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Fig. 1 TEM images of (a) QD
nanoparticles and (b) QD/Si
nanoparticles

Colloidal suspensions of QD/Si/Gd particles were
washed by repeating centrifugation, removal of superna-
tant, addition of the water, and sonication over three times.

OD/Si/Gd/Si particles

Si-coating of the QD/Si/Gd particles was performed by the
modified Stober method in a 10-mlL glass vessel under
vigorous stirring. In each reaction, TEOS and 0.1 M
aqueous NaOH solution were successively added to the
QD/Si/Gd particle colloid solution at room temperature.
The reaction time was 24 h. A total volume of the solution
was 5 mL, and initial concentrations of QD, H,0, NaOH,
and TEOS were 3.2 x 10—9, 5,1 % 10‘3, and 5 x 1074
5 x 107> M, respectively. Colloidal suspensions of QD/Si/
Gd/Si particles were washed by repeating centrifugation,
removal of supernatant, addition of the water, and sonica-
tion over three times.

Characterization

Morphology of the particles was investigated by TEM.
TEM was performed with a JEOL JEM-2000FX II
microscope operating at 200 kV. Samples for TEM were
prepared by dropping and evaporating the nanoparticle
suspensions on a collodion-coated copper grid. Several
hundred particle diameters in TEM images were measured
to determine volume-averaged particle size, dy, and stan-
dard deviation of particle size distribution, o, defined by
the following equations.

1/3
dy = (Zn,-d,—g‘/Zni) (1)

i

12
0= (Z (d; — dv)?/ Z"f) (2)

where n; is the number of particles with a size of d;.
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Fluorescence intensity of each particle was measured with
an optical system with confocal microscope, which was also
used in our previous studies [48, 49]. The optical system for
observation of fluorescence of particles consisted primarily
of an epi-fluorescent microscope (IX-71, Olympus) with a
60x oil immersion objective lens (UPLSAPO; Olympus), a
Nipkow disc-type confocal unit (CSU10, Yokogawa, Tokyo,
Japan) and an electron multiplier type charge-coupled device
camera (Ixon DV887, Andor, Belfast, Northern Ireland).
One pl. of sample was pipetted on to a glass slide
(25 x 60 mm; Matsunami glass) and covered with a glass
cover slip (24 x 32 mm; Matsunami glass). Particles were
illuminated with a blue laser (488 nm, 50 mW, Spectra-
Physics, CA, USA), and the laser-excited fluorescence was
filtered with a 760-840 nm band-pass filter. The fluorescent
images of particles were acquired by accumulating 100
images taken at an exposure time of 0.2 s and converted into
AVI files. QDs possessing the same fluorescent wavelength
are uniform in size, and its fluorescence is composed of
fluorescent and non-fluorescent states called on- and off-
states, respectively. This fluorescent property results in
blinking of QDs. The mean time of the off-state during 20 s
of observation was about 4 s and the calculated value of the
standard error of the mean was very low. Therefore, based on
an off-state time of 4 s, we selected ten single-particle QD.
Their fluorescent intensity of 4 x 4 pixels (1.12 pm?) during
20 s were averaged and calculated as gray value by Image J
software (http://rsb.info.nih.gov/ij/).

Results and discussion
QD/Si/Gd particles

Gd-coating with NaOH-addition method and homogeneous
precipitation method

Figure 2a shows TEM images of particles prepared with
the NaOH-addition method. No Gd-coated core—shell
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Fig. 2 TEM images of QD/Si
nanoparticles after Gd-coating
by (a) NaOH-addition method
and (b) homogeneous
precipitation method. Initial
concentrations of QD and
Gd(NO;); were 3.2 x 107 and
3 x 107* M, respectively. Urea
concentration in the
homogeneous precipitation
method was 0.5 M

particles were produced. Instead, gel network of Gd
formed, and the network appeared to incorporate the QD/Si
particles. A local increase in pH of the colloid solution took
place with the NaOH addition, which resulted in generation
of large amount of Gd nuclei. The NaOH addition also
provided a local increase in iomic strength of the solution
close by the drops of NaOH aqueous solution. Since, an
increase in the ionic strength compresses double layer on
solid materials such as colloidal particles [50-52], the
double layer repulsions both among the Gd nuclei and
between the nuclei and the QD/Si particles were probably
reduced with the NaOH addition. Thus, the aggregation of
the Gd nuclei and the successive formation of their gel
network took place simultaneously with the aggregation of
the nuclei and the QD/Si particles. During the gel network
formation, the QD/Si particles present in the colloid solu-
tion were probably incorporated with the network.

Figure 2b shows TEM images of particles prepared with
the homogeneous precipitation method. The QD/Si parti-
cles were coated with Gd shell, though aggregation of the
QD/Si/Gd particles was observed. Since, heating decom-
posed urea slowly, pH of the solution increased slowly and
homogeneously, and then Gd nuclei was generated. The

slow decomposition of urea resulted in not a fast but a slow
increase in ionic strength of the solution. The slow increase
in ionic strength controlled aggregation and growth of the
Gd nuclei. Consequently, the Gd nuclei were deposited on
the QD/Si particle surface. Accordingly, it was found that
the homogeneous precipitation method was suitable to
Gd-coating of the QD/Si particles, compared to the NaOH-
addition method. Therefore, the homogeneous precipitation
method was used for all subsequent experiments.

Effect of stabilizer

Figure 3 shows TEM images of QD/Si/Gd particles pre-
pared with the homogeneous precipitation method using
various stabilizers. In the cases of CTAB and SDS, though
the QDY/Si particles were coated with Gd shell, aggregation
of the QD/Si/Gd particles was observed, which was similar
to the case with no stabilizer (Fig. 2b). Because both
CTAB and SDS are ionic surfactants, the addition of them
may increase the ionic strength of solution. The increase in
the ionic strength probably accelerated the aggregation of
particles. The addition of PVP appeared to control the
aggregation, i.e., quasi-perfect multilayered QD/Si/Gd

Fig. 3 TEM images of QD/Si/Gd nanoparticles prepared with homogeneous precipitation method using stabilizers of (a) CTAB, (b) PVP, and
(c) SDS. Initial concentrations of QD, Gd(NO3);, urea and stabilizer were 3.2 x 107%,3 x 107%,05M, and 1 g/L, respectively
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Fig. 4 TEM images of QD/Si/Gd nanoparticles prepared with homogeneous precipitation method at GA(NOs); concentrations of (a) 3 x 107>,
() 3 x 10™*, and (€)3 x 10~3 M. Initial concentrations of QD, urea, and PVP were 3.2 x 107°, 0.5 M, and 1 g/L, respectively

core—shell particles were produced with the PVP addition.
Since, PVP is a polymer dispersant, the PVP addition
probably did not provide remarkable change of ionic
strength. Consequently, the particle aggregation became
unpronounced. Therefore, the PVP was used for all sub-
sequent experiments.

Effect of GA(NO3); concentration

Figure 4 shows TEM images of QD/Si/Gd particles
prepared with the homogeneous precipitation method at
various Gd(NOs); concentrations. At a gadolinium con-
centration of 3 x 107> M, the QD/Si particles were
Gd-coated, though the QD/Si/Gd particles were incorpo-
rated in gel network of Gd. An increase in the Gd(NO3);
concentration to 3 x 10™* M, quasi-perfect multilayered
QD/Si/Gd particles were obtained, though the QD/S¥/Gd
particles appeared to aggregate. For a Gd(NOs); concen-
tration as high as 3 x 107> M, the particle aggregation was
almost prevented, and consequently the QD/Si/Gd particles
became highly dispersed. The particle size was 42.5 &+
6.2 nm. Values of pHs of the particle colloid solutions at
the Gd(NO5); concentrations of 3 x 107>, 3 x 107, and
3 x 1073 M were 8.1, 7.9, and 6.0, respectively. Because
the QD/Si/Gd particle surface was covered with the Gd,
properties of the QD/Si/Gd particle surface should be
similar to those of the Gd particle surface. According to our
previous study [53], Gd particles prepared with the
homogeneous precipitation method had {-potentials of ca.
21, 24, and 37 mV at pHs of 8.1, 7.9, and 6.0, respectively.
Accordingly, with the increase in the Gd(NOs)s; concen-
tration, (-potential of QD/Si/Gd particles may have
increased. Possibly, the increased (-potential at the high
Gd(NOs3); concentration provided large electric repulsion
among the QD/Si/Gd particles, compared to the low
Gd(NO3); concentration. Thus, the high-dispersed QD/Si/
Gd particles were produced at the high Gd(NOs);
concentration.

‘E’_} Springer

QD/Si/Gd/Si particles

Figure 5 shows TEM images of QD/Si/Gd/Si particles
prepared at various TEOS concentrations. The QD/Si/Gd
particles were coated with Si shell in all the TEOS con-
centrations examined. The particle sizes at 5 x 107%
1 x 1073, and 5 x 107> M were 68.1 & 7.9, 72.4 + 8.7,
157.3 £ 27.7 nm, respectively. However, at the concen-
trations of 5 x 107 and 1 x 107> M, the QD/SI/Gd/Si
particles aggregated and connected with other QD/Si/Gd/Si
particles. Because Si particles have good stability as col-
loids, core particles should be colloidally stabilized by
Si-coating. The Si shells were, however, so thin due to the
low TEOS concentrations that the shells did not stabilize
the QD/Si/Gd/Si particles colloidally. The increase in
TEOS concentration to 5 x 107> M increased the Si shell
thickness. The increase in thickness controlled the particle
aggregation, and consequently high-dispersed QD/Si/Gd/Si
particles were quasi-perfectly produced.

