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Insulin-promoted mobilization of GLUT4 from a 
perinuclear storage site requires RAB10

ABSTRACT Insulin controls glucose uptake into muscle and fat cells by inducing a net redis-
tribution of glucose transporter 4 (GLUT4) from intracellular storage to the plasma mem-
brane (PM). The TBC1D4-RAB10 signaling module is required for insulin-stimulated GLUT4 
translocation to the PM, although where it intersects GLUT4 traffic was unknown. Here we 
demonstrate that TBC1D4-RAB10 functions to control GLUT4 mobilization from a trans-Golgi 
network (TGN) storage compartment, establishing that insulin, in addition to regulating the 
PM proximal effects of GLUT4-containing vesicles docking to and fusion with the PM, also 
directly regulates the behavior of GLUT4 deeper within the cell. We also show that GLUT4 is 
retained in an element/domain of the TGN from which newly synthesized lysosomal proteins 
are targeted to the late endosomes and the ATP7A copper transporter is translocated to the 
PM by elevated copper. Insulin does not mobilize ATP7A nor does copper mobilize GLUT4, 
and RAB10 is not required for copper-elicited ATP7A mobilization. Consequently, GLUT4 in-
tracellular sequestration and mobilization by insulin is achieved, in part, through utilizing a 
region of the TGN devoted to specialized cargo transport in general rather than being spe-
cific for GLUT4. Our results define the GLUT4-containing region of the TGN as a sorting and 
storage site from which different cargo are mobilized by distinct signals through unique 
molecular machinery.

INTRODUCTION
Regulation of glucose uptake by fat and muscle cells, essential for 
the maintenance of whole-body glucose homeostasis, is deter-
mined by the levels of glucose transporter 4 (GLUT4) in the plasma 
membranes (PM) of these cells (Klip et al., 2019). GLUT4 cycles be-
tween intracellular compartments and the PM, with the distribution 

determined by the rates of exocytosis and endocytosis (Martin 
et al., 2000a, 2006; Foster et al., 2001; Karylowski et al., 2004). The 
main effect of insulin is to stimulate GLUT4 exocytosis to increase 
the amount of PM GLUT4, thereby promoting increased glucose 
uptake (Klip et al., 2019).

Monitoring Editor
Adam Linstedt
Carnegie Mellon University

Received: Jun 4, 2020
Revised: Oct 30, 2020
Accepted: Nov 4, 2020

Alexandria Brumfielda, Natasha Chaudharya,†, Dorothee Mollea, Jennifer Wena, 
Johannes Graumannb,‡, and Timothy E. McGrawa,c,*
aDepartment of Biochemistry and cDepartment of Cardiothoracic Surgery, Weill Cornell Medical College, New York, 
NY 10065; bWeill Cornell Medical College in Qatar, Education City, 24144 Doha, State of Qatar

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E20-06-0356) on November 11, 2020.
This article was published online ahead of print in MBoC in Press (https:// 
doi.org/10.1091/mbc.E20-06-0356) on 1 January 2021 and in bioRxiv (https://
www.biorxiv.org/content/10.1101/2020.04.14.040683v1) https://doi.org/10.1101/ 
2020.04.14.040683
Conflict of interest: The authors declare that the work was performed in the ab-
sence of any financial relationships that could be construed as a potential conflict 
of interest.
Author contributions: A.B., N.C., D.M., and J.W. designed, performed, and ana-
lyzed experiments; J.G. performed mass spectrometry; A.B. and T.E.M. wrote the 
manuscript; T.E.M. conceived of the project, designed and analyzed experiments, 
and supervised the project.
Present addresses: †Lunenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, 
Toronto, Ontario M5G 1X5, Canada; ‡Biomolecular Mass Spectrometry, Max Planck 
Institute for Heart and Lung Research, 61231 Bad Nauheim, Germany, and The 
German Center for Cardiovascular Research (DZHK), Partner Site Rhine-Main, Max 
Planck Institute for Heart and Lung Research, 61231 Bad Nauheim, Germany.

© 2021 Brumfield et al. This article is distributed by The American Society for Cell 
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution–Noncommercial–Share Alike 3.0 Unported 
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).

“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society for Cell Biology.

Abbreviations used: ARG, arginine; ATP7A, Menkes copper-transporting ATPase; 
BCS, bathocuproinedisulfonic acid disodium salt; BFP, blue fluorescent protein; 
CHC, clathrin heavy chain; ER, endoplasmic reticulum; ERES, endoplasmic reticu-
lum exit site; ERGIC, ER-to-Golgi intermediate compartments; GAP, GTPase-acti-
vating protein; GLUT4, glucose transporter 4; HA, hemagglutinin; IF, immunofluo-
rescence; IRV, insulin-responsive vesicle; KIF13, Kinesin 13; LRRK2, leucine-rich 
repeat kinase 2; LYS, lysine; MPR, mannose 6-phosphate receptor; PBS, phos-
phate-buffered saline; PD, Parkinson’s disease; PM, plasma membrane; SILAC, 
stable isotope labeling with amino acids in culture; STX6, Syntaxin6; TGN, trans-
Golgi network; TGN46, trans-Golgi Network Protein 2; TR, transferrin receptor; 
WT, wild type.

*Address correspondence to: Timothy E. McGraw (temcgraw@med.cornell.edu).

https://doi.org/10.1091/mbc.E20-06-0356
https://doi.org/10.1091/mbc.E20-06-0356
https://www.biorxiv.org/content/10.1101/2020.04.14.040683v1
https://www.biorxiv.org/content/10.1101/2020.04.14.040683v1
https://doi.org/10.1101/2020.04.14.040683
https://doi.org/10.1101/2020.04.14.040683


58 | A. Brumfield et al. Molecular Biology of the Cell

In the basal state (unstimulated cells), the majority of GLUT4 re-
sides intracellularly in perinuclear compartments that are in part 
trans-Golgi network (TGN) in nature (Shewan et al., 2003; Li et al., 
2009; Foley and Klip, 2014) and in specialized vesicles (referred to 
as insulin-responsive vesicles, IRVs) dispersed throughout the cyto-
sol (Xu and Kandror, 2002; Larance et al., 2005; Jedrychowski et al., 
2010), whose delivery to the PM is regulated by insulin (Karylowski 
et al., 2004). GLUT4 in the PM cycles back to the TGN via the endo-
somal pathway (Lampson et al., 2001; Karylowski et al., 2004; Chen 
et al., 2012). Targeting GLUT4 from endosomes to the TGN has an 
important role in basal intracellular GLUT4 retention. Mutations in 
GLUT4 that disrupt its traffic from endosomes to the TGN are poorly 
retained in basal conditions and are not properly translocated to the 
PM on insulin stimulation (Piper et al., 1993; Shewan et al., 2003; 
Govers et al., 2004; Blot and McGraw, 2008a). These results identify 
the TGN as the site for formation of IRVs. The TGN is a main sorting 
compartment along the biosynthetic and endocytic pathways. Car-
goes to be targeted to distinct destinations are sorted and pack-
aged into the correct transport vesicles in the TGN. The relationship 
between the TGN containing GLUT4 and the TGN involved in the 
traffic of other cargoes is not known (Lampson et al., 2001; Shewan 
et al., 2003; Karylowski et al., 2004; Foley and Klip, 2014).

Insulin signaling triggers multiple discrete molecular events that 
mediate efficient recruitment, docking, and fusion of IRVs with the 
PM (Gonzalez and McGraw, 2006; Bai et al., 2007; Xiong et al., 
2010). These events lead to a decrease in the size of the intracellular 
GLUT4 pool concomitant with an increase of GLUT4 in the PM. As 
GLUT4 in the PM is in equilibrium with intracellular GLUT4, endocy-
tosis of GLUT4 dynamically removes GLUT4 from the PM. Thus, 
maintenance of the insulin-stimulated dynamic increase in GLUT4 in 
the PM requires the continual ferrying of GLUT4-containing IRVs to 
the PM. Insulin signaling can add to the IRV pool by increasing the 
rate of GLUT4 mobilization from the TGN in nascent IRVs. Despite 
the biological importance, insulin regulation of GLUT4 trafficking at 
the perinuclear region has not been thoroughly interrogated.

A key aspect of insulin regulation of GLUT4 trafficking is inhibi-
tion of the GTPase-activating protein (GAP) TBC1D4/AS160 (Sano 
et al., 2003; Eguez et al., 2005), allowing for activation of its target 
RAB, RAB10 (Sano et al., 2007). In 3T3-L1 adipocytes and primary 
adipocytes, knockdown of TBC1D4 releases the inhibition of GLUT4 
exocytosis in the basal state by 50% (Eguez et al., 2005; Lansey 
et al., 2012), and depletion of RAB10 in cultured and primary adipo-
cytes specifically blunts insulin-stimulated GLUT4 translocation by 
50% (Sano et al., 2007; Sadacca et al., 2013; Vazirani et al., 2016). 
These data demonstrate insulin-stimulated GLUT4 exocytosis is 
regulated by both TBC1D4-RAB10-dependent and -independent 
mechanisms. Overexpressed RAB10 has been shown to reside on 
IRVs in adipocytes (Chen et al., 2012), and total internal reflection 
fluorescence (TIRF) microscopy studies have demonstrated RAB10 
functions at a step prior to IRV fusion with the PM (Sadacca et al., 
2013). Thus, it is commonly thought RAB10 regulates IRV recruit-
ment and/or docking with the PM. In other cell types, RAB10 is re-
quired for regulated trafficking processes that involve vesicle deliv-
ery to the PM (Babbey et al., 2010; Wang et al., 2010; Liu et al., 
2013; Isabella and Horne-Badovinac, 2016; Etoh and Fukuda, 2019), 
and RAB10 has been shown to localize to both perinuclear and ve-
sicular compartments (Wang et al., 2010; Liu et al., 2013).

