubule organization center (Chardin and McCormick,
1999). As expected, BFA treatment resulted in the loss of
perinuclear p115 labeling that became more diffuse, consis-
tent with dissolution of the Golgi stacks and retrograde
transport into the endoplasmic reticulum (Figure 1, e). In
contrast, BFA treatment resulted in a more concentrated,
spherical distribution of Stx6, consistent with TGN localiza-
tion (Figure 1k). On BFA treatment, the perinuclear labeling

Figure 3. Reduction of golgin-160 protein
levels does not alter the general Golgi mor-
phology in 3T3L1 adipocytes. Fully differenti-
ated adipocytes were either transfected with a
random siRNA (a–c, g–i) or with the golgin-
160–specific siRNA (d–f, j–l). Forty-eight
hours later, the cells were fixed and subjected
to confocal fluorescent microscopy for the lo-
calization of golgin-160 (a, d, g, and j), p115 (b
and e), and GM130 (h and k). Merged images
are shown in c, f, i, and l. These are represen-
tative image taken from three independent ex-
periments.
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of golgin-160 was disrupted and a more diffuse localization
pattern similar to that of p115 was observed (Figure 1, d and
j). These effects of BFA are consistent with the localization of
golgin-160 to the Golgi cisternae but not to any appreciable
extent in the TGN of 3T3L1 adipocytes. This is consistent
with more recent immunoelectron microscopy data in HeLa
cells demonstrating that the majority of golgin-160 is local-
ized to the Golgi and not to the TGN (Hicks et al., 2006).

Knockdown of Golgin-160 and Its Effects on Golgi
Structure
Several proteins that are required for adipocyte-specific
function are typically induced during the conversion from
preadipocytes (fibroblast-like phenotype) to fully differenti-
ated adipocytes. We therefore examined the protein levels of
golgin-160 levels during 3T3L1 adipogenesis (Figure 2A).
Although golgin-160 was expressed in preadipocytes (day
0), there was a significant induction during the adipogenic
process (days 4–12). In comparison, total p115 protein levels
seemed to increase slightly after the differentiation of prea-
dipocytes into adipocytes. Immunofluorescent images of
preadipocytes and cells undergoing adipogenesis revealed
that golgin-160 maintains a Golgi-associated distribution
throughout the differentiation process (Figure 2B). This dis-
tribution was very similar to the staining pattern observed
for p115 in these cells.

We next transfected fully differentiated 3T3L1 adipocytes
with a golgin-160–specific siRNA to reduce protein expres-
sion levels (Figure 2C). Compared with cells treated with a
scrambled siRNA sequence, cells treated with siRNA de-
signed to target golgin-160 showed a marked reduction in
the levels of golgin-160 protein 48 h after electroporation
(Figure 2C). The golgin-160 levels were further decreased
after 72 h of siRNA transfection. Importantly, the golgin-160
knockdown was specific, because the levels of Stx6 and p115
were not affected by either random or golgin-160–specific
siRNA transfection.

Because caspase-mediated cleavage of golgin-160 in fibro-
blasts correlated with Golgi stack fragmentation (Mancini et
al., 2000), we next investigated whether knockdown of gol-
gin-160 effected the general structural organization of the
Golgi apparatus in adipocytes. As observed previously, gol-
gin-160 strongly colocalized with p115 (Figure 3, a–c) as well
as another golgin protein GM130 (Figure 3, g–i). Whereas
the level of golgin-160 labeling was markedly reduced in the
golgin-160 siRNA knockdown adipocytes (Figure 3, d and j),
the levels and localization of p115 and GM130 were com-
pletely unaffected (Figure 3, e and k). Together, these data

demonstrate that knockdown of golgin-160 was specific for
golgin-160 and did not result in a gross morphological
change in adipocyte Golgi organization.