Fluorescence properties

Figure 6 shows fluorescence images of various particles on
the glass plates. Bright spots show the fluorescence of QD
contained in QD/Si/Gd/Si core—shell particles examined.
Table 1 gives fluorescence intensities of various particles.
As the layer number increased, fluorescence intensity of
single particle tended to decrease. Excitation and emission
of QD are probably prevented by optical absorption and
scatter caused by Gd layer as SiO, layer does not affect
fluorescent intensity of QD. Nevertheless, the QD/Si/Gd/Si
particles revealed fluorescence with intensity as large as
67.5% of that of the QD particle with no shells.

Toward harmless fluorescence marker with MRI ability

Our previous study revealed that silica-coated Au nano-
particles revealed high contrast X-ray imaging [31]. A
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Fig. 5 TEM images of QD/Si/Gd/Si nanoparticles prepared at TEOS concentrations of (a) 5 X 1074, (b)1 x 1073, and (¢) 5 x 10~3 M. Initial
concentrations of QD, Gd(NO3)s, urea, and PVP were 3.2 x 1072, 3 x 1073, 0.5 M, and 1 g/L, respectively

Fig. 6 Fluorescence images of
(a) QD, (b) QD/Si, (c) QD/Si/
Gd, and (d) QD/Si/Gd/Si
particles

preliminary experiment confirmed that the silica-coated
Au nanoparticles were nontoxic for mice. Therefore, the
obtained multilayered core-shell particles will be harm-
less, because they have the outer silica shell. Our another
previous study demonstrated that multilayered Si/Gd/Si
core—shell particles showed MRI ability [54]. This result
implies that the multi-layered core—shell particles

obtained in this study will be functioned as an MRI
contrast agent. This study indicated that the multi-layered
core—shell particles emitted strong fluorescence. Conse-
quently, it was summarized that the multi-layered core—
shell particles were harmless to living bodies, and had
dual functions of fluorescence marking and high contrast
MRI.

@ Springer
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Table 1 Relative fluorescent intensities of various particles

QD

QD/Si

QD/Si/Gd QD/Si/Gd/Si

Fluores. intensity 100

95.2

63.5 67.5

OD Fig. la, QD/Si Fig. 1b, QD/Si/Gd Fig. 4c, and QD/Si/Gd/Si Fig. 5a

Conclusions

This study proposed a method for producing multilayered
QD/Si/Gd/Si core-shell particles. QD nanoparticles
Si-coated with a modified Stéber method using TEOS and
NaOH were coated with Gd shells by means of a homo-
geneous precipitation method. Si-coating of QD/Si/Gd
core—shell particles was achieved by a sol-gel reaction of
TEOS initiated by NaOH with the aid of stabilizer PVP.
Fluorescence intensity of the multilayered QD/Si/Gd/Si
particles was as large as 67.5% of that for the QD nano-
particles. Taking the results obtained in our previous
studies and in this study, the multilayered QD/Si/Gd/Si
core—shell particles can be used in the field of medical
diagnosis as a harmless fluorescence marker with MRI
ability.
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Development of a ’static retention’ property of
GLUT4, the insulin-responsive glucose transporter, has
emerged as being essential for achieving its maxi-
mal insulin-induced surface exposure. Herein, employ-
ing quantum-dot-based nanometrology of intracellular
GLUT4 behavior, we reveal the molecular basis of its
systematization endowed upon adipogenic differentia-
tion of 3T3L1 cells. Specifically, (i) the endosomes-to-
trans-Golgi network (TGN) retrieval system specialized
for GLUT4 develops in response to sortilin expression,
which requires an intricately balanced interplay among
retromers, golgin-97 and syntaxin-6, the housekeeping
vesicle trafficking machinery. (ii) The Golgin-97-localizing
subdomain of the differentiated TGN apparently serves
as an intermediate transit route by which GLUT4 can
further proceed to the stationary GLUT4 storage com-
partment. (iii) AS160/Tbc1d4 then renders the ‘static
retention’ property insulin responsive, i.e. insulin lib-
erates GLUT4 from the static state only in the pres-
ence of functional AS160/Tbhc1d4. (iv) Moreover, sortilin
malfunction and the resulting GLUT4 sorting defects
along with retarded TGN function might be etiologically
related to insulin resistance. Together, these observa-
tions provide a conceptual framework for understanding
maturation/retardation of the insulin-responsive GLUT4
trafficking system that relies on the specialized subdo-
main of differentiated TGN.

Key words: sorting disorder, insulin resistance, quan-
tum dot, retromer, sortilin, AS160/Tbc1d4, trans-Golgi
network, TGN-golgin
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Stimulus-dependent translocation of membrane proteins
from intracellular pools to the cell surface is an important
feature of cell physiology, and multiple examples of such
processes have been identified including transporters and
channels (1,2). One of the best-studied proteins is the

insulin-responsive glucose transporter 4 (GLUT4), which
is predominantly expressed in tissues displaying the high-
est levels of insulin-dependent glucose uptake such as
adipocytes and muscle cells (3,4). This protein undergoes
insulin-dependent translocation from an specialized intra-
cellular pool, called the GLUT4 storage compartment, to
the plasma membrane. This translocation is triggered by
the activation of intracellular signaling cascades includ-
ing phosphatidylinositol (Pl) 3-kinase and Akt (5,6). As
for 3T3L1 cells, the regulated membrane trafficking sys-
tems for GLUT4 are only present when these adipocytes
are fully differentiated, while in undifferentiated fibrob-
lasts which express no GLUT4, exogenously expressed
GLUT4 shows no such trafficking behavior (7-8). Mor-
phological and biochemical studies have indicated that,
in adipocytes, GLUT4 is mainly localized in perinuclear
tubulo-vesicular structures that lack conventional recycling
endosomal markers, such as the transferrin receptor (TfR),
but are enriched in insulin-responsive aminopeptidase
(IRAP), sortilin and low-density lipoprotein receptor-related
protein (LRP1) (10-13). However, details of the nature of
this storage compartment remain elusive and the molec-
ular basis of the unique GLUT4 trafficking system is
essentially unknown. For example, it is clear that the
insulin-responsive GLUT4 storage compartment is down-
stream from the endosomal recycling compartment (ERC)
located distal to the early endosomes (11,14-17), but we
do not know how endocytosed GLUT4 is efficiently seg-
regated and targeted for the insulin-responsive GLUT4
storage compartment during/after passage through the
ERC. Moreover, whether, and if so how, the trans-Golgi
network (TGN) contributes to generating the insulin-
responsive GLUT4 storage compartment also remains to
be clarified, though multiple studies have demonstrated
that the TGN apparently serves as a GLUT4 transit route
to the GLUT4 storage compartment (14,16-20).

Using biochemical and molecular biological approaches,
numerous elements involved in insulin-responsive GLUT4
trafficking systems have been identified, including sor-
tilin and AS160/Tbc1d4, both of which are reportedly
essential for generating the insulin-responsive property of
GLUT4 (12,21). However, the molecular mechanisms by
which these elements contribute to establishing the highly
complex GLUT4 trafficking systems remain unknown
because even their functional steps in the GLUTA4 itinerary
have yet to be specified, due at least in part to technical
limitations in the quantitative investigation of intracellular
GLUT4 behavior. We recently developed a novel method
allowing us to directly measure individual intracellular
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GLUT4 movements, employing Quantum dot (QD) flu-
orescent nanocrystals (8). A major breakthrough achieved
by our novel approach was successful dissection of the
intracellular GLUT4 trafficking process into discrete exper-
imentally traceable steps, which revealed the existence of
putative anchoring mechanisms statically retaining GLUT4
in its storage compartment in adipocytes, but not in
undifferentiated fibroblasts. Furthermore, GLUT4 libera-
tion from this static state appeared to be among the
major functional aspects of insulin-mediated Akt activity
in fully differentiated 3T3L1 adipocytes. Thus, although
intensive efforts have been directed at elucidating the
nature of the GLUT4 storage compartment employing
various experimental approaches including morphological
and biochemical analyses (7,11,22), our novel QD method
revealed the stationary GLUT4 behavior observed only in
differentiated 3T3L1 adipocytes to be an important kinetic
characteristic of the GLUT4 storage compartment. This
provides direct evidence that in the absence of insulin,
‘static retention’ (23), rather than ‘dynamic retention’ (24),
is the major sequestration mechanism for GLUT4 in
adipocytes (8). Importantly, we also demonstrated aber-
rant GLUT4 behavior including dysfunction of putative
anchoring mechanisms under insulin-resistant conditions,
a characteristic feature of type 2 diabetes, suggesting
that proper formation of the stationary GLUT4 storage
compartment is essential for appropriate insulin actions.
Thus, in the present study, we attempted to further inves-
tigate the stationary GLUT4 compartment revealed by our
QD-based nanometrology to gain a greater understanding
of the molecular basis of the insulin-responsive GLUT4
trafficking systems endowed upon adipogenesis.