We have previously identified SEC16A as a novel RAB10-inter-
acting protein required for insulin-stimulated GLUT4 translocation 
(Bruno et al., 2016). Knockdown of SEC16A in 3T3-L1 adipocytes 
specifically blunts insulin-stimulated GLUT4 translocation by 50%, 
with no additivity of double knockdown of RAB10 and SEC16A 

(Bruno et al., 2016). Interestingly, a pool of SEC16A localizes to 
structures in the perinuclear region that encircle GLUT4-containing 
perinuclear membranes (Bruno et al., 2016). SEC16A is known to 
localize to endoplasmic reticulum exit sites (ERES) and act as a scaf-
fold for the organization of COPII components required for the bud-
ding of COPII vesicles (Whittle and Schwartz, 2010; Sprangers and 
Rabouille, 2015). In adipocytes, SEC16A’s role in GLUT4 trafficking is 
independent of its role in ERES function since knockdown of other 
components of the ER exit site machinery, which blunt secretion, is 
without effect on GLUT4 translocation (Bruno et al., 2016). SEC16A’s 
perinuclear localization (Bruno et al., 2016) suggests the RAB10-
SEC16A module might function at the perinuclear region to regu-
late IRV formation. RAB10 then rides along newly formed IRVs 
(Chen et al., 2012), while the lack of SEC16A localization to IRVs 
(Bruno et al., 2016) demonstrates that SEC16A does not. In this 
study, we use a novel proteomic approach to demonstrate that 
GLUT4 resides in a region of the TGN where specialized cargoes are 
sorted and mobilized by specific stimuli and, using a novel live-cell 
imaging assay, we demonstrate that insulin promotes the mobiliza-
tion of GLUT4 from the TGN through RAB10 activity.

RESULTS
GLUT4 is retained in a region of the TGN from which 
specialized cargoes are sorted and mobilized
The first approach we took to gain insight into GLUT4 trafficking at 
the perinuclear region was to identify proteins that reside with 
GLUT4 in the perinuclear compartment of 3T3-L1 adipocytes. It has 
previously been shown that mutation of the phenylalanine of the 
GLUT4 amino terminal F5QQI motif (amino acid positions 5 through 
8) to a tyrosine (Y5QQI) redistributes GLUT4 to the TGN perinuclear 
compartment from cytosolic puncta (Blot and McGraw, 2008a). HA-
GLUT4-GFP is a reporter extensively used in studies of GLUT4 traffic 
(Blot and McGraw, 2008b). HA-GLUT4-GFP with a F5QQI to Y5QQI 
mutation (F5Y-HA-GLUT4-GFP) displays enhanced intracellular re-
tention in the TGN and concentration around the nucleus (Figure 1A), 
as demonstrated by increased overlap with TGN markers Syntaxin6 
(STX6) and trans-Golgi Network Protein 2 (TGN46) (Figure 1, A–C). 
F5Y-GLUT4 continually cycles to and from the PM, and thus is dy-
namically concentrated in the TGN (Blot and McGraw, 2008a). 
GLUT4 in which an alanine is substituted for phenylalanine in the 
F5QQI motif (F5A-GLUT4) is not as efficiently targeted to the TGN as 
compared with wild-type (WT) GLUT4 (Piper et al., 1993; Govers 
et al., 2004; Blot and McGraw, 2008a). Consequently, F5A-HA-
GLUT4-GFP was predominantly localized in vesicular elements 
throughout the cytoplasm and was not well concentrated around 
the nucleus (Figure 1A), as indicated by the decreased overlap with 
STX6 and TGN46 (Figure 1, A–C). Given that F5Y-GLUT4 is enriched 
in the TGN as compared with both WT GLUT4 and F5A-GLUT4 (Blot 
and McGraw, 2008a), we reasoned that proteins colocalized with 
GLUT4 in the TGN (the same TGN membrane as GLUT4) would be 
enriched in a detergent-free immunoabsorption of F5Y-GLUT4 be-
cause membrane integrity is preserved in this protocol. Membrane 
compartments containing HA-GLUT4-GFP were isolated by deter-
gent-free immunoabsorption with anti-GFP-antibody from mechani-
cally disrupted unstimulated 3T3-L1 adipocytes stably expressing 
HA-GLUT4-GFP, F5Y-HA-GLUT4-GFP or F5A-GLUT4-GFP. We used 
stable isotope labeling with amino acids in culture (SILAC) to quan-
titatively compare by mass spectrometry proteins coimmunoab-
sorbed with these different GLUT4 constructs (Ong et al., 2002; 
Ibarrola et al., 2003). Pairwise comparisons of WT versus F5Y and 
F5A versus F5Y were performed in duplicate inverting which cells 
were grown in the heavy amino acid medium, generating four 
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FIGURE 1: Proteomic analysis of GLUT4-containing perinuclear compartments. (A) Representative Airyscan confocal 
single plane images of cells expressing WT, F5Y-, or F5A-HA-GLUT4-GFP and labeled for STX6 and TGN46 by IF. 
(B) Quantification of percent overlap of WT, F5Y, and F5A GLUT4 with STX6. Individual cells ± SEM from N = 2 assays. 
Cells color coded by experiment. (C) Quantification of percent overlap of WT, F5Y, and F5A GLUT4 with TGN46. 
Individual cells ± SEM from N = 2 assays. Cells color coded by experiment. (D) Proteins identified in immunoabsorption 
experiments that are known to colocalize with GLUT4, rank based on summed signal intensity from four 
immunoabsorption experiments. (E) Panther Gene Ontology (GO) cellular component analysis for localization of 
proteins increased in F5Y-GLUT4 compartments immunoabsorption. (F) Representative Airyscan confocal single plane 
images of cells expressing F5Y-HA-GLUT4-GFP mutant and labeled for LAMP1 by IF. (G) Quantification of percent 
overlap of F5Y GLUT4 with LAMP1. Individual cells ± SEM from N = 2 assays. Cells color coded by experiment. (H) Fold 
increase of AP1 adaptin complex subunits, MPR, and copper transporter ATP7A in F5Y-GLUT4 compartments 
immunoabsorption. (I) Representative Western blots of immunoabsorbed WT HA-GLUT4-GFP compartments using 
anti-GFP beads. Elution contains proteins coimmunoabsorbed with GLUT4 compartments; flow-through contains 
proteins not coimmunoabsorbed. Bars, 5 µm.
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different data sets of proteins immunoabsorbed with F5Y compared 
with WT (two sets) and compared with F5A (two sets).

There were 2360 proteins in the merged data from the four sets 
of data. The experimental premise that mechanical disruption pre-
serves, at least partially, the integrity of membrane compartments/
domains was validated by the fact that relative abundance (summed 
signal intensity) of proteins previously identified to colocalize but 
not directly interact with GLUT4, including LNPEP (or IRAP; Garza 
and Birnbaum, 2000), LRP1 (Jedrychowski et al., 2010), RAB10 (Sano 
et al., 2007; Chen et al., 2012), and Sortilin (Morris et al., 1998), was 
in the top 20% of proteins ranked based on signal intensity (Figure 
1D and Supplemental Table S1). Of note, LNPEP, which is known to 
traffic via the same pathway as GLUT4 (Garza and Birnbaum, 2000) 
and is therefore expected to be efficiently coimmunoabsorbed with 
GLUT4, was the third most abundant protein in the immunoabsorp-
tion based on signal intensity.

The aim of this study was to identify proteins enriched in the F5Y-
GLUT4 immunoabsorption; therefore, we focused our analyses on 
the set of 508 proteins that in the pooled data set were increased in 
the F5Y-GLUT4 immunoabsorption by greater than 1.3-fold by SI-
LAC ratio (Supplemental Table S2). Gene ontology cellular compo-
nent analyses (Ashburner et al., 2000; Consortium, 2019) revealed a 
significant enrichment for proteins annotated to be localized to the 
TGN and TGN transport vesicles, including STX6 and TGN46 
(Figure 1E). In addition, there was enrichment of Golgi, endosome, 
exocytic vesicles, and the ER-to-Golgi intermediate compartment 
proteins (Figure 1E), consistent with GLUT4 being dynamically dis-
tributed among a number of intracellular compartments (Karylowski 
et al., 2004).

Unexpectedly, there was also a significant enrichment of late en-
dosome and lysosome proteins (Figure 1E). This enrichment was not 
because F5Y-GLUT4 is localized to late endosomes/lysosomes as 
there was no significant overlap between F5Y-GLUT4 and LAMP1 
(Figure 1, F and G). The majority of newly synthesized lysosomal 
proteins are delivered to the lysosomes by a pathway involving tar-
geting from the TGN to the late endosomes (Braulke and Bonifac-
ino, 2009). Soluble lysosome proteins, which are modified by man-
nose 6-phosphate in the ER, are diverted from delivery to the PM at 
the level of the TGN via a mechanism requiring the mannose 
6-phosphate receptor (MPR) and the AP1 clathrin adaptin complex 
(Braulke and Bonifacino, 2009). Thus, an explanation for the enrich-
ment of F5Y-GLUT4 with lysosomal proteins is that the GLUT4-con-
taining perinuclear concentration is a specialized subcompartment 
of the TGN where lysosomal proteins are diverted from delivery to 
the PM by sorting to specialized transport vesicles. In support of 
that hypothesis, the MPR and the four subunits of the AP1 complex 
(AP1 μ, σ, β, γ), components of the machinery that targets lysosomal 
proteins to the late endosomes, were significantly enriched in the 
F5Y-GLUT4 immunoabsorption (Figure 1H). Based on these data, we 
propose that the region of the TGN enriched for F5Y-GLUT4 is in-
volved in the sorting of cargoes that exit the TGN via specialized 
vesicles, diverting cargo from nonspecialized vesicles that mediate 
constitutive traffic to the PM.