Effect of Golgin-160 Knockdown on GLUT4 Translocation
To examine the potential role of golgin-160 in regulated
sorting of adipocyte membrane transport, we next deter-
mined the effect of golgin-160 knockdown on GLUT4 trans-
location by using the GLUT4-EGFP reporter construct as
described previously (Watson et al., 2004). As expected,
treatment of control adipocytes with 100 nM insulin for 30
min resulted in an approximate eightfold increase in the
percentage of cells showing a plasma membrane localization
of GLUT4 compared with unstimulated cells, indicating a
marked increase in the amount of GLUT4 protein transloca-

Figure 4. Golgin-160 knockdown results in enhanced GLUT4 and
IRAP localization to the plasma membrane. (A) Fully differentiated
3T3L1 adipocytes were cotransfected with a random siRNA (bars 1
and 2) or the golgin-160–specific siRNA (bars 3 and 4) plus the
GLUT4-GFP reporter cDNA. The cells were also cotransfected with
the murine golgin-160–specific siRNA, GLUT4-GFP reporter and a
golgin-160–resistant cDNA (bars 5 and 6). Forty-eight hours later,
the cells were either left untreated (open bars) or stimulated with
100 nM insulin (closed bars) for 30 min. The cells were fixed and
subjected to confocal fluorescent microscopy for the localization of
GLUT4-GFP. These data represent the counting of 50 cells/experi-
ment (from 3 to 6 independent experiments) displaying a continu-
ous plasma membrane rim. (B) Fully differentiated 3T3L1 adipo-
cytes were cotransfected with a random siRNA (bars 1 and 2) and
the golgin-160–specific siRNA (bars 3 and 4) plus the TR-IRAP
reporter cDNA. Forty-eight hours later, the cells were either left
untreated (open bars) or stimulated with 100 nM insulin for 30 min
(closed bars). The cells were fixed and subjected to confocal fluo-
rescent microscopy for the localization of TR-IRAP. These data
represent the counting of 50 cells/experiment (from 3 independent
experiments) displaying a continuous plasma membrane rim.

Figure 5. Golgin-160 protein knockdown in-
creases the basal state plasma membrane distri-
bution of the endogenous GLUT4 protein. Fully
differentiated 3T3L1 adipocytes were trans-
fected with a random siRNA or the golgin-160–
specific siRNA. (A) Forty-eight hours later, the
cells were either left untreated or stimulated
with 100 nM insulin for 30 min. Plasma mem-
brane sheets were prepared and subjected to
confocal fluorescent microscopy for the presence
of the endogenous GLUT4 protein. These are
representative image taken from three indepen-
dent experiments. (B) The cells treated as de-
scribed above were assayed for the uptake of
[3H]2-deoxyglucose. Open bars represent un-
treated cells and closed bars represent cells treated
with insulin. These are the average values ob-
tained from three independent experiments.
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tion (Figure 4). Surprisingly, knockdown of golgin-160 re-
sulted in an approximate sixfold increase in the percentage
of cells that showed a plasma membrane localization of
GLUT4 in the basal state, compared with control cells trans-
fected with scrambled siRNA. Due to the high basal state
localization of GLUT4 at the plasma membrane there was
only a small effect of insulin to stimulate translocation. How-
ever, this still occurred to the same extent as in the control
cells.

To ensure that this effect was specific to the loss of golgin-
160, we cotransfected the golgin-160 siRNA (to reduce the
endogenous golgin-160 protein levels) with a siRNA-resis-
tant golgin-160 cDNA construct. Under basal conditions,
knockdown cells overexpressing siRNA-resistant golgin-160
showed a GLUT4 translocation profile that was similar to
the random siRNA-transfected control cells. Thus, the ex-
pression of siRNA-resistant golgin-160 was able to rescue the
effects of golgin-160 siRNA treatment, suggesting that this
effect was specific for the loss of golgin-160 protein. These
results imply that the knockdown of golgin-160 resulted in a
defect in the ability of these cells to properly sequester GLUT4
under basal conditions.