Results

Changes in GLUT4 behavior during 3T3L1 cell
differentiation

With the QD-based single-molecule imaging of GLUT4
movement in 3T3L1 cells expressing myc-GLUT4-
enhanced cyan fluorescent protein (ECFP), we suc-
cessfully captured the movements of individual GLUT4
molecules (Figure 1A,B). These movements varied from
molecule to molecule (Figure 1B). Based on the observed
movements, we calculated two parameters represent-
ing individual GLUT4 movements, velocities and mean
square displacement (MSD, Figure 1C). The time—course
of velocities was first calculated for individual particle
movements (Figure 1C, upper), and represented with the
velocity distribution (Figure 1C, lower left). Rightward shift
of the distribution represents an increase in the number
of fast-moving molecules. MSD values were also calcu-
lated for individual particle movements and represented
with MSD versus time plots (MSD curves, Figure 1C,
lower right). The slope of the MSD curve is proportional
to the diffusion coefficient of the molecules, i.e. mobile
molecules have larger MSD curve slopes. In the present
study, we evaluated GLUT4 behavior with mean veloc-
ity distributions and MSD curves within cells under the
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same treatment conditions as in our previous study (8).
In some cases, we also show GLUT4 movements with
representative diffusion coefficient maps (e.g. Figure 2D)
constructed based on the diffusion coefficients of individ-
ual molecules estimated by fitting the first 10 time-points
of the MSD curves (see Methods).

With this approach, we confirmed our previous data show-
ing GLUT4 behavior in differentiated adipocytes to be
quite restricted as compared to that in parental undif-
ferentiated fibroblasts ectopically expressing myc-GLUT4-
ECFP (8) (Figures 1C and S1A). For clear comparisons
among treatment conditions, the velocity distributions
were represented by the cumulative frequency (Figure 1C,
lines) instead of the individual frequencies (Figure 1C,
dots) utilized in our previous study (8). We further analyzed
changes in GLUT4 behavior during adipogenic differentia-
tion, and found that on differentiation day 3, the behavioral
properties of GLUT4 were very similar to those in fully dif-
ferentiated adipocytes (Figure 1D,E). Importantly, TR, a
recycling endosomal marker (7), did not display the static
behavioral property typical of GLUT4 even after differen-
tiation, though TfR movement also slowed slightly upon
differentiation (Figure S1B,C). These observations indi-
cate that GLUT4 and TR have the same trafficking routes
in fibroblasts, while upon differentiation, other systems
come into existence that selectively recruit GLUT4, but
not TfR, to the as yet poorly characterized stationary
GLUT4 storage compartment existing only in adipocytes.

Sortilin is critical for generating static GLUT4
behavior

To identify factors possibly involved in the development
of GLUT4-selective trafficking systems, we looked for a
protein selectively restricting the movement of GLUT4,
but not TfR, in undifferentiated fibroblasts. We focused
on one of the major components of GLUT4-containing
endosomes, sortilin, which has been proposed to be
involved in the formation of insulin-responsive GLUT4
storage vesicles in adipocytes (9) and perhaps also
in skeletal myocytes (25,26). Consistent with previous
reports (12,27), sortilin expression was not detected in
fibroblasts but was remarkably upregulated from day 3
of differentiation in 3T3L1 cells (Figure 2A), i.e. the same
day that GLUT4 movement became significantly restricted
(Figure 1E). With our single-molecule approach, we found
that exogenous expression of sortilin/wild-type-enhanced
yellow fluorescent protein (sortilin/MWT-EYFP) in fibroblasts
markedly reduced GLUT4 movement without altering TfR
movement (Figures 2B,C and S1D). Diffusion coefficient
maps, constructed based on the MSD curve of an indi-
vidual molecule, clearly illustrated the restraining actions
of sortilin on GLUT4 movement (Figure 2D). Although
C-terminal modification (tagging) of sortilin reportedly
abrogates binding with the Golgi-localizing, y-adaptin ear
homology domain, ADP ribosylation factor (ARF)-binding
(GGA) proteins (28), we obtained the same results, in
terms of the establishment of static GLUT4 behavior,
when the cells expressed HA-sortilin lacking a tag at
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the C-terminus (data not shown). The cation-independent
mannose 6-phosphate receptor, another sorting recep-
tor with a cytoplasmic sequence similar to that of
sortilin (29), exerted no restrictive effect on GLUT4 move-
ment (Figure 2B).

To ascertain whether endogenous sortilin is involved in the
restricted GLUT4 movement endowed upon 3T3L1 cell
differentiation, we applied siRNA-mediated knockdown of
sortilin in fully differentiated adipocytes. Sortilin-targeted
siRNA effectively reduced sortilin protein concomitantly
with significant acceleration of GLUT4 movements asso-
ciated with total disappearance of the stationary GLUT4
behavior (Figures 3A-C and S2A,B). In contrast, scram-
bled siRNA as a control had no such effects (Figure 3C).
In addition, the static GLUT4 behavior was restored
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Velocity (um s)

T I | and cumulative (right axis) velocity
1 2 frequencies, respectively. The aver-
aged values obtained from 17 fibrob-
lasts, and from 11 adipocytes, were
shown. Error bars are omitted for
clarity. The mean velocities (£SD)
were 0.31+0.03 um/s (adipocytes)
and 0.86 £ 0.34 um/s (fibroblasts, p <
0.001). E and F) Changes in veloc-
ity distributions (E) and mean veloci-
ties (F) during differentiation. E) Values
obtained from undifferentiated fibrob-
lasts (blue) and fully-differentiated
adipocytes (red) are also shown
for comparison. Data were obtained
from 5-17 cells. **p < 0.001 ver-
sus fibroblasts by Dunnett’'s multiple
comparison.

by sortilin rescue with siRNA-resistant sortilin/ WT-EYFP
(Supplemental Figure S2AC). Intriguingly, insulin stimu-
lation failed to further accelerate GLUT4 movement in
sortilin-depleted adipocytes (Figure 3D,E), despite insulin-
responsive Akt phosphorylation being completely intact
(Figure S2D). We also confirmed that rescue of sortilin
expression restored insulin-responsive GLUT4 accelera-
tion (data not shown).

These aberrant GLUT4 behavioral features in sortilin-
depleted adipocytes are reminiscent of our previous
observations in 3T3L1 adipocytes in an insulin-resistant
state, elicited by chronic endothelin-1 (ET-1) treat-
ment, conditions under which the stationary GLUT4
storage compartment largely disappeared (8). There-
fore, we investigated sortilin expression in ET-1-treated
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Figure 2: Involvement of sortilin in GLUT4-selective recruit-
ment to anchoring sites. A) Western blotting of sortilin and
endogenous GLUT4 expression during 3T3L1 cell differentia-
tion. B) Velocity distributions of GLUT4 in control fibroblasts
(black) or fibroblasts expressing sortilin/WT-EYFP (red) or man-
nose 6-phosphate receptor fused to enhanced green fluorescent
protein (MPR-EGFP, blue). The mean velocities (£SD) were
0.83 == 0.24 um/s {control, n = 51), 0.46 £ 0.27 pm/s (sortilin/WT-
EYFP, n=21, p < 0.001) and 0.86+0.27 um/s (MPR-EGFP,
n=13, p=0.91). Statistical analysis was performed using
Dunnett’'s multiple comparison versus the control. C) Velocity
distributions of TfR movement in control! (black) and sortilin/WT-
EYFP-expressing {red) fibroblasts. The mean velocities {£SD)
were 0.89+0.19 um/s (control, n=10) and 0.77 £0.13 um/s
{sortilin/WT-EYFP, n= 5, p = 0.90). D) Representative diffusion
coefficient (Dyg) maps in fibroblasts without (left) or with {(right)
sortilin/WT-EYFP expression. A pseudo-color coding, displayed
on the right, is used to represent the diffusion coefficients of the
molecules estimated by linear fitting of MSD curves versus time
(see Materials and Methods). The mean MSD curves, calculated
from all cells analyzed (control, n = 51; sortilin/ WT-EYFP, n = 21),
are shown in Figure S1D.

adipocytes, and found markedly reduced amount of
sortilin protein in the insulin-resistant state (Figure 3F).
These data suggest that aberrant GLUT4 behavior in
ET-1-treated adipocytes results from reduced sortilin
expression. We also observed restoration of static GLUT4
movement by sortilin overexpression in ET-1-treated
adipocytes (unpublished observation), supporting our
speculations.

1808

Sortilin recruits GLUT4 to anchoring sites via
retromer-mediated endosomes-to-TGN retrieval

To explore the precise molecular mechanisms underlying
the development of the stationary GLUT4 storage com-
partment in response to sortilin expression, we attempted
to identify the sorting motif(s) in the sortilin cytoplasmic tail
(Figure 4A) that might directly or indirectly endow GLUT4
with its unigue static behavior. To address this issue,
we took advantage of undifferentiated fibroblasts, which
readily allow detection of this restricted GLUT4 behavior,
by exogenously expressing sortilin-EYFP (Figure 2B).