The immunoabsorption data identified the Menkes copper 
transporter, ATP7A, as enriched in the F5Y-GLUT4-containing peri-
nuclear compartments (Figure 1H). We confirm by Western blotting 
that ATP7A is enriched in immunoabsorbed GLUT4-containing 
membranes, as is RAB10, STX6, and TGN46 (Figure 1I). Previous 
studies have also identified that ATP7A coimmunoabsorbs with 
GLUT4 (Larance et al., 2005). ATP7A, which is expressed in a broad 
variety of cell types, has a role in protecting cells against copper 
overload. At physiological copper levels, ATP7A primarily localizes 

to the TGN, but with an increased copper load, ATP7A translocates 
to the PM, where it pumps copper from cells (Petris et al., 1996). In 
low copper conditions, achieved by treatment with copper chelator 
bathocuproinedisulfonic acid disodium salt (BCS), ATP7A was 
largely colocalized with GLUT4 in the TGN of 3T3-L1 adipocytes, 
validating the mass spectrometry data (Figure 2, A and B). Challeng-
ing cells with elevated copper resulted in a decrease in the intensity 
of ATP7A in the STX6-postive TGN and an increase in ATP7A label-
ing in cytosolic vesicles (Figure 2A). Copper mobilization of ATP7A 
was reflected by a significant decrease in ATP7A overlap with STX6 
(Figure 2C). Insulin stimulation in adipocytes results in translocation 
of GLUT4 to the PM, as measured by ratiometric analyses of the HA-
GLUT4-GFP reporter (Figure 2D). Insulin stimulation did not affect 
ATP7A colocalization with STX6 (Figure 2, A and C), nor did ele-
vated copper promote GLUT4 translocation to the PM (Figure 2, A 
and D). Thus, despite the high degree of colocalization of ATP7A 
and GLUT4, their mobilizations from the TGN are linked to distinct 
stimuli. Supporting this conclusion, dual stimulation with insulin and 
copper did not result in additive effects on mobilization of ATP7A 
from the STX6-positive TGN (Figure 2C) or GLUT4 translocation to 
the PM (Figure 2D). Given RAB10 is one of the best described mole-
cular machinery required for insulin-stimulated GLUT4 translocation 
in adipocytes (Sano et al., 2007), we looked to see if RAB10 is re-
quired for copper-stimulated mobilization of ATP7A from the peri-
nuclear region. Under conditions of RAB10 knockdown, copper pro-
moted the mobilization of ATP7A from the STX6-labeled TGN 
(Figure 2E) to the same degree as in WT cells (Figure 2C). Together, 
these data support the hypothesis that the GLUT4-containing TGN 
compartment is a retention and sorting hub where various stimuli 
mobilize specific cargo through distinct machinery.

Insulin increases the rate of GLUT4 mobilization from the 
perinuclear region
We next sought to demonstrate that insulin stimulation promotes 
the mobilization of GLUT4 from the perinuclear region of 3T3-L1 
adipocytes, similar to copper stimulation promoting the mobiliza-
tion of ATP7A. With insulin stimulation it was visually apparent that 
the GLUT4-containing IRV pool was decreased in size concomitant 
with an increase in GLUT4 in the PM (Figure 3A). However, in static 
images, an effect of insulin on GLUT4 in the TGN was not apparent. 
Visualizing the mobilization of GLUT4 from the perinuclear com-
partment in live-cell imaging would prove very useful in determin-
ing if insulin regulates GLUT4 trafficking at the perinuclear region 
yet has been confounded by the difficulty of distinguishing GLUT4-
containing vesicles that have budded from the perinuclear com-
partments from those that have been endocytosed at the PM. To 
overcome this limitation, we tagged GLUT4 with an irreversible 
green-to-red photoconvertible protein mEos3.2 (Zhang et al., 
2012) (HA-GLUT4-mEos3.2) and visualized the mobilization of HA-
GLUT4-mEos3.2 that has been acutely photoconverted from green 
to red in a region of the perinuclear compartment and thus could 
be distinguished from the remainder of HA-GLUT4-mEos3.2 in the 
cell (Figure 3B). After photoconversion, the decrease over time in 
red HA-GLUT4-mEos3.2 intensity in the photoconverted region 
represents GLUT4 that has been mobilized from the perinuclear 
region, and the return over time of the green HA-GLUT4-mEos3.2 
intensity in the photoconverted region represents GLUT4 that has 
been mobilized to the perinuclear region (Figure 3B). Importantly, 
the trafficking of HA-GLUT4-mEos3.2 was similar to the well-char-
acterized HA-GLUT4-GFP reporter (Figure 3C). Furthermore, in 
fixed cells, successive image acquisition did not result in a decrease 
in the red HA-GLUT4-mEos3.2 intensity in the photoconverted 
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region (Figure 3D). These data argue that in live-cell imaging, any 
decrease in red HA-GLUT4-mEso3.2 intensity observed is not a re-
sult of photobleaching with successive image acquisition.

We first determined if insulin regulates the mobilization of 
GLUT4 from the perinuclear compartment. Under basal conditions, 
red HA-GLUT4-mEos3.2 was mobilized from the photoconverted 
region with a rate k = 0.033 min1 (Figure 3E). Under insulin-stimu-
lated conditions, red HA-GLUT4-mEos3.2 was mobilized from the 

photoconverted region with a rate k = 0.051 min1 (Figure 3E), a 1.53-
fold increase compared with basal conditions. These data are the 
first direct evidence demonstrating that insulin signaling accelerates 
mobilization of GLUT4 from the perinuclear region. Insulin-stimu-
lated GLUT4 translocation in adipocytes and muscle requires activa-
tion of AKT (Klip et al., 2019). Insulin regulation of GLUT4 mobiliza-
tion from the perinuclear region is downstream of AKT in 3T3-L1 
adipocytes, and as compared with insulin in the presence of DMSO 

FIGURE 2: Copper, but not insulin, stimulation results in mobilization of the copper transporter ATP7A from GLUT4-
containing perinuclear compartments. (A) Representative Airyscan confocal single plane images of cells expressing 
HA-GLUT4-GFP and labeled for native copper transporter ATP7A and STX6 by IF. Cells treated with 200 µM BCS, 
followed by treatment with 200 µM copper or 1 nM insulin as described in Materials and Methods. Bars, 5 µm. 
(B) Quantification of percent overlap of ATP7A with GLUT4. Individual cells ± SEM from N = 6 assays. Cells color coded 
by experiment. (C) Quantification of percent overlap of ATP7A with STX6 under BCS, copper, insulin, and dual copper 
and insulin-stimulated conditions. Individual cells ± SEM from N = 3 assays. Cells color coded by experiment. 
*p < 0.0001 comparing BCS and CuCl2 conditions; †p = 0.0023 comparing BCS and CuCl2+insulin conditions (one-way 
ANOVA followed by Tukey’s posttest). (D) Quantification of PM to total HA-GLUT4-GFP in cells under BCS, copper, 
insulin, and dual copper and insulin-stimulated conditions. N = 3 experiments ± SEM. AU, arbitrary units. *p < 0.0001 
comparing BCS and insulin conditions; †p < 0.0001 comparing BCS and CuCl2+insulin conditions (one-way ANOVA 
followed by Tukey’s posttest). (E) Quantification of percent overlap of ATP7A with STX6 under BCS and copper-
stimulated conditions in cells electroporated with siRNA targeting RAB10. Individual cells ± SEM from N = 3 assays. 
Cells color coded by experiment. *p < 0.0001 comparing BCS and copper conditions (one-way ANOVA of conditions in 
C and E followed by Tukey’s posttest).
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FIGURE 3: Insulin promotes mobilization of HA-GLUT4-mEos3.2 from the perinuclear region downstream of AKT. 
(A) Representative Airyscan confocal single plane images of basal and insulin-stimulated cells expressing HA-GLUT4-
GFP and labeled for STX6 and TGN46 by IF. (B) Representative Airyscan confocal single plane images of cells expressing 
HA-GLUT4-mEos3.2. Green HA-GLUT4-mEos3.2 photoconverted to red HA-GLUT4-mEos3.2 in the perinuclear region 
(indicated by white, dashed circle) as described in Materials and Methods. *Nucleus. (C) Quantification of PM to total 
HA-GLUT4-GFP or HA-GLUT4-mEos3.2 as described in Materials and Methods. Serum-starved cells were stimulated 
with 10 nM insulin. Values were normalized to HA-GLUT4-mEos3.2 expressing, insulin condition. N = 3 assays ± SEM. 
(D) Quantification of average red HA-GLUT4-mEos3.2 intensity in the photoconverted perinuclear region of fixed cells 
for 10 successive images. Values were normalized to image 0. Mean normalized values ± SEM, N = 2 assays, 6–7 cells 
per assay. (E) Quantification of average red HA-GLUT4-mEos3.2 intensity in the photoconverted perinuclear region of 
live cells. Prior to photoconversion serum-starved cells were stimulated with 10 nM insulin, 1 µM AKT inhibitor MK2206, 
or equivalent volume of DMSO, where indicated, as described in Materials and Methods. Values were normalized to 
value at time 0. Mean normalized values ± SEM, N = 5–6 assays, 4–7 cells per assay. *p < 0.0001 comparing basal and 
insulin-stimulated slopes; †p = 0.0002 comparing insulin + DMSO and insulin + MK2206-stimulated slopes. Inset depicts 
rate of transport, determined from slope. (F) Quantification of average green HA-GLUT4-mEos3.2 intensity in the 
photoconverted perinuclear region of live cells. Prior to photoconversion, serum-starved cells were stimulated with 
10 nM insulin where indicated. Values were normalized to value at time 0. Mean normalized values ± SEM, N = 5–6 
assays, 4–7 cells per assay. AU, arbitrary units. Bars, 5 µm.
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(vehicle), insulin in the presence of AKT inhibitor MK2206 (Tan et al., 
2011) could not promote the mobilization of HA-GLUT4-mEos3.2 
from the perinuclear region (Figure 3E).

We next determined if insulin regulates the traffic of GLUT4 to 
the perinuclear region. In both basal (no stimulation) and insulin-
stimulated conditions the green HA-GLUT4-mEos3.2 intensity in the 
photoconverted region returned to the prephotoconversion intensi-
ties with half-times of approximately 5 min (Figure 3F). Thus, GLUT4 
return to the TGN is not regulated by insulin. This result, coupled 
with our finding that GLUT4 constitutively traffics from the TGN 
(Figure 3E), demonstrates that GLUT4 is dynamically concentrated 
in the perinuclear region.