To confirm this effect of golgin-160 depletion on GLUT4
sequestration, we took advantage of insulin-regulated IRAP
trafficking. Previous studies have demonstrated that IRAP un-
dergoes identical intracellular sequestration and insulin-stim-
ulated plasma membrane translocation as GLUT4 (Kandror
and Pilch, 1994a,b; Kandror et al., 1994; Malide et al., 1997;
Martin et al., 1997; Ross et al., 1997). In addition, trafficking
can readily be assessed using a transferrin-receptor-IRAP
(TR-IRAP) chimera reporter construct (Subtil et al., 2000).
Knockdown of golgin-160 also resulted in a significant in-
crease in the percentage of cells that showed a plasma mem-
brane localization of IRAP in the basal state (Figure 4B).

Because the above-mentioned studies were based upon
the trafficking of the transfected GLUT4-GFP fusion reporter

protein, in parallel we examined the effect of golgin-160
knockdown on the endogenous GLUT4 protein. Plasma
membrane sheets were prepared from scrambled and gol-
gin-160 siRNA-transfected cells (Figure 5A). Plasma mem-
branes sheets isolated from scrambled siRNA-treated con-
trol cells had a relatively low level of immunoreactive
GLUT4 in the basal state (Figure 5A, a). Insulin stimulation
resulted in the translocation of the endogenous GLUT4 pro-
tein as depicted by the increase in plasma membrane sheet
immunofluorescence (Figure 5A, b). In agreement with the
results obtained using GLUT4-GFP, knockdown of golgin-
160 resulted in an increase in the level of endogenous
GLUT4 at the plasma membrane in the basal state (Figure
5A, c). Insulin stimulation slightly increased the level of the
endogenous GLUT4 at the plasma membrane to a similar
level as the control insulin-stimulated cells, consistent with
the effects observed using the GLUT4-GFP reporter (Figure
5A, d).

Figure 6. Golgin-160 knockdown has no significant effect on the
rate of GLUT4 endocytosis. Fully differentiated adipocytes were
transfected with a random siRNA (solid squares) or the golgin-160–
specific siRNA (solid circles) plus a myc-GLUT4 cDNA reporter.
Forty-eight hours later, the cells were stimulated with 100 nM
insulin for 30 min and then cooled to 4°C. The exofacial exposed
myc epitope was then labeled with a myc antibody, the cells were
then washed to remove insulin and excess antibody and subse-
quently warmed to 37°C. At various times, the cells were fixed,
permeabilized, and incubated with a rhodamine-conjugated sec-
ondary antibody, and the cells scored for the presence of internal-
ized GLUT4 as described under Experimental Procedures. These data
represent the counting of 50 cells/experiment from four indepen-
dent experiments.

Figure 7. Golgin-160 knockdown bypasses the ability of the dom-
inant-interfering GGA mutant (VHS-GAT) to inhibit the plasma
membrane trafficking of newly synthesized GLUT4. Fully differen-
tiated 3T3L1 adipocytes were cotransfected with the GLUT4-GFP
reporter plus a random siRNA or the golgin-160–specific siRNA in
addition to either the full-length GGA cDNA or a cDNA encoding
for the dominant-interfering GGA mutant (VHS-GAT). Forty-eight
hours later, the cells were stimulated with (closed bars) or without
(open bars) 100 nM insulin for 30 min, fixed, and subjected to
confocal fluorescent microscopy. These data represent the counting
of 50 cells/experiment from three independent experiments.

Figure 8. Knockdown of golgin-160 results in a loss of GLUT4 and
IRAP terminal glycosylation. Fully differentiated adipocytes were
transfected with a random (lanes 1 and 2) or golgin-160–specific
siRNA (lanes 3 and 4). Total cell extracts were prepared 48 h later.
Cell lysates were incubated with WGA-agarose beads, and the
bound proteins eluted as described under Experimental Procedures.
Equal proportions of the total cell extracts (lysates, lanes 1 and 3)
and WGA-agarose bead eluants (lanes 2 and 4) were immunoblot-
ted for the presence of GLUT4, IRAP, TR, and CD36. These are
representative experiments independently performed three times.
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To further confirm the necessary role of golgin-160 func-
tion in the intracellular retention of the endogenous GLUT4
protein, we next examined the effect of golgin-160 knock-
down on glucose uptake (Figure 5B). Scrambled siRNA-
transfected cells displayed an approximate eightfold insulin-
stimulated increase in the rate of glucose uptake. In
comparison, the knockdown of golgin-160 resulted in an
approximate threefold increase in glucose uptake in the
basal state and a sixfold increase after insulin stimulation.
Although the effect of golgin-160 knockdown on glucose
uptake in the basal state was not as robust as that observed
for GLUT4 translocation, these data strongly support a re-
quirement for golgin-160 in the sorting of GLUT4 necessary
for appropriate intracellular retention.