The potency of sortilin action in moving GLUT4 was sig-
nificantly compromised when we mutated the sortilin
cytoplasmic tail at either C78% or F787LV, implicating both of
these residues in retromer-mediated endosomes-to-TGN
retrieval (29,30) (Figure 4B—D). However, no significant
loss-of-function was detected when we mutated either
Y792 795 o | 8291830 (Figure 4B-D), implicating these
residues in efficient endocytosis or GGA/AP1-mediated
anterograde trafficking from TGN, respectively (28,29).
Diffusion coefficient maps clearly illustrated the impor-
tance of sortilin retrograde trafficking involving its C783
and F787LV residues and these mutants had no abil-
ity to restrict GLUT4 behavior (Figure 4E). Consistent
with these observations, siRNA-mediated knockdown of a
retromer complex component, Vps29 (31), abrogated the
sortilin/WT-EYFP action on GLUT4 behavior (Figure 4F,G).
Cells with knocked down Vps29 in the absence of sor-
tilin showed no changes in GLUT4 behavior, and Vps29
rescue with siRNA-resistant HaloTag-Vps29 expression
restored the actions of sortilin/WT-EYFP (data not shown).
In addition, Vps29 knockdown in adipocytes also produced
significant acceleration of GLUT4 movement associated
with disappearance of its static behavior (data not shown).
Note that the velocity distribution in Vps29-depleted cells
was similar to that in fibroblasts expressing C’# and
F’87LV mutants of sortilin hindering retrograde trans-
port, which appears to be slightly different from that
in intact fibroblasts expressing no sortilin (Figure 4B, con-
trol). These unidentified movements might reflect GLUT4
mistargeted to other compartments such as lysosomes,
but not TGN, as a consequence of the impaired retrograde
trafficking elicited either by the sortilin mutants or the
Vps29 knockdown. Taken together, these observations
indicate retromer-mediated retrograde transport of sortilin
to be crucial to the static GLUT4 behavior, at least for
internalized GLUT4, after cell surface exposure.

Intriguingly, despite the potency of the Y792L795 mutant
in producing stationary GLUT4 behavior (Figure 4B), the
Y7921 795 mutant of sortilin, displaying slightly retarded
endocytosis (29), appeared to be localized not only at cyto-
plasmic puncta including the perinuclear region but also at
the plasma membrane (Figure 5). These results indicate
that sortilin does not necessarily always need to be co-
localized with GLUTA4 to exert its ability to restrict GLUT4
behavior. Consistent with this notion, we unexpectedly
found the luminal domain mutant of sortilin (G334E/A340D),
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displaying a distinct localization pattern, to still have the
capacity to establish static GLUT4 behavior (Figures 4D
and b). Collectively, these results suggest that sortilin
itself does not contribute to anchoring GLUT4, but rather
recruits GLUT4 to its anchoring sites via its retrograde
transport property.

TGN-golgins are required for sortilin-induced
formation of the stationary GLUT4 storage
compartment

To clarify the destination of GLUT4 recruited by sortilin-
mediated retrograde trafficking, we attempted to identify
TGN-golgin(s) responsible for endosomes-to-TGN retrieval
of GLUT4. The siRNA-mediated knockdown experiments
in fully differentiated 3T3L1 adipocytes revealed that
golgin-97 played important roles in proper recruitment
of GLUT4 from endosomes to the TGN en route to
the stationary storage compartment, since depletion of
golgin-97 resulted in significant derangement (even com-
plete loss) of static GLUT4 behavior (Figure 6A—C) despite
endogenous sortilin levels remaining unchanged (Figure
S3B). On the contrary, siRNA targeting golgin-245 mini-
mally affected the sortilin-mediated development of static
GLUT4 behavior, though a slight alteration in GLUT4
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DIC

Figure 3: Knockdown of sortilin induces
aberrant behavior of GLUT4. A and B)
Western blotting (A) and immunofluores-
cence (B) of endogenous sortilin in differ-
entiated adipocytes treated with siRNA.
Cells were electroporated with Cy3-labeled
sortilin or scrambled siRNA, and cultured
for 48 h. C) Representative diffusion coef-
ficient (D1p) maps of GLUT4 in adipocytes
electroporated with sortilin (/left) and scram-
bled (right) siRNA. Diffusion coefficients
are represented by the pseudo-color cod-
ing displayed on the right. The mean MSD
curves, calculated from all the cells ana-
lyzed {scrambled, n= 16; sortilin siRNA,
n=21), are shown in Figure S2. D and E)
Velocity distributions of GLUT4 movement
in adipocytes electroporated with sortilin
(D) or scrambled (E) siRNA before (black)
or after (red) stimulation with insulin (100
nM, 30 min). The mean velocities {(+SD) in
the basal states were 0.51 £ 0.10 um/s (sor-
tilin siRNA, n=21) and 0.36 £ 0.04 um/s
(scrambled siRNA, n= 16, p < 0.01 versus
sortilin siRNA), and those in the insulin-
stimulated cells were 0.4840.12 pm/s
Myc (sortilin siRNA, p = 0.30 versus basal) and
0.57 £ 0.10 um/s (Scrambled siRNA, p <
0.01 versus basal). F) Effects of endothelin-
1 treatment (10 nMm, 16 h) on sortilin and
myc-GLUT4 expressions in adipocytes.

10 um

Endothelin-1
(10 nM, 16 hr)

Sortilin

behavior (with MSD-t analysis) was detected with golgin-
245 knockdown, and this was not observed in the control
cells treated with scrambled siRNA (Figure 8A-C). Like
sortilin expression, both TGN-golgins were up-regulated
upon adipogenic differentiation, although a considerable
amount of golgin-97, localized predominantly around the
perinuclear region, was expressed even in undifferen-
tiated fibroblasts (Figures 7A and 8A). As expected, in
undifferentiated fibroblasts ectopically expressing both
myc-GLUT4-ECFP and sortilin/WT-EYFP, siRNA-mediated
knockdown of golgin-97 also aberrant sortilin-mediated
static GLUT4 behavior (Figure 7B—-D). The golgin-97
knockdown itself did not alter GLUT4 movements in
control fibroblasts not expressing endogenous sortilin,
and golgin-245 siRNA produced no significant changes in
sortilin-mediated static GLUT4 behavior (data not shown).
Acrucial interplay between golgin-97 and sortilin-mediated
retrograde trafficking of GLUT4 was further confirmed by
immunofluorescent co-localization analysis of the endo-
cytosed anti-Myc antibody (bound to myc-GLUT4-ECFP)
with golgin-97 revealing that sortilin/WT, but neither the
C78 mutant of sortilin nor the control efficiently induced
their extensive co-localization and accumulation around
the perinuclear region (Figure 8A). Intriguingly, the sortilin-
mediated retrograde trafficking appeared to contribute to
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Figure 4: Involvement of retrograde transport of sortilin in restricted GLUT4 movement. A} Structure and amino acid sequence
of cytosolic region of sortilin. Mutated amino acids are shown as large colored text. The mutations used were: C783S (C),
F787A/L788AN789A (FLV), Y792A/L795A (YL) and L829A/L830A (LL). B-D) Velocity distributions (B), mean MSD curves (C) and
mean velocities (D) of GLUT4 movement in fibroblasts expressing the indicated mutants of sortilin-EYFP. The distributions in control
(gray) and sortilin/WT-EYFP-expressing (black) cells are also shown for comparison. In (C) and (D), data are presented as means +
SEM. Statistical analysis was performed with Dunnett's multiple comparison versus control. *p < 0.05, **p < 0.01. GA represents
the G334E/A340D mutant of sortilin-EYFP. E) Representative diffusion coefficient {D1g) maps of GLUT4 in fibroblasts expressing the
indicated mutants of sortilin-EYFP. Diffusion coefficients are represented by the pseudo-color coding displayed on the right. F) Western
blotting of Vps29 in fibroblasts treated with the indicated siRNA. G) Velocity distributions of GLUT4 movement in fibroblasts transfected
with sortilin/WT-EYFP 4 Vps29 siRNA (red) and sortilin/WT-EYFP + scrambled siRNA (blue). The distributions in control {gray) and
sortilin/WT-EYFP-expressing (black) cells are also shown for comparison. The mean velocities (=SD) were 0.74 +0.21 pm/s (control,
n = 13), 0.40 £ 0.10 um/s (sortilinWWT-EYFP, n = 17, p < 0.001), 0.62 & 0.12 um/s (sortilin/WT-EYFP + Vps29 siRNA, n = 14, p = 0.058)
and 0.38 £ 0.08 um/s (Sortilin/WT-EYFP + scrambled siRNA, n= 13, p < 0.001). Statistical analysis was performed using Dunnett’s
multiple comparison versus the control.
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Figure 5: Fluorescent images of myc-GLUT4-ECFP and
sortilin-EYFP mutants in fibroblasts. Expression vectors con-
taining cDNA encoding either wild-type sortilin-EYFP (WT) or its
mutant version were transfected into 3T3L1 fibroblasts express-
ing myc-GLUT4-ECFP and their localizations were visualized
under a conventional confocal laser-scanning microscope. The
sortilin mutants used were: C783S (C), F787A/L788A/NV789A
(FLV), Y792A/L795A (YL), L829A/L830A (LL) and G334E/A340D
(GA). Images are representative fields-of-view from at least three
independent experiments. Asterisks represent the cells with no
detectable expression of sortilin-EYFP.

redistribution not only of myc-GLUT4-ECFP, but also sol-
uble n-ethylmaleimide-sensitive factor (NSF)-attachment
protein receptor (SNARE) proteins including syntaxin 6
and Viila, to the perinuclear region (Figure 8B). In addi-
tion, siRNA-mediated knockdown of golgin-97 in fully
differentiated adipocytes similarly resulted in a dispersed
redistribution of syntaxin 6 without reducing sortilin con-
tents (Figure S3A,B), while golgin-245 knockdown had no
effect (Figure S3C), as in previous reports (32,33). Taken
together, these observations indicate that golgin-97 plays
an essential role in sortilin-mediated development of the
stationary GLUT4 storage compartment along with redis-
tribution of syntaxin 6 to the perinuclear region.