RAB10 colocalizes with SEC16A and GLUT4 at the 
perinuclear region
To investigate if RAB10 contributes to insulin-stimulated mobiliza-
tion of GLUT4 from the perinuclear region, we first determined the 
localization of RAB10 in 3T3-L1 adipocytes by expressing RAB10 
tagged with blue fluorescent protein (BFP-RAB10) (Figure 4, A and 
B). A pool of RAB10 localized to the perinuclear region under basal 
and insulin-stimulated conditions, suggesting its perinuclear local-
ization is independent of its GDP/GTP state (Figure 4, A and B). As 
demonstrated previously, perinuclear SEC16A-labeled structures 
encircled HA-GLUT4-GFP-containing perinuclear TGN membranes 
under basal and insulin-stimulated conditions (Bruno et al., 2016) 
(Figure 4, A and B). Airyscan microscopy has a lateral resolution of 

140 nm. Given that the width of a TGN tubule is between 500 and 
1000 nm (Klumperman, 2011), the Airyscan resolution limit is 
enough to resolve SEC16A-labled structures encircling HA-GLUT4-
GFP-containing membranes. Perinuclear BFP-RAB10 colocalized 
with both perinuclear SEC16A and HA-GLUT4-GFP under basal and 
insulin-stimulated conditions, as demonstrated by linescan analyses 
(Figure 4, A and B). In the context of the known functional role of 
RAB10 and SEC16A in GLUT4 trafficking, these data raise the pos-
sibility that RAB10 and SEC16A function at the perinuclear region to 
regulate GLUT4 trafficking.

The organization of RAB10-labeled, SEC16A-labeled, and 
GLUT4-containing perinuclear membranes is not random
The perinuclear region is compact in nature and contains a number of 
different membrane compartments (i.e., Golgi, ER-to-Golgi interme-
diate compartments (ERGIC), and ER). Thus, we sought to determine 
if the spatial organization of RAB10-labeled, SEC16A-labeled, and 
GLUT4-containing perinuclear membranes is simply due to this com-
pact nature, or if their spatial organization is not random and is impor-
tant to the function of RAB10 and SEC16A in GLUT4 trafficking. To 
gain insight into this question, we treated cells with nocodazole and 
determined if the RAB10-SEC16A-GLUT4 spatial organization is re-
tained (Figure 5, A and C). The organization of the Golgi as a ribbon-
like organelle and its perinuclear localization are highly dependent on 
an intact microtubule cytoskeleton (Cole et al., 1996; Thyberg and 
Moskalewski, 1999). Nocodazole-induced disruption of microtubule 

FIGURE 4: RAB10 colocalizes with HA-GLUT4-GFP and SEC16A at the perinuclear region. (A, B) Representative 
Airyscan confocal single plane images of (A) basal and (B) insulin-stimulated cells expressing BFP-RAB10 and HA-GLUT4-
GFP and labeled for endogenous SEC16A by IF. Serum-starved cells were stimulated with 1 nM insulin. Inset (white, 
dashed boxed region) is displayed below. Linescan plot is BFP-RAB10, HA-GLUT4-GFP, and SEC16A fluorescence 
intensity along a line (indicated by white arrow). Values were normalized to each individual fluorescence maxima. Bars, 
5 µm.
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FIGURE 5: The organization of perinuclear RAB10 and SEC16A with GLUT4 has implications for their function in GLUT4 
trafficking. (A, C) Representative Airyscan confocal single plane images of cells treated with 3 µM nocodazole. Cells 
expressing HA-GLUT4-GFP and BFP-RAB10 and stained for endogenous SEC16A by IF. Cells under (A) basal and 
(C) 1 nM insulin-stimulated conditions. Inset (white, dashed boxed region) is displayed below. Yellow arrows indicate the 
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polymerization leads to fragmentation and dispersion of the Golgi 
throughout the cytosol (Cole et al., 1996; Thyberg and Moskalewski, 
1999). When the Golgi fragments, Golgi ministacks are formed that 
retain the structural polarity of the cis-, medial-, and trans-Golgi. The 
Golgi ministacks are recapitulated at peripheral ERES to re-establish 
ER to Golgi secretion (Cole et al., 1996). With nocodazole treatment, 
we observed that the spatial organization of RAB10, SEC16A, and 
GLUT4 described above was retained under basal and insulin-stimu-
lated conditions (Figure 5, A and C). By performing a radial linescan 
analysis centered on HA-GLUT4-GFP, we demonstrated SEC16A-la-
beled membranes remained adjacent to HA-GLUT4-GFP-containing 
membranes, and RAB10 remained localized with both SEC16A and 
GLUT4 (Figure 5, B and D). Furthermore, the average distance be-
tween peaks of HA-GLUT4-GFP fluorescence and SEC16A fluores-
cence was approximately 800 nm in both the presence and the ab-
sence of nocodazole (Figure 5E). These data suggest that the 
RAB10-SEC16A-GLUT4 perinuclear organization is not random and 
could be important for RAB10-SEC16A function in GLUT4 trafficking.

Given that the organization of perinuclear RAB10-SEC16A-
GLUT4 is retained with nocodazole treatment, we reasoned that the 
colocalization of copper transporter ATP7A with GLUT4 at the TGN 
(Figure 2, A and B) should be retained in fragments formed with 
nocodazole treatment. Indeed, we observed with nocodazole treat-
ment that ATP7A colocalized with GLUT4 in a subset of GLUT4-
containing fragments that contain STX6 (Figure 5F).

Perinuclear SEC16A is important for proper localization of 
RAB10 at the perinuclear region
Given that SEC16A is known to act as a scaffold for the organization 
of COPII components at ERES (Whittle and Schwartz, 2010; Sprang-
ers and Rabouille, 2015), we wondered whether perinuclear SEC16A 
analogously acts as a scaffold for the organization of RAB10 at peri-
nuclear membranes. We found 18% of total BFP-RAB10 localized to 
the perinuclear region under basal and insulin-stimulated conditions 
(Figure 5, G and H). Depletion of SEC16A resulted in a 30% de-
crease in BFP-RAB10 in the perinuclear region under basal and insu-
lin-stimulated conditions (Figure 5, G and H), demonstrating that 
the presence of the perinuclear pool of SEC16A is important for lo-
calizing RAB10 at perinuclear membranes. These data argue that 
SEC16A-dependent localization of RAB10 at the perinuclear mem-
branes is independent of its GTP/GDP status, and if properly local-
ized at the perinuclear region, RAB10 bound to GTP can carry out its 
function in insulin-stimulated GLUT4 trafficking.

The RAB10-TBC1D4 module regulates GLUT4 mobilization 
from the perinuclear region
We next determined if RAB10 and its GAP TBC1D4 regulate the 
rate of GLUT4 mobilization from the perinuclear region. In cells 

stably expressing a control shRNA construct, insulin was able to pro-
mote mobilization of red HA-GLUT4-mEos3.2 from the perinuclear 
region (Figure 6A), similar to WT cells (Figure 3E). Depletion of 
TBC1D4 results in constitutive activation of RAB10 (Sano et al., 
2007), and stable knockdown of TBC1D4 in the absence of insulin 
stimulation led to acceleration of the mobilization of red HA-GLUT4-
mEos3.2 from the perinuclear region (Figure 6B) near to the insulin-
stimulated rate (Figures 3E and 6A). The effect of TBC1D4 depletion 
on mobilization of HA-GLUT4-mEos3.2 was rescued by expression 
of shRNA-resistant TBC1D4 (Figure 6B). Importantly, the acceler-
ated mobilization observed in TBC1D4 knockdown cells was not 
rescued by expression of a control DNA construct, transferrin recep-
tor (TR) (Figure 6B). In a stable RAB10 knockdown background, insu-
lin stimulation was unable to accelerate the mobilization of HA-
GLUT4-mEos3.2 from the perinuclear region, and this phenotype 
was rescued by expression of BFP-RAB10 in the presence of insulin 
(Figure 6C). Knockdown of RAB10 under basal conditions had no 
effect (Figure 6C). Together, these data demonstrate that TBC1D4 
regulates mobilization of GLUT4 from the perinuclear region, and 
RAB10 is required for insulin-stimulated mobilization of GLUT4 from 
the perinuclear region.

A recent report in HeLa cells demonstrated RAB10 binding to 
the microtubule motor protein Kinesin 13A/B (KIF13A/B) is required 
for the tubulation of endosomes (Etoh and Fukuda, 2019). However, 
in adipocytes, depletion of KIF13A and KIF13B using two different 
siRNAs alone and in combination did not affect the amount of 
GLUT4 in the PM under basal or insulin-stimulated conditions com-
pared with WT conditions (Figure 6, D and E). To explore the possi-
bility that RAB10-mediated mobilization of TGN GLUT4 in adipo-
cytes requires a kinesin other than KIF13, we determined whether 
the effects of RAB10 depletion were additive to those of nocodazole-
induced microtubule depolymerization on GLUT4 translocation. 
Nocodazole treatment resulted in a 50% decrease in the amount of 
GLUT4 in the PM under insulin stimulation, consistent with previous 
reports (Olson et al., 2001; Karylowski et al., 2004; Foley and Klip, 
2014), and the nocodazole-induced decrease in the amount of 
GLUT4 in the PM was additive to the effect of RAB10 depletion 
(Figure 6F). Thus, Rab10-mediated mobilization of GLUT4 from the 
perinuclear region does not appear to be microtubule-dependent.