Golgin-160 Does Not Regulate GLUT4 Endocytosis
There are only two general mechanisms that can account for
increased levels of GLUT4 at the plasma membrane. Either
the reduction of golgin-160 increases the rate of GLUT4
exocytosis and/or decreases the rate of plasma membrane
endocytosis. To address this issue, we took advantage of an
exofacial myc epitope-tagged GLUT4 protein (myc-GLUT4)
that has been routinely used to label the cell surface-exposed
myc epitope and to subsequently examine the internaliza-
tion of GLUT4. Control and golgin-160 siRNA knockdown
cells were stimulated with insulin and were labeled with a
myc antibody at 4°C. After insulin removal, the cells were
warmed to 37°C and the time-dependent appearance of
intracellular localized myc antibody was determined (Figure
6). In control cells, the t1/2 for endocytosis was �28 min in
good agreement with previous studies (Satoh et al., 1993;
Al-Hasani et al., 2002; Kanzaki et al., 2004; Karylowski et al.,
2004). Similarly, in the golgin-160 siRNA knockdown cells
essentially an identical rate of GLUT4 endocytosis was ob-
tained.

Golgin-160 Functions in a Pre-GGA–dependent Step in the
Sorting of GLUT4
The above-mentioned data demonstrate that the increased
cell surface distribution of GLUT4 in the golgin-160 knock-
down cells is due to enhanced exocytosis without any sig-
nificant effect on the rate of plasma membrane endocytosis.
To examine the basis for the golgin-160–dependent exocy-
tosis of GLUT4, we took advantage of the dominant-inter-

fering GGA mutant (VHS-GAT) that prevents the TGN sort-
ing of newly synthesized GLUT4 into the insulin-responsive
compartment. As reported previously (Watson et al., 2004),
compared with cells overexpressing the wild-type GGA pro-
tein (GGA/WT), expression of VHS-GAT mutant resulted in
an inhibition of insulin-stimulated GLUT4 translocation
(Figure 7). As expected, knockdown of golgin-160 in adipo-
cytes overexpressing GGA/WT also increased plasma mem-
brane GLUT4 localization in the basal state. Although
expression of VHS-GAT inhibited insulin-stimulated trans-
location of GLUT4, there was no significant effect on the
basal state GLUT4 translocation induced by the golgin-160
siRNA knockdown. Interestingly, the expression of VHS-
GAT in combination with the golgin-160 protein reduction
did attenuate the incremental insulin-stimulated transloca-
tion of GLUT4. Regardless, these results clearly demonstrate
that the loss of golgin-160 protein alters a GLUT4-sorting
step that precedes the function of GGA.

One important function of the TGN is the addition of
terminal glycosidic linkages (sialic acids) to maturing glyco-
proteins (Dunphy and Rothman, 1985). If the loss of golgin-
160 functions results in a bypass trafficking of GLUT4 away
from the TGN this should be reflective by an alteration in
terminal glycosylation. To address this issue, we took ad-
vantage of the fact that WGA preferentially binds to termi-
nal sialic acid residues (Bhavanandan and Katlic, 1979;
Nizheradze, 2000). We therefore examined the ability of
GLUT4 and IRAP to bind to a WGA-agarose affinity column.
Equal proportions of whole cell extracts (lysates) from con-
trol and golgin-160 siRNA-treated cells displayed similar
levels of endogenous GLUT4, IRAP, TR, and CD36 proteins
(Figure 8, lanes 1 and 3). The relative amount of GLUT4,
IRAP, transferrin receptor, and CD36 eluted from the WGA-
agarose column was also similar to the amount in the whole
cell extracts (Figure 8, lanes 1 and 2). These data demon-
strate that these glycoproteins were efficiently bound and
eluted from the WGA column. In contrast, although the
amount of transferrin receptor and CD36 bound and eluted
from the WGA column was essentially identical in golgin-
160 knockdown cells, the amount of GLUT4 and IRAP was
markedly reduced (Figure 8, lanes 3 and 4). These data are
consistent with a specific reduction in terminal glycosylation
of GLUT4 and IRAP in golgin-160 siRNA-treated adipo-
cytes.