Traffic 2011; 12: 1805-1820
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Both sortilin and AS160 are required for
insulin-responsive GLUT4 release from the stationary
GLUT4 storage compartment

Finally, we examined the insulin responsiveness of station-
ary GLUT4 storage compartments artificially established
by expressing sortilin in fibroblasts. Unlike differenti-
ated adipocytes displaying efficient insulin-induced GLUT4
liberation (8), insulin stimulation failed to release GLUT4
from its static state in fibroblasts expressing sortilin/WT-
EYFP (Figure 9A,B), suggesting an additional compo-
nent(s) to be required to render the stationary GLUT4
storage compartment insulin responsive. We found that
insulin-induced liberation of GLUT4 additionally required
AS160/Tbc1d4, a RabGAP, which appeared also to be up-
regulated upon adipogenic differentiation (Figures 9C,D
and S4A-D). Treatment with wortmannin, a Pl 3-kinase
inhibitor (34), or expression of the T82A mutant of AS160,
an important Akt (35) phosphorylation site, completely
abolished the insulin effect (Figure S4E-H), consistent
with our previous observations in adipocytes (8). Impor-
tantly, expression of only HaloTag-AS160 produced nei-
ther the ability to endow static GLUT4 behavior nor
changes in any features of GLUT4 movement regard-
less of insulin stimulation (Figure 9E,F). To ascertain
the actions of endogenous AS160 in adipocytes, we
applied siRNA-mediated knockdown of AS160 in fully
differentiated adipocytes. AS160-targeted siRNA effec-
tively reduced AS160 protein (Figure S5A). As expected,
insulin essentially lost the ability to trigger the release
GLUT4 from its static sate in AS160-depleted adipocytes
(Figure S5D,E). It should be noted that in AS160-depleted
adipocytes we detected very subtle but statistically signif-
icant alterations in basal GLUT4 behavior (Figure S5F,G),
suggesting possible involvement of AS160 in the basal
GLUTA4 retention property of adipocytes.

To determine the relationships between intracellular
GLUT4 movements and amount of surface GLUT4, we
performed a myc-GLUT4 translocation assay in fibroblasts
expressing myc-GLUT4-enhanced green fluorescent pro-
tein (EGFP) in the presence or absence of sortilin and
AS160, and obtained results consistent with those based
on our single-molecule analysis of GLUT4 behavior (data
not shown), sortilin significantly reduced basal surface
GLUTA4, but insulin failed to induce translocation to the
cell surface with sortilin expression alone. In contrast, in
the presence of both sortilin and AS160, insulin markedly
stimulated translocation. These observations indicate that
liberation from anchoring sites is critical to cell surface
exposure of GLUT4.

Discussion

Despite major advances in specifying the molecular ele-
ments on GLUT4-containing vesicles (12,13,36), the most
fundamental unanswered question remains, i.e. how s the
insulin-responsive GLUT4 trafficking system established
upon adipogenic differentiation? Employing our QD-based
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in response to the sortilin-mediated retrograde trafficking
property, which apparently relies on the Golgi apparatus,
possessing a highly organized ‘static’ architecture but
serving as the core of the ‘dynamic’ secretory pathway

nanometrology of GLUT4 behavior (8), we revealed a
developmental network for the stationary GLUT4 storage
compartment that fully accounts for insulin-responsive lib-
eration from its static state. This observation unmasks

the crucial participation of differentiated TGN, established (Figure 10).
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Figure 7: Effects of TGN-golgins on restricted GLUT4 movement in fibroblasts. A) Western blotting of golgin-97 and golgin-245
during 3T3L1 cell differentiation. B) Western blotting of golgin-97, sortilin and actin in fibroblasts transfected with the indicated DNA
and/or siRNA. C and D) Velocity distributions (C) and mean MSD curves (D) of GLUT4 movement in control fibroblasts (‘None’, gray)
or fibroblasts transfected with sortilin/WT-EYFP (black), sortilin/WT-EYFP + golgin-97 siRNA (red) and sortilin/WT-EYFP + control
siBNA (blue). The mean velocities (SD) were 0.66 & 0.20 um/s {(control, n = 8), 0.32 £ 0.05 pm/s (sortilin/WT-EYFP, n= 9, p < 0.001
versus control), 0.46 & 0.08 um/s {sortilin/WT-EYFP + golgin-97 siRNA, n = 10, p < 0.01 versus sortilin/WT-EYFP) and 0.31 & 0.02 um/s
{sortilin/WT-EYFP + control siRNA, n= 7, p = 0.99 versus sortilin/WT-EYFP). Statistical analysis was performed with Tukey’s multiple
comparison.
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In the present study, we focused on the establish-
ment of stationary GLUT4 behavior as assessed by
QD-based GLUT4 movements and revealed a sortilin-
dependent interaction of endocytosed GLUT4 with the
specialized subdomain of TGN. This interaction generates
the ‘static GLUT4 retention’ compartment that further
requires AS160 to render its static property insulin respon-
sive (Figures 9 and S4). In excellent agreement with
our findings, it has been proposed that TGN interacts
with recycling endosomes to generate insulin-responsive
GLUT4 storage compartments (16,19,20,23,37). How-
ever, a small but significant fraction of GLUT4 exists
as a mobile phase even in differentiated 3T3L1 adipocytes
under basal conditions (8), which may represent GLUT4
engaging in the general recycling pathway (7) and/or
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Figure 8: Involvement of retrograde trans-
port of sortilin in localization of internalized
myc-GLUT4-ECFP, syntaxin 6 and Vtila. A)
Immunofluorescent images of internalized myc-
GLUT4-ECFP stained with taken-up anti-Myc
Ab (top, green), golgin-97 (top, red) and EYFP
{bottom) in control fibroblasts (ieft) or fibrob-
lasts expressing sortilin/WT-EYFP (center) or
sortilin/C-EYFP (right). Asterisks represent cells
with no detectable expression of sortilin-EYFP. B)
Immunofluorescent images of internalized myc-
GLUT4-ECFP stained with taken-up anti-Myc Ab
(green) and syntaxin 6 (top, red) or Viila (bot-
tom, red) in fibroblasts. C) Quantification of the
co-localization of internalized myc-GLUT4-ECFP
stained with taken-up anti-Myc Ab with golgin-97
or syntaxin 6. Data were obtained from eight
cells, and are presented as means + SEM.
*p < 0.05, *p < 0.01 by Dunnett’s multiple com-
parison versus control.

10 um

contributing to the assemblage of ‘dynamic GLUT4 reten-
tion’ (24,38-41). Thus, our data do not rule out the pos-
sibility that a subpopulation of GLUT4 may travel through
only endosomal compartment(s), i.e. not through TGN,
from the ERC destined for a distinct insulin-responsive
GLUT4 storage pool exhibiting no static behavior. How-
ever, it merits emphasis that our quantitative analysis
indicates stationary GLUT4 to be predominant in fully
differentiated 3T3L1 adipocytes, but not in immature pre-
adipocytes (fibroblastic cells).

A very striking observation made in this quantitative study
is that changes in sortilin expression, whether devel-
opmental, experimental or pathological, markedly alter
intracellular trafficking activities of GLUT4 (Figures 1-3,
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S1 and S2). Specifically, sortilin is critical for estab-
lishing the development-dependent stationary storage
compartment (Figures 1 and 2), and this process is gov-
erned by the endosomes-to-TGN retrieval network system
for GLUT4 operating with retromers, golgin-97 and syn-
taxin 6, the housekeeping vesicle-trafficking machinery
(Figures 4-8 and S3). Therefore, sortilin reduction in fully
differentiated adipocytes under either siRNA-mediated
(experimental) or ET-1-induced (pathological) conditions
apparently disrupted the GLUT4 sorting process (Figure 3),
possibly resulting in mistargeting of GLUT4, rendering it
unable to reach the stationary GLUT4 storage compart-
ment. Rescue of sortilin expression in siRNA-treated cells
restored static GLUT4 behavior (Figure S2), indicating that
sortilin-mediated proper sorting of GLUT4 to the stationary
compartment plays a critical role in GLUT4 behavior and
insulin-dependent glucose homeostasis.

It had long been widely believed that insulin resis-
tance is caused by defects in insulin signaling (42), but
severe defects in insulin-induced GLUT4 translocation
were shown to be induced by independent or minor reduc-
tions of insulin signaling (8,43,44). Some of these defects
could be related to down-regulation of sortilin expres-
sion (26,45), strongly suggesting that insulin resistance
can occur via defects of not only insulin signaling itself
but also those of sortilin-mediated GLUT4 sorting. In line
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Figure 9: Involvement of both sortilin and
AS160 in the liberation of GLUT4. Velocity
distributions (A, C and E) and representative
diffusion coefficient (D1g) maps (B, D and F) of
fibroblasts expressing sortilin/WT-EYFP (Aand
B), sortilin/WT-EYFP + HaloTag-AS160 (C and
D) and HaloTag-AS160 (E and F). Movements
were analyzed in a cell before (black) and
after (red) insulin stimulation (100 nm, 30 min).
The mean velocities (£SD) were as fol-
lows. Sortilin/WT-EYFP (n = 5); basal: 0.43 +
0.06 um/s, insulin: 0.42+0.17um/s (p=
0.53), sortilin/WT-EYFP + HaloTag-AS160 (n =
15; basal: 0.46+0.10 um/s, insulin: 0.67 £
0.13um/s (p < 0.05), HaloTag-AS160 (n=
4); basal: 0.79 4 0.06 um/s, insulin: 0.72 &
0.13 um/s (p = 0.31). Diffusion coefficients
are represented by the pseudo-color coding
displayed on the right. The mean MSD curves,
calculated from all cells analyzed, are shown
in Figure S4.

with this notion, it was recently reported that a polymor-
phism at the chromosome 1p13 locus, which is strongly
associated with both hypercholesterolemia and myocar-
dial infarction alters hepatic sortilin expression (46), and
that sortilin serves as a sorting receptor for apolipopro-
tein B100, an obligatory structural component of very
low-density lipoprotein secreted from the liver (47). These
observations indicate that proper actions of sortilin are
critical for the complex regulation of intracellular sorting
events that directly contribute to modulating systemic
homeostasis. Thus, such ‘sorting defects’ have pivotal
etiological roles in various late-onset diseases including
type 2 diabetes, hypercholesterolemia and myocardial
infarction.