DISCUSSION
The data we present supports the hypothesis that the GLUT4 peri-
nuclear storage site is an element of the TGN from which newly 
synthesized lysosomal proteins are targeted to the late endosomes 
and the ATP7A copper transporter is translocated to the PM by el-
evated copper (Figure 7). Consequently, GLUT4 intracellular se-
questration and mobilization by insulin is achieved, in part, through 
utilizing a region of the TGN devoted to specialized transport cargo 

same position in each image. Bars, 5 µm. (B, D). Images of the average HA-GLUT4-GFP, SEC16A, and BFP-RAB10 
fluorescence intensity from five individual fragments, centered of HA-GLUT4-GFP, resulting from nocodazole treatment 
from the cells in A and C, respectively. Radial linescan plot of images are displayed below. Values were normalized to 
each individual fluorescence maxima. Bars, 1 µm. (E) Quantification of the distance (µm) between HA-GLUT4-GFP and 
SEC16A fluorescence peaks in basal cells in the presence and absence of nocodazole treatment. Values are distances 
between peaks ± SEM. Distance measured for three separate sets of peaks per cell. N = 2 assays, 7–8 cells per assay. 
(F) Representative Airyscan confocal single plane images of cells treated with 3 µM nocodazole in the presence of 
200 µM BCS. Cells expressing HA-GLUT4-GFP and stained for endogenous ATP7A and STX6 by IF. Inset (white, dashed 
boxed region) is displayed below. Yellow arrows indicate the same position in each image. Bars, 5 µm. 
(G) Representative images of basal and insulin-stimulated cells expressing BFP-RAB10, siRNA targeting SEC16A 
electroporated where indicated. Bars, 5 µm. (H) Quantification of the fraction of BFP-RAB10 in the perinuclear region of 
basal and 1 nM insulin-stimulated cells ± addition of siRNA targeting SEC16A. N = 7 assays ± SEM. Dashed line connects 
data from individual assays. *p < 0.05, two-tailed unpaired t test, nonnormalized raw data. AU, arbitrary units.
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FIGURE 6: The TBC1D4-RAB10 module regulates insulin-stimulated mobilization of GLUT4 from the perinuclear region. 
(A) Quantification of average red HA-GLUT4-mEos3.2 intensity in the photoconverted perinuclear region of basal and 
10 nm insulin-stimulated live cells stably expressing a control shRNA. Values were normalized to value at time 0. Mean 
normalized values ± SEM, N = 2 assays, 6–7 cells per assay. *p = 0.03 comparing basal and insulin-stimulated slopes. 
Inset depicts rate of transport, determined from slope. (B) Quantification of average red HA-GLUT4-mEos3.2 intensity in 
the photoconverted perinuclear region of basal live cells with stable knockdown of TBC1D4. Cells expressing 
exogenous TBC1D4 or TR where indicated. Values were normalized to value at time 0. Mean normalized values ± SEM, 
N = 3–7 assays, 5–7 cells per assay. *p = 0.01 comparing basal TBC1D4 KD and basal TBC1D4 KD + TBC1D4 slopes. 
Inset depicts rate of transport, determined from slope. (C) Quantification of average red HA-GLUT4-mEos3.2 intensity 
in the photoconverted perinuclear region of live cells with stable knockdown of RAB10 under basal and 10 nM insulin-
stimulated conditions. Cells expressing exogenous BFP-RAB10 were indicated. Values were normalized to value at time 
0. Mean normalized values ± SEM, N = 2–6 assays, 4–7 cells per assay. *p < 0.0001 comparing insulin-stimulated RAB10 
KD and insulin-stimulated RAB10 KD + BFP-RAB10 slopes. Inset depicts rate of transport, determined from slope. 
(D) Quantitative RT-PCR of relative KIF13A or KIF13B mRNA expression in control 3T3-L1 adipocytes and those 
electroporated with KIF13A and/or KIF13B siRNAs. N = 6 assays. (E) Quantification of PM to total HA-GLUT4-GFP in 
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in general rather than being specific for GLUT4. Our results define 
this TGN region as a sorting and storage site from which different 
cargo are mobilized by distinct signals.

Insulin-stimulated acceleration of GLUT4 mobilization from 
the perinuclear region is regulated by the TBC1D4-RAB10 
module
In this study we developed a novel photoconversion and live-cell 
imaging assay to determine the rates of GLUT4 trafficking to and 
from the perinuclear compartment under different conditions. We 
demonstrate in intact cells that insulin accelerates the mobilization 
of GLUT4 from the perinuclear region by 50%. To date, cell-free in 
vitro reconstitution assays using extracts of 3T3-L1 adipocytes and 
muscle cells have provided the best experimental evidence for insu-
lin promoting the formation of IRVs from the TGN (Kristiansen and 

Richter, 2002; Xu and Kandror, 2002). Incubation of donor mem-
branes (i.e., the TGN) with insulin-stimulated cytosol results in an 
approximately 50% increase in the biogenesis of IRVs compared 
with incubation with basal cytosol, consistent with our results in live 
cells. We find insulin does not regulate GLUT4 recruitment to the 
perinuclear region. A large portion of GLUT4 in the PM is internal-
ized by clathrin-mediated endocytosis together with constitutively 
recycling cargo such as TR (Klip et al., 2019). GLUT4-containing en-
dosomes are sent to the TGN, and the observation that delivery of 
GLUT4 to the TGN is not regulated by insulin is not completely 
surprising given that insulin stimulation has little effect on TR traffick-
ing (Klip et al., 2019). However, it should be noted that our group 
has shown that stimulation with insulin results in a small reduction in 
the rate of GLUT4 internalization at the PM (Blot and McGraw, 
2006). This would suggest that endocytosis of GLUT4 at the PM and 

FIGURE 7: Model of GLUT4 trafficking in 3T3-L1 adipocytes. In 3T3-L1 adipocytes, the biogenesis of GLUT4-containing 
vesicles (IRVs), copper transporter ATP7A-containing vesicles, and vesicles containing lysosomal enzymes occurs at a 
regulated domain of the TGN; traffic of constitutive recycling proteins through the TGN occurs at an independent 
domain. Mobilization of ATP7A from the TGN is promoted by copper stimulation. The diversion of vesicles containing 
lysosomal enzymes away from traffic from the PM is mediated by the AP1 clathrin adaptor. The exocytosis of GLUT4 to 
the PM is accelerated by insulin. Insulin accelerates the recruitment, docking, and fusion of GLUT4-containing IRVs with 
the PM. Insulin also promotes the mobilization of GLUT4 from the perinuclear TGN, replenishing the IRV pool. This is 
important because GLUT4 in the PM is rapidly trafficked back to the TGN via the endosomal pathway. Mobilization of 
GLUT4 from the perinuclear region is regulated by TBC1D4, and insulin-stimulated acceleration of GLUT4 mobilization 
requires RAB10. Inset, SEC16A-labeled structures reside adjacent to GLUT4-containing membranes, and SEC16A 
organizes RAB10 at the perinuclear region.

serum-starved cells were stimulated with 1 nm insulin. Values were normalized to WT, insulin condition. N = 2–6 assays ± 
SEM. *p < 0.0001 compared with WT insulin-stimulated condition (two-way ANOVA followed by Tukey’s posttest). 
(F) Quantification of PM to total HA-GLUT4-GFP in serum-starved cells were stimulated with 1 nM insulin. siRNA 
targeting RAB10 electroporated where indicated, and 3 µM nocodazole (or an equivalent volume of DMSO) were added 
where indicated. Values were normalized to WT, insulin condition. N = 5 assays ± SEM. *p < 0.0001 compared with WT, 
insulin condition; †p < 0.0001 compared with nocodazole, insulin condition; and ‡p = 0.0003 compared with RAB10 KD, 
insulin condition (two-way ANOVA followed by Tukey’s posttest). AU, arbitrary units.
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docking/fusion of endocytosed GLUT4-containing vesicles at the 
TGN are distinct trafficking steps that are differentially regulated. In 
L6 muscle cells, there is some evidence that insulin stimulation slows 
GLUT4 internalization (Fazakerley et al., 2010), yet insulin does not 
affect the rate of arrival of internalized GLUT4 at the STX6-positive 
TGN in pulse-chase labeling experiments (Foley and Klip, 2014). 
These data support the idea that there are distinct steps in the traf-
ficking of GLUT4 from the PM to the TGN, much like there are mul-
tiple distinct steps in trafficking of GLUT4 from the TGN to the PM.

We demonstrate that the GTPase activating protein TBC1D4 
and its target RAB, RAB10, are required for insulin-stimulated mobi-
lization of GLUT4 from the perinuclear region. We find approxi-
mately 20% of BFP-RAB10 localizes to the perinuclear region and 
colocalizes with perinuclear GLUT4, supporting the finding that 
TBC1D4-RAB10 functions at the perinuclear region. Interestingly, 
RAB8A, the TBC1D4-target RAB required for insulin-stimulated 
GLUT4 translocation in muscle, localizes to the perinuclear region in 
L6 muscle cells (Sun et al., 2014). We cannot exclude that RAB10 
functions at the PM in addition to functioning at the TGN as sug-
gested previously (Chen et al., 2012; Sadacca et al., 2013). However, 
RAB10 functioning at the TGN in GLUT4 trafficking is in line with the 
function of RAB10 in other systems: RAB10 is involved in TLR4 traf-
ficking from the TGN to the PM (Wang et al., 2010), membrane traf-
ficking from the TGN required for axon development (Liu et al., 
2013), and membrane transport to the primary cilia (Babbey et al., 
2010).