Figure 9. Expression of the carboxy-terminal
domain of golgin-160 specifically inhibits the
trafficking of insulin-regulated but not consti-
tutive trafficking proteins. (A) Fully differen-
tiated 3T3L1 adipocytes were cotransfected
with cDNAs encoding the wild-type (WT),
amino-terminal (1–393), or carboxy-terminal
(393–1498) domains of golgin-160 plus the
GLUT4-GFP reporter. Twenty-four hours
later, the cells were stimulated with or without
100 nM insulin for 30 min, fixed, and subjected
to confocal fluorescent microscopy. (B) Fully
differentiated 3T3L1 adipocytes were cotrans-
fected with cDNAs encoding the amino termi-
nal (1–393) or carboxy-terminal (393–1498) do-
mains of golgin-160 plus either VSV-G, TR, or
the TR-IRAP reporter. Twenty-four hours
later, the cells were stimulated with (closed
bars) or without (open bars) 100 nM insulin
for 30 min, fixed, and subjected to confocal

fluorescent microscopy. These data represent the counting of 50 cells/experiment from three independent experiments.
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Selectivity of Golgin-160 Function
Golgin-160 is composed of a 393-amino acid head domain
and a long carboxy-terminal �-helical coiled-coil domain
structure. The head domain contains Golgi-targeting infor-
mation and is responsible for its association with the Golgi-
associated proteins (Hicks and Machamer, 2002, 2005). Hav-
ing established that reduction of golgin-160 protein levels
resulted in a missorting of GLUT4 to the plasma membrane,
we next assessed the effects of the golgin-160 amino terminal
head domain (1–393) and the carboxy-terminal �-helical do-
main (393–1498) on GLUT4 plasma membrane accumula-
tion. As observed for the siRNA golgin-160 rescue (Figure 4),
overexpression of the wild-type golgin-160 protein had no
significant effect on the basal state distribution or insulin-
stimulated GLUT4 translocation (Figure 9A). Similarly, ex-
pression of the golgin-160 head domain (amino acids 1–393)
was without effect on basal or on the insulin-stimulated
distribution of GLUT4 compared with control cells. In con-
trast, overexpression of carboxy-� helical coil domain (393–
1498) resulted in an inhibition of insulin-stimulated GLUT4
translocation.

As controls for specificity, we also examined the �-helical
coil domain effect on the distribution of IRAP and the
constitutively trafficking proteins, the TR, and VSV-G. Con-
sistent with the effects on GLUT4, expression of the carboxy-
terminal golgin-160 domain (393–1498) inhibited insulin-
stimulated translocation of the IRAP-TR construct (Figure
9B). In contrast, golgin-160 (393–1498) had no significant
effect on the constitutive trafficking of the transferrin recep-
tor itself or VSV-G protein to the plasma membrane. Thus,
the inhibitory effect of golgin-160 (393–1498) is consistent
with golgin-160 being involved in a specific Golgi mem-
brane sorting step require to direct GLUT4 and IRAP in the
correct transport pathway leading to the specialized insulin-
responsive storage compartment.