We herein provide detailed mechanistic insights into
sortilin actions that are mediated by recruiting GLUT4
to its putative anchoring sites via retromer-dependent
endosomes-to-TGN retrieval through a mechanism involv-
ing golgin-97, a TGN-golgin (Figures 4-8). The crucial role
of the retromer complex in this process is also confirmed
by siRNA experiments showing that sortilin-mediated
establishment of static GLUT4 behavior is significantly
compromised in Vps29-depleted cells (Figure 4). Impor-
tantly, we also found that sortilin-mediated retrograde
trafficking contributes to redistributing syntaxin 6 as well
as Vtila, both of which have been implicated in GLUT4
regulation (48,49), to the perinuclear region (Figure 8).

Traffic 2011; 12: 1805-1820

— 252 —



Insulin receptor

GLUT4 Sortilin

lGLU’M.C) 7 I PM

vesicles ¢ z EE/SE
l 4/\-» LELY
e
Sortilin
AS160 Relromer
GL%t'T'Eosqggge s Golgin-g7
compartment SS—>—~ Specialized TGN

< _ Anchor (Syﬂ!axin 5, Viita)
(Static retention)

Figure 10: Schematic representation of the molecular basis
of insulin-responsive GLUT4 trafficking systems in 3T3L1
adipocytes. After internalization from the plasma membrane,
GLUTA4 is sequestered from general recycling pathways involved
in recycling of TfR, and recycled back to its stationary storage
compartment(s) postulated to be derived from subdomains of
the TGN. GLUTA4 recruitment along this additional pathway from
the endosomal recycling compartment (ERC) to the TGN is
mediated by sortilin and retromers. Golgin-97, a TGN-golgin,
appears to act as an intermediate transit point for the recruited
GLUT4 en route to its putative anchoring sites. AS160/Tbc1d4
regulates the insulin-dependent liberation of GLUT4 from
its storage compartments. EE/SE; early endosome/sorting
endosome, LE/LY; late endosome/lysosome.

Together, these findings imply that sortilin mediates
retrograde trafficking of certain TGN-resident t-SNARE pro-
teins in addition to GLUT4, thereby perhaps consequently
and cooperatively contributing to establishment of the
fully functional TGN architecture that governs the GLUT4
‘static retention’ system in differentiated adipocytes. Mal-
functions of sortilin as well as its regulation thereby disrupt
the systematization of GLUT4 regulation, as manifested
under certain pathophysioclogical conditions.

Although mechanistic details of sortilin-dependent redis-
tribution of these SNARE proteins remain to be clarified,
intraluminal interactions of single-spanning membrane
proteins with GLUT4 in endosomes including sortilin, IRAP
and LRP1 have been suggested to play roles in insulin-
responsive GLUT4 vesicle formation (13,50,51). Unlike
sortilin and GLUT4, both IRAP and LRP1 are expressed
even in undifferentiated fibroblasts (13,51), though their
contents increase upon differentiation along with sortilin
emergence. We have also obtained data suggesting these
interactions, i.e. siRNA-mediated knockdown of sortilin in
adipocytes, to result in reduced IRAP contents (unpub-
lished observation). In addition, concomitant decreases
in syntaxin 6, sortilin and GLUT4 contents have report-
edly been induced upon siRNA-mediated knockdown
of Ubc9 in 3T3L1 adipocytes (52), due perhaps to the
increased trafficking of these proteins into the lysosomal
pathway (9,52). Therefore, it is plausible that up-regulated
sortilin initiates these intraluminal interactions possibly in
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conjunction with their cytosolic interactions with adap-
tors including retromers, which are apparently required
for proper GLUT4 sorting events, and contributes to the
prevention of lysosomal degradation of GLUT4-containing
cargos upon adipogenic differentiation (9). In any case, our
data indicate that sortilin does not need to be persistently
segregated (enriched) into the stationary GLUT4 storage
compartment (Figure 5), but rather that sortilin retrieves
GLUT4 (possibly assembling with IRAP and/or LRP1)
from endosomes and then perhaps discharges GLUT4-
containing cargo(s) after committing to a subdomain of
TGN possessing golgin-97 (Figures 6—8). Consistent with
this notion, sortilin does not redistribute to the plasma
membrane in response to insulin in 3T3L1 adipocytes (53)
(data not shown), while IRAP obligatorily serves and acts
together with GLUT4 (13,41,54). Moreover, syntaxin 6
also reportedly translocates to the plasma membrane in
response to insulin stimulation in adipocytes (16,48).

New key players identified herein as functioning in the
GLUT4 regulatory system include TGN-golgins, especially
golgin-97. Golgins are coiled-coil proteins mediating the
architecture and function of the Golgi apparatus via their
membrane tethering properties (55,56), and we indeed
observed golgin-97 to be crucial for TGN retention of
t-SNARE syntaxin 6 (Figure S3), as described in other
cell types (32,33). At present, the possible involvement of
golgin-245 remains uncertain since our present approach
does not distinguish between GLUTA4 in its bona fide static
storage compartment and that mistargeted to a similar
static, but irrelevant compartment (Figures 6 and 7). Thus,
caution must be exercised in interpreting data regarding
golgin-245 functions. However, it is increasingly apparent
that TGN-golgins are required for tethering and fusion of
recycling endosomes-derived retrograde transport vesi-
cles to the TGN. Thus, our overall observations imply
that golgin-97 regulates transient capture and fusion of
sortilin-recruited GLUT4 or GLUT4-containing transport
intermediates on the TGN and also suggest that golgin-97-
localizing TGN serves as an important segregation point
where only certain cargos including GLUT4, but not sor-
tilin, can further proceed to their final destination, i.e. the
stationary storage compartment. In this regard, since mul-
tiple studies have demonstrated that both the N- and the
C-terminus of GLUT4 play important roles in its intracellular
trafficking routes and destinations, with the C-terminus of
GLUT4 being especially important for its perinuclear TGN
accumulation (16,57-59), further studies are needed to
clarify the interrelationships among these GLUT4 targeting
sequences and the sortilin-mediated retrograde traffick-
ing processes revealed by this investigation. In addition,
substantial amounts of sortilin are detected in GLUT4-
containing vesicles obtained by subcellular fractionation
experiments (9,12,13). Our present data, therefore, sug-
gest sortilin, but not GLUT4, to indeed be sequestered
intracellularly via continuous release and recycling
between the ERC and the TGN communicating with
the stationary GLUT4 storage compartment. Thus, future
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studies are also warranted to clarify the regulatory mech-
anism(s) underlying assembly/disassembly of the GLUT4-
containing protein complex with sortilin that occur as these
proteins move along their functional trafficking pathways.

An important characteristic property of the TGN-golgins
is binding with small GTPases including those of the Arl
and Rab families (60,61). Adipose tissue-specific knock-
out of Arfrp1 GTPase, a member of the Arl family, in
mice or knockdown of the protein in 3T3L1 adipocytes
was recently demonstrated to alter GLUT4 traffick-
ing and its increased localization at the plasma mem-
brane (62). Thus, it is not unreasonable to speculate
that the actions of Arfrp1 are mediated by TGN-golgins
like golgin-97 and golgin-245, as this protein is required
for TGN recruitment of these TGN-golgins (63,64). In
addition to both TGN-golgins studied herein, mam-
malian cells express two additional TGN-golgins, GCC185
and GCC88 (65), localizing to a distinct subdomain
of the TGN (66,67) with different Arl1-binding proper-
ties (68). Since these four TGN-golgins appear to regu-
late distinct, but somewhat redundant, retrograde path-
ways (32,69,70), the partial effect of golgin-97 knockdown
on GLUT4 behavior (Figure 7) raises the possibility of the
participation of other TGN-golgins in the retrieval process
as well as the post-retrieval process required for develop-
ment of stationary GLUT4 behavior and GLUT4 anchoring
that apparently relies on Golgi apparatus architecture and
function. Although we found that golgin-97 knockdown
significantly affected both velocities and MSD (Figures 6
and 7, red lines), the both actions were only partial. This
may be because GLUT4 molecules in these cells are prob-
ably mistargeted to compartments other than stationary
anchoring sites in TGN including lysosomes. Therefore,
the movements may reflect GLUT4 within mistargeted
organelles such as lysosomes. This issue needs to be
further clarified in a future study.