On insulin stimulation in 3T3-L1 adipocytes, preformed GLUT4 
vesicles rapidly dock and fuse with the PM, increasing GLUT4 in the 
PM until a maximum is reached at 10 min of stimulation (Zeigerer 
et al., 2002). GLUT4 in the PM is continually internalized and traf-
ficked to the TGN. Accelerating the formation of IRVs that can be 
trafficked to the PM allows the increase in PM GLUT4 to be main-
tained at longer lengths of insulin stimulation (Zeigerer et al., 2002). 
Expression of a dominant-negative TBC1D4 construct (TBC1D4-
DN), which is mutated in four of the six AKT phosphorylation sites, 
blocks the RAB10-regulated GLUT4 trafficking step (Sano et al., 
2003). In cells expressing TBC1D4-DN, insulin transiently increases 
GLUT4 in the PM within 5 min of stimulation; however, this increase 
cannot be maintained at longer lengths of insulin stimulation (Eguez 
et al., 2005). Furthermore, with TBC1D4-DN expression, insulin-
stimulated recruitment of GLUT4 to the PM is biphasic, with rapid 
exocytosis of 40% of GLUT4, followed by slow exocytosis of the re-
maining GLUT4 (Eguez et al., 2005). The ability of insulin to initially 
recruit GLUT4 to the PM indicates that insulin promotes the recruit-
ment, docking, and fusion of preformed GLUT4 vesicles, and thus 
the regulation of these steps is not directly dependent on TBC1D4-
RAB10. Furthermore, at basal state, approximately half of GLUT4 
resides in vesicles (Roccisana et al., 2013), consistent with the ob-
served rapid exocytosis of 40% of GLUT4 on insulin stimulation. The 
inability of insulin to maintain the initial increase in GLUT4 in the PM, 
and the inefficient exocytosis of 60% of GLUT4, suggests that insulin 
no longer has a pool of IRVs to pull on because the pool of pre-
formed GLUT4 vesicles has been depleted and the IRV pool has not 
been efficiently repopulated through accelerated mobilization of 
GLUT4 from the TGN. The inability of insulin to promote the mobi-
lization of GLUT4 from the TGN in nascent IRVs in cells expressing 
TBC1D4-DN is consistent with TBC1D4-RAB10 regulating this step. 
Interestingly, in 3T3-L1 fibroblasts insulin stimulation transiently in-
creases the amount of GLUT4 in the PM within 10 min of stimulation; 
however, this increase cannot be maintained over longer lengths of 
stimulation (Govers et al., 2004). One explanation of these data is 
that 3T3-L1 fibroblasts express the machinery required for insulin-

stimulated increase in efficiency of IRV docking and fusion with the 
PM; however, they do not express the machinery required for insu-
lin-stimulated mobilization of GLUT4 from the perinuclear compart-
ment. The expression of such machinery may be gained throughout 
differentiation.

Although we have established mobilization of GLUT4 from the 
TGN as an insulin-controlled step dependent on TBC1D4/RAB10, 
we have not as yet defined the mechanism of GLUT4 mobilization. 
Insulin signaling could accelerate the biogenesis of IRVs at the TGN, 
or insulin signaling could accelerate the movement of newly formed 
IRVs from the perinuclear area. The latter could be accomplished by 
linking nascent IRVs to the cytoskeleton at the perinuclear region. 
The kinesin motors KIF5B (Semiz et al., 2003) and KIF3 (Imamura 
et al., 2003) have been suggested to be required for insulin-stimu-
lated GLUT4 translocation, and RAB10 interaction with KIF13A and 
KIF13B has recently been shown to be required for tubulation of 
endosomes in HeLa cells (Etoh and Fukuda, 2019). However, we find 
that effects of nocodazole-induced microtubule depolymerization 
and siRNA-mediated depletion of RAB10 on insulin-stimulated 
GLUT4 translocation are additive, arguing that RAB10-mediated 
mobilization of GLUT4 from the perinuclear region is not dependent 
on microtubules. RAB10 has been shown to interact with the myosin 
motor MYO5A (Roland et al., 2011), and RAB10-MYO5A interaction 
has been suggested to regulate IRV docking/fusion in adipocytes 
(Chen et al., 2012). Interestingly, in muscle MYO5A interaction with 
RAB8A is argued to regulate GLUT4 trafficking at the perinuclear 
region (Sun et al., 2014). Furthermore, in neurons, RAB10 interac-
tion with MYO5B is required for the fission of RAB10 vesicles at the 
TGN (Liu et al., 2013). Thus, it may be useful to think about RAB10 
possibly interacting with myosin motors to regulate IRV formation 
and/or link them to the cytoskeletal system. Of note, KIF13B, KIF5B, 
and MYO5A were present in immunoabsorbed GLUT4-containing 
membranes; however, none were differentially immunoabsorbed in 
F5Y-GLUT4 membranes.

SEC16A is important for RAB10 localization at the 
perinuclear region
Here we have advanced the understanding of the role of SEC16A in 
GLUT4 trafficking. We show the previously described SEC16A-la-
beled structures that surround GLUT4 in the perinuclear TGN (Bruno 
et al., 2016) are also associated with RAB10. The spatial organiza-
tion of perinuclear GLUT4-SEC16A-RAB10 is not random. No-
codazole depolymerization of microtubules disperses GLUT4 (Cole 
et al., 1996; Thyberg and Moskalewski, 1999), yet the organization 
of GLUT4-SEC16A-RAB10 is retained. The distance between adja-
cent peaks of GLUT4 and SEC16A is approximately 800 nm with or 
without nocodazole treatment, and RAB10 remains colocalized with 
GLUT4 and SEC16A. A peak-to-peak distance of 800 nm is in line 
with the average diameter of a Golgi cisternae, which has been cal-
culated to range from 500 to 1000 nm (Klumperman, 2011). We 
further find that siRNA-mediated depletion of SEC16A results in a 
30% reduction of RAB10 in the perinuclear region under basal and 
insulin-stimulated states. These data argue SEC16A is important for 
localizing RAB10 to the perinuclear region, and SEC16A can bind to 
RAB10 whether it is bound to GDP or GTP. These data are consis-
tent with the known role of SEC16A at ERES, where it acts as a scaf-
fold for organization of COPII components (Whittle and Schwartz, 
2010; Sprangers and Rabouille, 2015).

Mutations in the leucine-rich repeat kinase 2 (LRRK2) are associ-
ated with Parkinson’s disease (PD). LRRK2 has been suggested to 
regulate SEC16A localization at ERES (Cho et al., 2014). More re-
cently, LRRK2 has been shown to phosphorylate a subset of RAB 
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proteins, including RAB10 (Steger et al., 2016). RAB10 phosphoryla-
tion status at LRRK2 sites has been implicated in regulation of cilio-
genesis and expression of mutant LRRK2 with defects in ciliogenesis 
(Dhekne et al., 2018; Lara Ordonez et al., 2019). It will be interesting 
to determine if PD-associated mutations in LRRK2 have any effect 
on GLUT4 trafficking in adipocytes.

A role for the GLUT4-containing TGN in the biogenesis and 
sorting of specialized vesicular carriers
We identified the protein composition of the GLUT4-containing 
TGN by identifying proteins enriched in F5Y-GLUT4 immunoabsorp-
tion compared with WT and F5A-GLUT4-containing immunoabsorp-
tion. The enrichment of lysosomal enzymes known to traffic from the 
TGN to late endosomes/lysosomes and the ATP7A copper trans-
porter without an enrichment for proteins targeted to the PM, the 
default pathway from the TGN, led us to conclude that IRVs form 
from a region of the TGN where transport vesicles containing spe-
cialized cargos form. Various studies support the notion that the 
TGN is comprised of molecularly distinct subdomains (Derby et al., 
2004; Brown et al., 2011; Tie et al., 2018). We do not know if the 
detergent-free cell lysis method used in the immunoabsorption of 
GLUT4-containing compartments isolates individual stacks or frag-
ments of stacks. However, the enriched immunoabsorption of cargo 
whose trafficking is specialized, but not constitutively recycling 
cargo, argues that the method distinguishes different regions or 
subdomains of the TGN.

Interestingly, when GLUT4 is ectopically expressed in cell types 
that do not natively express GLUT4, such as fibroblasts, CHO cells, 
and HeLa cells, an insulin-regulated recycling mechanism does ex-
ist, albeit less robust than in adipocytes (Lampson et al., 2001; Ca-
mus et al., 2020). Specifically, it has been demonstrated that GLUT4 
travels to the PM in vesicles that are distinct from vesicles carrying 
constitutively recycling cargo (Lampson et al., 2001). The ATP7A 
copper transporter is more widely expressed than is GLUT4. Hence, 
the specialized TGN subdomain that contains GLUT4 and ATP7A in 
3T3-L1 adipocytes likely exists in other cell types that do not natively 
express GLUT4, explaining why there is rudimentary insulin-regula-
tion of GLUT4 traffic when it is ectopically expressed in these other 
cell types.

Two major destinations for proteins in the TGN are the late endo-
some/lysosome and the PM. The MPR and AP1 clathrin adaptin 
complex are required for diverting cargo destined for the late endo-
some/lysosome away from the PM (Braulke and Bonifacino, 2009). 
Their enrichment in F5Y-GLUT4-containing perinuclear compart-
ments argues that the GLUT4-containing TGN is the site where lyso-
somal enzymes are sorted into specialized transport vesicles that 
traffic to the late endosome/lysosome. Previous immunofluores-
cence (IF) and electron microscopy studies have demonstrated that 
GLUT4 colocalizes with MPR (Martin et al., 2000a) and AP1 (Martin 
et al., 2000b), validating their enrichment. Trafficking of the copper 
transporter ATP7A between the TGN and the PM is known to be 
tightly regulated by copper load to maintain copper homeostasis 
(Petris et al., 1996). Enrichment of ATP7A in F5Y-GLUT4-containing 
perinuclear compartments argues that the GLUT4-containing TGN 
is also the site where select regulated recycling membrane proteins 
are packaged in transport vesicles that travel to the PM. Colocaliza-
tion of ATP7A with GLUT4 in the TGN is supported by the observa-
tion that with nocodazole treatment, ATP7A remains colocalized 
with GLUT4 in a subset of fragments. Airyscan confocal microscopy 
studies that have looked at the localization of various TGN markers 
in nocodazole-induced ministacks did not show significant colocal-
ization of many of the markers (Tie et al., 2018). The authors argue 

that their data are consistent with there being subdomains of the 
TGN that possess unique molecular identities. Based on this logic, 
observing colocalization of ATP7A, GLUT4, and STX6 in nocodazole-
induced fragments would suggest they occupy a distinct TGN sub-
domain. It is provocative to think a particular protein may be impor-
tant for maintaining the architecture of a TGN subdomain and 
consequently be important for keeping ATP7A and GLUT4 together 
in nocodazole-induced ministacks. For example, the TGN golgin 
proteins have been shown to localize to different subdomains of the 
TGN containing specific cargo (Brown et al., 2011; Derby et al., 
2004) and suggested to be important for maintaining the structure 
of the particular subdomain they localize to (Derby et al., 2004). 
ATP7A is mobilized from the GLUT4-containing TGN in response to 
elevated copper, but not insulin stimulation. On the other hand, 
copper stimulation does not induce translocation of GLUT4. Fur-
thermore, dual stimulation with copper and insulin does not result in 
additive effects on mobilization of ATP7A or GLUT4 translocation. 
These data demonstrate that stimuli mobilize specific cargo from 
the GLUT4-containing TGN. Depletion of RAB10 does not blunt 
copper-elicited mobilization of ATP7A from the perinuclear region, 
demonstrating that different stimuli mobilize specific cargo through 
distinct molecular machinery.