DISCUSSION

It is generally accepted that the TGN functions as the key-
sorting compartment from which transmembrane and lumi-
nal cargo proteins are targeted to post-Golgi destinations
(Keller and Simons, 1997). However, it has been suggested
that vesicular exit from transcisternae of the Golgi stack also

can occur, which provides alternative exit routes for various
trafficking and sorting proteins (Ladinsky et al., 2002). In
adipocytes, it has been reported that constitutive as well as
regulated secretion of adipokines can occur independently
from TGN trafficking. For example, it has been reported that
leptin is directly secreted from the endoplasmic reticulum
and adiponection from the Golgi cisternae (Barr et al., 1997;
Xie et al., 2006). Although these latter two proteins are sol-
uble luminal proteins, adipocytes also display complex pat-
terns of integral membrane protein transport with several
proteins undergoing various degrees of insulin responsive-
ness.

Previously, we have observed that the newly synthesized
GLUT4 and IRAP proteins, but not constitutive trafficking
proteins, undergo a GGA-dependent sorting step into the
IRC (Watson et al., 2004; Hou et al., 2006). Because GGA is
thought to primarily function as a cargo adaptor for TGN
exit, these data implicate a specific TGN exit pathway for
proteins destined for sequestration into the IRC. This is also
consistent with a GLUT4 plasma membrane recycling study
that demonstrate the endocytosis of GLUT4 back to the TGN
and subsequent processing and acquisition of insulin re-
sponsiveness (Shewan et al., 2003). We therefore wondered
whether there could also be a pre-TGN (Golgi cisternae)
decision step that directs GLUT4 toward a specific pathway
required for appropriate TGN sorting. While our study was
in progress Hosaka et al. (2005) provided further support for
this speculation by demonstrated that the p115 golgin pro-
tein could directly bind to IRAP (Hosaka et al., 2005). Re-
gardless, we elected to examine the role of golgin-160 on the
trafficking of GLUT4 due to the observations that golgin-160
can directly interact with the protein PIST/GOPC/CAL/
FIG (Hicks and Machamer, 2005). PIST has been reported to
interact with the TGN Q-SNARE Stx6 that has also been
suggested to be involved in the TGN sorting of GLUT4
(Charest et al., 2001; Perera et al., 2003; Shewan et al., 2003).
Moreover, PIST was found to interact with the small Rho
family GTP binding protein TC10 that has also been impli-
cated in the insulin-regulated trafficking of GLUT4 (Chiang
et al., 2001; Neudauer et al., 2001; Watson et al., 2001; Chiang
et al., 2002).

Our data clearly demonstrate that golgin-160 is required
for the intracellular sequestration of endogenous as well as

Figure 10. Schematic model for golgin-160
function in the regulation of GLUT4 and IRAP
protein trafficking in adipocytes. Under nor-
mal conditions, GLUT4 and IRAP undergo a
biosynthetic sorting from endoplasmic reticu-
lum (ER) to the IRC via the Golgi and TGN.
Once at the plasma membrane, endocytosis
and recycling result in the trafficking back to
the Golgi/TGN and retention in the IRC. In the
absence of golgin-160 function, the GLUT4 and
IRAP proteins default to the plasma mem-
brane, bypassing the GGA-dependent sorting
to the IRC. The plasma membrane GLUT4 and
IRAP then undergo recycling back to the
Golgi/TGN, but again they are missorted
away from the IRC in the absence of golgin-
160.
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the exogenously expressed GLUT4 and IRAP proteins. This
was based upon siRNA knockdown of golgin-160 that in-
duced the basal state appearance of GLUT4 and IRAP at the
plasma membrane. Importantly, this could be reversed by
coexpression of a siRNA resistant golgin-160 cDNA. More-
over, golgin-160 was not globally required for all trafficking
events, because the distribution of Stx6 was not altered by
siRNA-mediated knockdown of golgin-160 under the same
conditions that missorted GLUT4 and IRAP. Similarly, con-
stitutive membrane protein trafficking (transferrin receptor
and VSV-G protein) was unaffected by expression of a dom-
inant-interfering golgin-160 truncation mutant, whereas in-
sulin-regulated trafficking proteins (GLUT4 and IRAP) were
inhibited.