TGN-golgins reportedly have multiple binding sites for
Rab proteins (71,72), and GLUT4-containing vesicles have
several Rab proteins (73,74). We herein demonstrated
that AS160, an insulin-regulated RabGAP inactivated
by Akt-mediated phosphorylation, an activity which is
related to insulin-responsive GLUT4 translocation (73-75),
is required for insulin-responsive GLUT4 liberation from
stationary storage compartments (8) (Figures 9 and S5).
Although the mechanisms have yet to be elucidated
in detail, overall observations suggest that Rab pro-
teins might mediate actions between TGN-golgins and
AS160. TGN-golgins and their regulatory small GTPases as
well as AS160 may even form complex 'supra-molecular
architectures’ acting as frameworks for anchoring and lib-
eration of GLUT4 in stationary storage compartments. It
is also possible that AS160 contributes to further GLUT4
recruitment to the insulin-responsive compartment. We
performed AS160 knockdown experiments in adipocytes
and confirmed that endogenous AS160 has crucial a role
in GLUT4 liberation in response to insulin stimulation in
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fully differentiated adipocytes (Figure S5B—E). In AS160-
depleted adipocytes, we did not observe disappearance of
static GLUT4 behavior in the basal state to a degree similar
to that so readily detect in the sortilin-depleted adipocytes.
However, we did detect very subtle but statistically sig-
nificant alterations (mean velocities) in the basal behavior
of GLUT4 molecules {Figure SbF,G). Biochemical studies
have suggested that AS160 plays a role in basal retention
of GLUT4 in adipocytes (74,76,77). Nevertheless basal
surface amount of GLUT4 induced by the AS160 depletion
appeared to be markedly lower than that under insulin-
stimulated conditions (74,77). Therefore, AS160 may play
a role in basal retention of GLUT4 (i.e. AS160 knock-
down induces a minimal, perhaps reluctant, release of
GLUT4 from retention). It is also possible that AS160
knockdown leads to mistargeting of GLUT4 to sites other
than fully insulin-responsive compartments, and that this
mistargeted GLUT4 slowly cycles between these incor-
rect destinations and the plasma membrane. Since our
present analysis did not distinguish between GLUT4 in its
static, but insulin-unresponsive, compartment endowed
upon sortilin expression alone and that in its bona fide
insulin-responsive compartment endowed upon sortilin
plus AS160 expressions under quiescent basal conditions
(Figure 9), further investigation is necessary to fully char-
acterize these static GLUT4 compartments. Combining
our technique with other approaches is anticipated to fur-
ther understanding of how AS160 liberates GLUT4 from
stationary storage compartments. In addition, it should be
noted that other tethering factors localized to the Golgi
cisternae, including p115 and golgin-160, might also take
part in GLUT4 anchoring mechanisms (78,79).

Taking advantage of QD-labeling of surface-exposed myc-
GLUT4, we selectively analyzed GLUT4 that had been
recycled back from the plasma membrane, thereby high-
lighting the importance of the aforementioned sortilin-
mediated retrograde trafficking to the TGN en route
to insulin-responsive stationary GLUT4 storage compart-
ments. Sortilin is known to regulate both anterograde
and retrograde trafficking pathways by binding with cyto-
plasmic adaptors including GGAs and retromers (80). Pre-
vious work also demonstrated a GGA-dependent step
to be involved in the entry of newly synthesized, but
not recycled, GLUT4 into the insulin-responsive storage
compartment (81). Thus, the mechanism regulating newly
synthesized GLUT4 seems to be different and thus merits
further study. However, the primary physiological actions
of GLUT4 are probably mediated by recycled GLUT4 which
has been exposed to the plasma membrane at least once,
since GLUT4 is a long-lived protein (~50 h) (82) and is
likely to repeatedly cycle between the plasma membrane
and storage compartment during its lifetime in response
to insulin after each meal.

Finally, myc-GLUT4 translocation assays fully support
our notion that both sortilin and AS160 are essential
for generating the insulin-responsive GLUT4 transloca-
tion system (data not shown), although previous reports
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have suggested sortlin alone to be sufficient for producing
the insulin-responsive GLUT4 translocation (9,50). In the
present study, we transiently expressed sortilin and/or
AS160 in naive 3T3L1 fibroblasts that do not express any
of these proteins (Figures 2A and S5A), but previous stud-
ies have used fibroblast clones constitutively expressing
exogenous sortilin (9,50). Since we have reported that
exogenous sortilin expression could stimulate cellular dif-
ferentiation (25), prolonged sortilin expression might alter
the cellular differentiation status that could be a reason
for this apparent discrepancy.

In summary, insulin-responsive GLUT4 trafficking sys-
tems are governed by the highly orchestrated actions
of sortilin, retromers, TGN-golgins and AS160. These
complex interactions rely on the TGN which develops
upon adipogenic differentiation (Figure 10). Various pro-
teins, including the vasopressin-sensitive water chan-
nel aquaporin 2, cycle between the TGN and endo-
somes (83), in addition to GLUT4. Thus, it is possible
that similar developmental mechanisms play roles in
stimulus-dependent translocations in various cell types.
Further elucidation of these mechanisms employing our
nanometrological approach may provide new insights into
the fundamentals of intracellular trafficking as well as
the pathophysiological mechanisms underlying various
diseases.

Materials and Methods

Plasmids and siRNAs

Expression vector containing cDNAs fused to HaloTag was purchased
from Promega. The fuil-length ¢cDNA encoding the cation-independent
mannose 6-phosphate receptor was ligated into pEGFP-N3 at the EcoR!
site. Human sortilin cDNA was ligated into pEYFP-N1 at the Xhol site (25).
All mutations were generated by polymerase chain reaction-based site-
directed mutagenesis and confirmed by sequencing (PRISM 3130, Applied
Biosystems). siRNAs were designed and synthesized by Nippon EGT or
Tomy Digital Biology.

Antibodies

The following antibodies were used: Actin (Sigma), Akt (Cell Signaling Tech-
nology), phosphorylated Akt {Ser473, Cell Signaling Technology), AS160
(Upstate Biotechnology for western blotting, Abcam for immunofluores-
cence), Golgin-245 (Santa Cruz Biotechnology), Golgin-97 (Abcam), myc
(Santa Cruz Biotechnology), Sortilin (Abcam), Syntaxin 6 (Cell Signaling
Technology), Vps29 (Abnova), Vtila (BD Transduction Laboratories) and
Alexa Fluor-conjugated secondary antibodies against the corresponding
primary antibodies (Invitrogen).

Cells and transfection

3T3L1 fibroblasts stably expressing myc-GLUT4-ECFP were maintained
and differentiated into adipocytes in a glass-bottomed recording chamber
{thickness, 0.15-0.18 mm; Matsunami-glass) or a 6-well culture plate. In
some experiments, differentiated cells (day 6) were re-plated onto glass-
bottomed recording chambers and further cultured for 1-2 additional
days for observation. We found no significant differences in GLUT4
movement between the culture conditions. Fibroblasts were transfected
with either Lipofectamine LTX 4 PLUS (Invitrogen) or Lipofectamine 2000
{Invitrogen) with 1 g plasmid DNA and/or 75-250 pmol siRNA according
to the manufacturer's instructions. Electroporation into adipocytes was
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carried out as previously described (84). In brief, the cells were put into
suspension by mild trypsinization and electroporated with 50-200 pg
plasmid DNA and/or 1-2 nmol siRNA under low-voltage conditions (160 V,
950 pF). Some experiments were performed in WT 3T3L1 fibroblasts
and adipocytes transiently expressing myc-GLUT4-EGFP. Western blotting
was performed as previously described (84). In-gel fluorescence detection
of sortilin/WT-EYFP was performed with a PharosFX Molecular Imager
(BioRad). Excitation was at 488 nm, and the fluorescence was observed
through a 530-nm bandpass filter.

QD-labeling of myc-GLUT4-ECFP or TfR

Labeling of myc-GLUT4-ECFP with QD was performed with the
QD-conjugated Fab fragment of anti-myc antibody. The QD-conjugated
antibody was prepared with a QD antibody conjugation kit (Invitrogen), and
the final concentration of the QD-conjugated antibody was determined by
optical density at the specified wavelength according to the manufacturer’s
instructions. For labeling, the cells were serum-starved and stimulated
with 10 nM insulin in the presence of 1.5 nM QD-conjugated antibodies
for 1h. The cells were then extensively washed to remove excess
insulin and unbound QD-labeled antibodies, followed by an additional
incubation for 3 h. Conjugation of TfR with QD was performed using
QD-conjugated transferrin. The QD-conjugated transferrin was prepared
with transferrin—biotin and streptavidin—QD (Invitrogen) in the presence
of an excess (100x) of the amount of biotin needed to achieve a single
transferrin per QD (). For labeling, adipocytes over-expressing TfR or
fibroblasts were treated with the transferrin-QD conjugates for 15 min,
and images were acquired for up to 30 min. We utilized several QDs having
different fluorescent wavelengths for these experiments, and found no
significant differences among them in behavioral characteristics.