Proteins localized to the TGN and TGN transport vesicles were 
the most significantly enriched in F5Y-GLUT4-containing perinuclear 
compartments. However, there was also an enrichment of endo-
some, Golgi, and ERGIC proteins. These compartments are found in 
the compact perinuclear region, raising the possibility that the pack-
aging and sorting of cargo in transport vesicles at the perinuclear 
region involves the interplay of membrane compartments of differ-
ent natures. In human cells, a clathrin heavy chain isoform, CHC22, 
has been proposed to function at the ERGIC to sequester newly 
synthesized GLUT4 in IRVs (Camus et al., 2020). Mice do not have an 
equivalent CHC22 gene and it has been suggested that CHC17 
isoform might substitute for CHC22 in regulation of GLUT4 in mice 
(Camus et al., 2020). It is of interest to note that mouse CHC protein 
(CLTC)/ CHC17 was one of the most abundant proteins based on 
signal intensity in all four immunoabsorption experiments, although 
CLTC was not differentially absorbed in any of the comparisons. 
Clathrin is required for AP1-mediated vesicle trafficking between 
the TGN and the late endosome, and therefore immunoisolation of 
clathrin with GLUT4 is consistent with GLUT4 localization to the re-
gion of the TGN where AP1-containing vesicles are formed.

Taken together, the data presented serve to refocus the under-
standing of insulin control of GLUT4 in adipocytes to include events 
deep in the cell at the TGN, not just PM proximal events. Demon-
strating insulin promotes the mobilization of GLUT4 from a molecu-
larly unique TGN storage site through RAB10 activity provides im-
portant insight into the trafficking of GLUT4 and other cargoes at 
the TGN, and also provides incentive to investigate the mechanisms 
at work in more detail.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

cDNA constructs, siRNA, antibodies, chemicals, and drugs
cDNA constructs encoding WT, F5Y, F5A-HA-GLUT4-GFP, TR, and 
TBC1D4 have been previously described (Lampson et al., 2000; 
Sano et al., 2003; Blot and McGraw, 2006). The HA-GLUT4-mEos3.2 
cDNA construct was generated by replacing GFP in the HA-GLUT4-
GFP cDNA construct for mEos3.2 (Addgene plasmid #54525) 
(Zhang et al., 2012) through restriction cloning. KpnI and BamHI re-
striction sites respectively flank the N- and C-terminuses of GFP. A 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e20-06-0356
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wobble mutation was made at an internal KpnI site in mEos3.2 to 
prevent its digestion using the QuikChange II XL Site-Directed Mu-
tagenesis kit (200521; Agilent Technologies) and following primer 
pair: 5′-GTT CGA TTT TAT GGT ACT AAC TTT CCC GCC AAT GG-
3′ and 5′-CCA TTG GCG GGA AAG TTA GTA CCA TAA AAT CGA 
AC-3′. mEos3.2 with the wobble internal KpnI site was PCR ampli-
fied with an N-terminal primer containing a KpnI restriction site: 
5′-GCTTGGTACCATGAGTGCG-3′, and C-terminal primer contain-
ing a BamHI restriction site: 5′-GCTAGGATCCTTATCGTCTGGC-3′. 
The BFP-RAB10 cDNA construct was a kind gift from Gia Voeltz at 
University of Colorado Boulder.

Antibodies against STX6 (ab12370; Abcam and 2869T; Cell Sig-
naling), TGN46 (ab16059; Abcam), LAMP1 (ab25630; Abcam), ATP7A 
(LS-C209614; LSBio), GM130 (610822; BD Transduction), SEC16A 
(KIAA0310; ProteinExpress), and hemagglutinin (HA) tag (901503; 
BioLegend) were used for IF. Antibodies against GFP (11814460001; 
Sigma-Aldrich), ATP7A (LS-C209614; LSBio), RAB10 (4262S; Cell Sig-
naling), STX6 (ab12370; Abcam), TGN46 (ab16059; Abcam), and Ac-
tin (AAN01-A; Cytoskeleton) were used for Western blotting.

Chemicals and drugs used were MK-2206 (11593; Cayman), no-
codazole (M1404; Sigma-Aldrich), BCS (B1125-500MG; Sigma-Al-
drich), and Copper(II) chloride dehydrate (C3279; Sigma-Aldrich).

The siRNA constructs targeting RAB10 and SEC16A were as pre-
viously published. RAB10: si251, 5′-GCA UCA UGC UAG UGU 
AUGA-3′ (same sequence as shRNA expressed by RAB10 KD cells; 
Sano et al., 2007). SEC16A: si1, 5′-CTT CAG AAT ATC AGC TCC 
CTG GGG CTC-3′, si3, 5′-AGC TGG ACT TGC TGG TGG CTG GGC 
CAA-3′ (Bruno et al., 2016) (two siRNA were used to target SEC16A 
to achieve a greater reduction in RNA). The siRNAs for KIF13A and 
KIF13B were designed at Integrated DNA Technologies. KIF13A: 
si2, 5′-ATC CTT TAA ATA GTA AAC CAG AAG CTC-3′. KIF13B: si2, 
5′-CAC ATT TGG TAT GTA AGT CAA TTT CTC-3′.

Cell lines and culture
The 3T3-L1 preadipocytes (fibroblasts) were cultured and differenti-
ated into adipocytes as previously described (Zeigerer et al., 2002). 
The cells were originally received from G. Baldini (University of Ar-
kansas) in 1992. These cells were last tested for mycoplasma in 
2017. Experiments were performed on day 5 after differentiation. 
The 3T3-L1 adipocyte cell lines stably expressing shRNA sequences 
against RAB10 or TBC1D4 and expressing control shRNA sequences 
that do not target genes in the mouse genome have been described 
previously (Eguez et al., 2005; Sano et al., 2007).

Immunoabsorption experiments were performed using 3T3-L1 
cell lines stably expressing WT and mutant HA-GLUT4-GFP. To gen-
erate these cell lines, cDNA constructs encoding WT, F5Y, and F5A-
HA-GLUT4-GFP (Lampson et al., 2000; Blot and McGraw, 2006) 
were subcloned into the pLenti6/V5-D-TOPO vector (K4955-10; Life 
Technologies). The 293FT packaging cells were transfected with len-
tiviral cDNA using Lenti-X packaging system (631276; Takara). Cul-
tured media containing lentiviral particles were harvested after 72 h 
and used to infect 3T3-L1 preadipocytes. HA-GLUT4-GFP-positive 
cells were sorted by FACS and cultured in selection medium supple-
mented with blasticidin (A11139-03; Invitrogen).

Electroporation of adipocytes
Differentiated 3T3-L1 adipocytes were electroporated with 45–55 
μg of cDNA constructs as described previously (Zeigerer et al., 
2002). Adipocytes were electroporated with 2 nmol of siRNA where 
indicated. When two siRNAs were used, 2 nmol of each siRNA was 
electroporated. Assays were performed 12–72 h postelectropora-
tion as described.

Quantitative RT-PCR
Measurement of KIF13A and KIF13B siRNA-mediated knockdown 
was performed by quantitative RT-PCR. At 72 hours postelectropor-
ation, cells were harvested, RNA was extracted using the RNeasy kit 
(74106; QIAGEN), and cDNA was prepared from extracted RNA us-
ing the RNA to cDNA EcoDry Premix (639545; Takara Bio). Quantita-
tive RT-PCR was performed using appropriate primer pairs from the 
PrimerBank database. Primer pair to KIF13A: forward, 5′-TCG GAT 
ACG AAG GTA AAA GTT GC-3′ and reverse, 5′-CTG CTT AGT GTT 
GGA AGG AGG-3′. Primer pair to KIF13B: forward, 5′-GCT CTG 
TAG TGG ACT CTT TGA AC-3′ and reverse, 5′-TTT GGG GTC AAG 
AAG GTC TCG-3′.

GLUT4 translocation (surface to total)
HA-GLUT4-GFP has a HA-epitope engineered into the first exofa-
cial loop and GFP fused to its cytoplasmic carboxyl domain. The 
amount of the reporter in the PM of individual cells was determined 
by anti-HA IF, normalized to the GFP fluorescence. GLUT4 translo-
cation assay was performed as described previously (Lampson et al., 
2000). Briefly, cells expressing HA-GLUT4-GFP were incubated in 
serum-free media for 2 h. Cells were stimulated with 1 or 10 nM in-
sulin for 30 min to achieve steady state GLUT4 surface levels. Cells 
were fixed with 3.7% formaldehyde for 6–10 min, and an anti-HA 
antibody (901503; BioLegend) was used, without permeabilization, 
to label HA-GLUT4-GFP on the cell surface. HA staining was visual-
ized with Cy3 fluorescently tagged secondary antibody (115-165-
062; Jackson Immunoresearch), and total HA-GLUT4-GFP was visu-
alized by direct fluorescence, as described later.

Copper transporter ATP7A mobilization assay
HA-GLUT4-GFP expressing cells were treated with 200 μM BCS for 
2 h to achieve low copper conditions, followed by stimulation with 
200 μM Copper(II) chloride dehydrate for 2 h or 1 nM insulin for 30 
min. For dual stimulation, following BCS treatment, cells were stimu-
lated with Copper(II) chloride dehydrate for 1.5 h, followed by treat-
ment with Copper(II) chloride dehydrate and insulin for 30 min. Cells 
were fixed and stained for native ATP7A and STX6 in the presence 
of 0.5 mg/ml saponin.