It should be noted that golgin-160 knockdown also re-
sulted in a basal state increase in glucose uptake consistent
with a redistribution of GLUT4 to the plasma membrane.
However, the effect of the golgin-160 knockdown was not as
robust as that observed for GLUT4 translocation. This could
have resulted from a lack of insulin-stimulated activation of
the intrinsic glucose transport activity of GLUT4 (Sweeney et
al., 1999; Somwar et al., 2001; Yamaguchi et al., 2005). Alter-
natively, appropriate GLUT4 glycosylation may be required
for efficient glucose uptake, because terminal GLUT4 glyco-
sylation was reduced in the golgin-160 knockdown cells. In
contrast, it has been suggested that GLUT1 contributes a
large proportion of glucose transport activity in 3T3L1 adi-
pocytes (Liao et al., 2006). Under such conditions, the high
level of GLUT1-dependent glucose uptake would reduce the
relative effect of GLUT4 dependent (insulin-stimulated) glu-
cose uptake. Nevertheless, these data strongly support a
requirement for golgin-160 in the sorting of GLUT4 neces-
sary for appropriate intracellular retention.

The necessary requirement for golgin-160 begs the ques-
tion how can Golgi function be required for GLUT4 intra-
cellular retention in the IRC? One possible explanation is
schematically represented in Figure 10 based upon the find-
ing that the rate of GLUT4 endocytosis was identical in both
control and golgin-160 knockdown cells. Because there is no
significant difference in the rate of endocytosis this neces-
sarily requires an increase rate of GLUT4 exocytosis. How-
ever, the increased exocytosis probably occurs from the
Golgi complex and not the TGN, because GLUT4 trafficking
occurred even in the presence of the dominant-interfering
GGA mutant. Consistent with this model, terminal glycosyl-
ation occurs in the TGN and both GLUT4 and IRAP had
marked reduction in terminal glycosylation, detected by
WGA binding, in the golgin-160 knockdown cells. However,
these data do not exclude the possibility that the golgin-
dependent missorting occurs in a specialized domain
and/or at the TGN/Golgi transition.

Once at the plasma membrane, GLUT4 undergoes endo-
cytosis and recycles back to the Golgi complex. In the ab-
sence of golgin-160, GLUT4 will then undergo constitutive
exit and cycle back to the plasma membrane. This accounts
for the apparent steady-state accumulation at the plasma
membrane, yet with a normal rate of endocytosis. In con-
trast, in the presence of golgin-160, GLUT4 will then recycle
back to the Golgi but in this case, it undergoes normal
trafficking to the IRC.

This model would account for the effect of golgin-160
knockdown on both the endogenous and exogenously ex-
pressed GLUT4. In transfected GLUT4, after endoplasmic
reticulum cotranslational insertion and trafficking to the
Golgi, the protein will then default to the plasma membrane
and undergo multiple rounds of recycling. Because it con-
tinually bypasses the IRC, the steady-state accumulation at

the plasma membrane is observed. In endogenous GLUT4
protein, it is well established that there is a slow basal rate of
trafficking to the plasma membrane and recycling back to
the IRC. Because the knockdown of golgin-160 takes be-
tween 48 and 72 h and the basal state t1/2 of plasma mem-
brane trafficking is �4 h (Karylowski et al., 2004), this is more
than sufficient time for the majority of GLUT4 to have tran-
sited the plasma membrane and undergone intracellular
recycling. The fact that the recycled GLUT4 defaults back to
the plasma membrane in the absence of golgin-160 strongly
supports the hypothesis that GLUT4 recycles back to the
Golgi. This is further consistent with a study demonstrating
that after cell surface desialylation, the IRAP protein recycles
and becomes a substrate for sialyltransferase, which is a
TGN localized glycosyltransferase (Shewan et al., 2003).

Together, these data demonstrate that following biosynthe-
sis the GLUT4 protein enters a sorting pathway within the
Golgi cisternae that is dependent on golgin-160 function. This
pathway directs GLUT4 along a specific trafficking route lead-
ing to the TGN and a GGA-dependent step necessary for the
entry into the insulin-responsive compartment. Moreover, in
the absence of golgin-160–dependent Golgi processing, the
GLUT4 protein defaults to the cell surface and undergoes
continuous unregulated recycling.
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