Single-particle tracking and movement analysis
Single-molecule imaging was performed with an inverted microscope
(IX71, Olympus} equipped with an electron-multiplying charge-coupled
device camera (iXon 887, Andor Technology), a Nipkow disk confocal unit
(CSU10, Yokogawa), and an oil-immersion objective lens (UPLSAPO100x0,
Numerical Aperture of 1.40, Olympus) at ~30°C. Excitation was
performed at 488 or 532 nm with solid-state lasers (Spectra-Physics).
In these experiments, expression of sortilin-EYFP and HaloTag-AS160
was confirmed by EYFP fluorescence and by staining the cells with
HaloTag Ligand TMR (Promega), respectively. Single-particle tracking and
MSD calculations were performed with G-Count and G-Track software
with a two-dimensional Gaussian fitting mode {G-Angstrom). We tracked
each particle which was successfully fitted within an 8 x 8 pixel region-of-
interest for at least 30 frames. When the signal in a frame was lost because
of blinking, no fitting was performed until reappearance of the bright spot.
When a bright spot did not reappear within 10 frames, tracking was aborted.
We typically tracked 50-150 particles per cell, and obtained the images
in at least three independent experiments. We evaluated movements
employing a set of four analytical schemes; (i) velocity distributions, (i)
mean velocities, (i) MSD curves and (iv) diffusion coefficient maps. The
velocities for individual particle movements were calculated by linear fit
of the displacement during four frames, as previously described (8). Mean
velocities and frequency distributions were first calculated in a cell, and
then averaged among cells under the same treatment conditions. Diffusion
coefficients of individual molecules were estimated by fitting the first 10
points of the MSD curves versus time with

MSD(t) = 4Dqgt+ C 0]

where t, Dyg and C are time, the diffusion coefficient of the first 10 points
and instrumental noise, respectively. The D1g value was calculated and
D1g maps were construcied using a custom-written program based on
LabVIEW and Vision (National Instruments).

Immunofluorescence and co-localization analysis
Immunofluocrescence was performed as previously described (84). For
labeling of internalized GLUT4, serum-starved cells were treated with 10 nm
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insulin in the presence of 4 pg/mL anti-myc immunoglobulin G (IgG) mouse
monoclonal antibodies for 1 h. After being washed for 3 h, the cells were
fixed, permeabilized and stained with Alexa Fluor-conjugated anti-mouse
IgG. For double staining of vtila and internalized GLUT4, we used a Zenon
mouse IgG1 labeling kit (Invitrogen) for preparing Alexa Fluor-labeled anti-
vtila antibodies. The imaging was performed with an inverted microscope
{IX81, Olympus) equipped with a laser scanner (FV1000, Olympus) and
an oil-immersion objective lens (PlanApo 60x, Numerical Aperture of
1.40, Olympus). Fluorescence of ECFP, EGFP, EYFP, Alexa555/Cy3 and
Alexa647 was excited at 458, 488, 515, 543 and 633 nm, and detected
at 480-495, 505-525, 533-565, 560-620 and >650 nm, respectively,
by a sequential acquisition mode. The recorded 12-bit TIFF images were
converted into 16-bit data and processed with ImageJ software (NIH).
Background fluorescence was measured within the cell-free area adjacent
to the cell of interest, and its mean+3SD value was subtracted from
the entire image. Quantitative co-localization analysis was performed with
Intensity Correlation Analysis plug-in of ImageJ (85).

Myc-GLUT4 translocation assay

Myc-GLUT4 translocation assays were performed in 3T3L1 fibroblasts
expressing myc-GLUT4-EGFP in the presence or absence of HA-sortilin
and HaloTag-AS160. Serum-starved cells were insulin-stimulated (100
nM, 20 min), washed with ice-cold PBS, and then fixed with 1%
paraformaldehyde. Surface myc-GLUT4-EGFP were labeled with anti-
myc antibodies and subsequently with Alexabb5-anti mouse IgG. The
fluorescence of EGFP {total myc-GLUT4-EGFP) and Alexabbb (surface
myc-GLUT4-EGFP) was acquired, and the background fluorescence of
each fluorescent image was corrected. Based on these images, the ratio
of fluorescence intensity (Fajexass55/FEGER) Was calculated.

Statistical analysis

Statistical analysis was performed with the Mann—-Whitney U test unless
otherwise indicated, and p values <0.05 were considered to be statistically
significant.
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Figure S1: Behavioral differences between undifferentiated fibrob-
lasts and differentiated adipocytes. A) Mean MSD curves in 3T3L1
fibroblasts (black) and adipocytes (red). MSD values were calculated
from the same data shown in Figure 1C. Data are presented as
mean + SEM. B and C) Velocity distributions of the movement of
GLUT4 (red) and TfR (black) in adipocytes (B) and fibroblasts (C). The
mean velocities (+SD) were as follows. Adipocytes, 0.31+0.03 pm/s
(GLUT4, n=11) and 0.47 £0.06 pm/s (TfR, n=7, p < 0.001). Fibrob-
lasts, 0.86 = 0.34 pm/s(GLUT4, n= 17) and 0.88 + 0.19 pm/s (TfR, n = 10,
p = 0.47). D) Mean MSD curves of GLUT4 in control fibroblasts (black)
or fibroblasts expressing sortilin/WT-EYFP (red). MSD values were cal-
culated from the same data shown in Figure 2B. Data are presented as
mean + SEM.

Figure S2: Effects of sortilin knockdown on GLUT4 movement and
insulin-induced Akt phosphorylation in adipocytes. A and B) Velocity
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distributions (A) and mean MSD curves (B) of GLUT4 in differentiated
adipocytes electroporated with sortilin siRNA (red), sortilin siRNA +
siRNA-resistant sortilin/WT-EYFP (blue) and scrambled siRNA {black). The
mean velocities (+SD) were 0.36 £ 0.04 pm/s {scrambled siRNA, n = 16),
0.51 £ 0.11 pm/s (sortilin siRNA, n= 21, p < 0.01), and 0.43 +0.02 pm/s
(sortilin siRNA + sortilin/WWT-EYFP, n= 10, p = 0.25). Statistical analysis
was performed with Dunnett's multiple comparison versus scrambled
siRNA. In (B), data are presented as mean + SEM. C) Western blotting of
endogenous sortilin and actin, and fluorescence detection of sortilin/WT-
EYFP in adipocytes electroporated with indicated siRNA and plasmid. D)
Western blotting of sortilin, phosphorylated Akt (Ser?73) and total Akt in
adipocytes electroporated with sortilin or scrambled siRNA. The cells were
treated with the indicated concentrations of insulin for 30 min.

Figure S3: Effects of TGN-golgins knockdown on localization of
syntaxin 6 in adipocytes. A) Immunofluorescent images of golgin-
97 and syntaxin 6 in adipocytes electroporated with control (top) or
golgin-97 (bottom) siRNA. Asterisk denotes a cell apparently without
golgin-97 knockdown. B) Western blotting of golgin-97, sortilin and
actin in adipocytes electroporated with control or golgin-97 siRNA. C)
Immunofluorescent images of golgin-245 and syntaxin 6 in adipocytes
electroporated with control {top) or golgin-245 (bottom) siRNA.

Figure S4: AS160 contributes to insulin-responsive liberation of static
GLUT4. A) Western blotting of AS160 during differentiation. B—D) Mean
MSD curves of GLUT4 movement in fibroblasts expressing sortilin/WT-
EYFP (B), sortilin/WT-EYFP + HaloTag-AS160 (C), and HaloTag-AS160
(D) before (black) or after (red) insulin stimulation {100 nm, 30 min). MSD
values were calculated from the same data shown in Figure 6A,C,E. Data
are presented as mean + SEM. E—H) Velocity distributions (E and G) and
diffusion coefficient maps (F and H) of GLUT4 movement in fibroblasts
expressing sortilin/WT-EYFP + HaloTag-AS160 pretreated with 100 nm
wortmannin for 30 min (E and F) and sortilin/fWT-EYFP + T642A mutant
of HaloTag-AS160 (G and H) before or after insulin stimulation (100 nwm,
30 min). The mean velocities (+SD) were as follows. Sortilin/ WT-EYFP
+ HaloTag-AS160 + Wortmannin (n = 3}; basal: 0.49 £ 0.10 pm/s, insulin:
0.47 £ 0.01 pm/s (p = 0.66), sortilin/WT-EYFP + T642A mutant of HaloTag-
AS160 (n = 4); basal: 0.46 £ 0.01 pm/s, insulin: 0.49 £ 0.05 pm/s (p = 1).

Figure S5: Effects of AS160 knockdown on GLUT4 behavior in
adipocytes. A) Fluorescent image of myc-GLUT4-EGFP (left) and
immunofluorescent image of AS160 (right) in adipocytes electroporated
with both myc-GLUT4-EGFP and AS160 siRNA. B-E) Insulin actions in
adipocytes electroporated with control (B and C) or AS160 (D and E) siRNA.
Velocity distributions (B and D) and mean MSD curves (C and E) before
(black) and after {red) insulin stimulation (100 nmM, 30 min) are shown. The
mean velocities {£SD) are as follows: Control (n = 6), 0.36 & 0.04 um/s
(basal) and 0.59+0.11 pm/s (insulin, p < 0.01). AS160 siRNA (n = 6),
0.414+0.02 pm/s (basal) and 0.48 == 0.04 um/s (insulin, p < 0.05). F and
G) Velocity distributions (F) and mean MSD curves (G) of GLUT4 in
adipocytes electroporated with control (black) or AS160 (blue) siRNA
plus mycGLUT4EGFP. The mean velocities (+SD) were 0.38 & 0.03 um/s
(control, n=6) and 0.43 £ 0.02 pm/s (AS160 siRNA, n= 10, p < 0.05). In
(G), data are presented as mean £+ SEM.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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