HA-GLUT4-mEos3.2 photoconversion assay
HA-GLUT4-mEos3.2-expressing cells were serum starved for 2 h in 
live-cell imaging media containing DMEM without phenol red 
(D5030; Sigma-Aldrich) and supplemented with 4500 mg/l d-glucose 
(G7528; Sigma-Aldrich), 4 mM l-glutamine (G8540; Sigma-Aldrich), 
4.76 g/l HEPES (H3375; Sigma-Aldrich), 1 mM sodium pyruvate 
(11360, Life Technologies), and 2.5g/l sodium bicarbonate (S6297; 
Sigma-Aldrich) at pH 7.2. Where indicated, cells were subsequently 
stimulated with 10 nM insulin for 10 min. Cells were then transferred 
to the confocal microscope where they were housed in an incubation 
chamber at 37°C, 5% CO2. Setup on the scope took approximately 
5 min once the sample was placed, thus making the total incubation 
time in insulin prior to photoconversion 15 min (at 15 min of insulin 
stimulation, cells have achieved insulin-stimulated steady state con-
ditions). For experiments where the AKT inhibitor MK2206 was 
added, cells were treated with 1 μM MK2206, or equivalent volume 
of DMSO, for the last hour of the starvation period, as well as during 
the 15-min incubation period with insulin (75 min total).

Microscopy, image quantification, and statistical analysis
Epifluorescence. Epifluorescence images were collected on an 
inverted microscope at room temperature using a 20× air objective 
(Leica Biosystems) and a cooled charge-coupled device 12-bit 
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camera. Exposure times and image quantification (Lampson et al., 
2001) were performed using MetaMorph image processing software 
(Universal Imaging) as previously described. GFP and Cy3 
fluorescence signals were background corrected and the 
surface(Cy3)/total(GFP) (S/T) GLUT4 was calculated for each cell. 
The S/T values were normalized within each assay to the mean S/T 
value for the indicated condition to allow for averaging results 
across multiple biological repeat assays. For statistical analysis, a 
one-way or two-way ANOVA followed by Tukey’s multiple 
comparison tests were carried out in Prism as indicated in the figure 
legends. To quantify the fraction of BFP-RAB10 in the perinuclear 
region, cells were cotransfected with HA-GLUT4-GFP. Perinuclear 
HA-GLUT4-GFP was used as a marker to create an outline of the 
perinuclear region, and the outline was transferred to the image of 
BFP-RAB10. As a measure of the fraction of BFP-RAB10 in the 
perinuclear region, the integrated BFP-RAB10 intensity in the 
outlined perinuclear region was calculated and divided by the total 
integrated intensity of BFP-RAB10 in the cell. Unpaired Student’s t 
tests were performed on raw (nonnormalized) S/T mean values from 
multiple assays.

Airyscan confocal experiments. Airyscan confocal images were 
collected on a laser scanning microscope (LSM880; ZEISS) with 
Airyscan using a 63× objective. For quantification of percent overlap 
of protein x with protein y, a threshold using the 98th percentile 
grayscale value was set on the image of protein x and on the image 
of protein y. A binary mask of the thresholded protein y was gener-
ated, and percent of thresholded protein x intensity under the mask 
was calculated. For statistical analysis, a one-way ANOVA followed 
by Tukey’s multiple comparison tests were carried out in Prism.

Linescan analyses. Linescan plots were generated using the Lines-
can application in MetaMorph or ImageJ. Radial linescan plots were 
generated using the Radial Profile Plot plugin in ImageJ (https://
imagej.nih.gov/ij/plugins/radial-profile.html). For each radial lines-
can plot, five HA-GLUT4-GFP fragments were selected based on 
high HA-GLUT4-GFP intensity. A circle with a radius of 40 pixels was 
applied to the fragment and centered on the peak of HA-GLUT4-
GFP fluorescence. A plot of normalized integrated HA-GLUT4-GFP, 
SEC16A, and BFP-RAB10 fluorescence intensities around the circle 
(sum of integrated pixel values around circle/ total number of pixels) 
(y-axis) was plotted for each distance from the center of the circle 
(x-axis).

HA-GLUT4-mEos3.2 photoconversion and live-cell imaging. Pho-
toconversion of HA-GLUT4-mEos3.2 and image collection were 
performed on a laser scanning microscope (LSM880; ZEISS) with 
incubation chamber using a 63× objective. Green and red prepho-
toconversion images of a cell expressing HA-GLUT4-mEos3.2 were 
acquired by excitation with 488- and 561-nm lasers, respectively. A 
high scan speed of 10, no averaging, and a low laser power of 0.2% 
were used to prevent photobleaching. A designated section of the 
perinuclear region was then bleached with a 405-nm laser at 20% 
power, scan speed of 7 for 12 cycles. Green and red postphotocon-
version images of the cell expressing HA-GLUT4-mEos3.2 were ac-
quired every 2 min for a total of 20 min. The definite focus option 
was used in an attempt to prevent drift in the z-axis. For the average 
red intensity value in the photoconverted region at each time point 
postphotoconversion, the prephotoconversion red intensity value 
was subtracted in MetaMorph. Values were then normalized to the 
0 min postphotoconversion value and the natural log was taken. 
After averaging across multiple cells, a linear curve fit was applied. 

Statistical comparison of slopes was performed in Prism by calculat-
ing a two-tailed p value from testing the null hypothesis that the 
slopes are identical. For the average green intensity value at each 
time point postphotoconversion, the prephotoconversion green in-
tensity value was subtracted. Values were then normalized to the 
negative value of the 0 min time point postphotoconversion and 
added to 1. After averaging across multiple cells, an exponential 
curve fit was applied.

Immunoisolation of native GLUT4-containing compartments, 
SILAC mass spectrometry, and data processing. Each pairwise 
comparison was performed in inverted forward and reverse labeling 
conditions. For the WTvsF5Y comparison, the labeling design was 1) 
forward condition: WT HA-GLUT4-GFP cells grown in light SILAC 
medium versus F5Y-HA-GLUT4-GFP cells grown in heavy SILAC me-
dium, and 2) reverse condition: WT HA-GLUT4-GFP cells grown in 
heavy SILAC medium versus F5Y-HA-GLUT4-GFP cells grown in light 
SILAC medium. For the F5YvsF5A comparison, the labeling design 
was 1) forward condition: F5Y-HA-GLUT4-GFP cells grown in light 
SILAC medium versus F5A-HA-GLUT4-GFP cells grown in heavy SI-
LAC medium and 2) reverse condition: F5Y-HA-GLUT4-GFP cells 
grown in heavy SILAC medium versus F5A-HA-GLUT4-GFP cells 
grown in light SILAC medium.

The objective of this experiment was to identify by SILAC mass 
spectrometry proteins colocalized with GLUT4 in the perinuclear 
compartment based on enrichment with F5Y-GLUT4 in immuno-
absorption, not to identify all proteins in GLUT4-containing com-
partments. Therefore, we did not include a control condition to 
identify proteins that are nonspecifically absorbed during the 
immunoisolation.

Stable isotope labeling of cultured cells. Stable HA-GLUT4-GFP-
expressing 3T3-L1 preadipocytes were grown for five doublings and 
differentiated in lysine (LYS) and arginine (ARG)-deficient DMEM 
(89985; Thermo Scientific), supplemented with 10% dialyzed fetal 
bovine serum and 42 μg/ml either LYS-HCL and ARG-HCL normal 
isotopes (light SILAC medium) or with 13C6LYS and 13C6LYS,15N4 
ARG isotopes (heavy SILAC medium) (89983 and 88210; Pierce) at 
37°C in 5% CO2. Under these conditions, the isotopes incorporation 
efficiency was higher than 95%, without detectable ARG to proline 
conversion.

Immunoisolation of GLUT4-containing compartments. Day 5 
postdifferentiation, labeled stable HA-GLUT4-GFP-expressing 3T3-
L1 adipocytes were incubated in serum-free either light or heavy 
SILAC media for 2 h at 37°C in 5% CO2 to establish basal GLUT4 
retention. Cells were washed one time with phosphate-buffered sa-
line (PBS), harvested into 1 ml of HES buffer (20 mM HEPES, 1 mM 
EDTA, 250 mM sucrose, and protease inhibitors), and homogenized 
by subsequent passage through 22G1/2 and 27G1/2 syringes on ice. 
Total cell homogenates were cleared by successive centrifugations 
at 1000 × g for 10 min to remove unbroken cells, nuclei, and fat. 
Protein concentration of both light-cultured cells and heavy-cultured 
cells was measured by BCA assay (23225; Thermo Scientific) and 
homogenates were mixed to a 1:1 ratio. HA-GLUT4-GFP-containing 
compartments were isolated by incubation for 30 min at 4°C with 
magnetic GFP-bound beads (130-091-125; Miltenyi Biotec). Beads 
were washed 5× in PBS supplemented with protease inhibitors and 
absorbed material was eluted with elution buffer (50 mM Tris HCl 
[pH 6.08], 50 mM dithiothreitol, 1% SDS, 1 nM EDTA, 0.005% bro-
mophenol blue, 10% glycerol). For immunoblots, WT HA-GLUT4-
GFP-containing compartments were immunoisolated from cells 
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stably expressing WT HA-GLUT4-GFP according to the procedure 
above. Standard Western blotting protocols were used.

LC-MS/MS and bioinformatics analysis. Eluates were resolved on 
a 5–20% gradient SDS–PAGE gel and subjected to in-gel digest fol-
lowed by LC-MS/MS analysis as described (Graumann et al., 2008). 
Peptide/spectrum matching as well as false discovery control (1% on 
the peptide and protein levels, both) and protein quantitation were 
performed using the MaxQuant suite of algorithms (Cox and Mann, 
2008). We used the SILAC ratio of polypeptides in the immunoab-
sorbates to identify proteins enriched with F5Y-GLUT4. The com-
parisons of F5Y to WT and F5Y to F5A were performed twice, switch-
ing which sample was labeled with heavy amino acids. We identified 
the proteins whose average ratios in the two F5Y versus WT and F5Y 
versus F5A experiments were greater than 1.3-fold with a “signifi-
cance B” (Cox and Mann, 2008) < 0.05, falling back on the method 
due to the small n. There were 508 proteins enriched in the F5Y 
versus the combined WT and F5A data sets. We used the merged 
data set for downstream computational analyses.
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