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ABSTRACT 25 

Insulin controls glucose uptake into muscle and fat cells by inducing a net redistribution of 26 

GLUT4 from intracellular storage to the plasma membrane (PM). The TBC1D4-RAB10 signaling 27 

module is required for insulin-stimulated GLUT4 translocation to the PM, although where it 28 

intersects GLUT4 traffic was unknown. Here we demonstrate that TBC1D4-RAB10 functions to 29 

control GLUT4 mobilization from a Trans Golgi Network (TGN) storage compartment, 30 

establishing that insulin, in addition to regulating the PM proximal effects of GLUT4-containing 31 

vesicles docking to and fusion with the PM, also directly regulates the behavior of GLUT4 32 

deeper within the cell. We also show that GLUT4 is retained in an element/domain of the TGN 33 

from which newly synthesized lysosomal proteins are targeted to the late endosomes and the 34 

ATP7A copper transporter is translocated to the PM by elevated copper.  Insulin does not 35 

mobilize ATP7A nor does copper mobilize GLUT4.  Consequently, GLUT4 intracellular 36 

sequestration and mobilization by insulin is achieved, in part, through utilizing a region of the 37 

TGN devoted to specialized cargo transport in general rather than being specific for GLUT4. 38 

Our results define GLUT4-containing region of the TGN as a sorting and storage site from which 39 

different cargo are mobilized by distinct signals.    40 
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INTRODUCTION 41 

Regulation of glucose uptake by fat and muscle cells, essential for the maintenance of whole-42 

body glucose homeostasis, is determined by the levels of glucose transporter 4 (GLUT4) in the 43 

plasma membranes (PM) of these cells (1). GLUT4 cycles between intracellular compartments 44 

and the PM, with the distribution determined by the rates of exocytosis and endocytosis (2-5).  45 

The main effect of insulin is to stimulate GLUT4 exocytosis to increase the amount of PM 46 

GLUT4, thereby promoting increased glucose uptake (1).   47 

In the basal state (unstimulated cells) the majority of GLUT4 resides intracellularly in perinuclear 48 

compartments that are in part Trans Golgi Network (TGN) in nature (6-8), and in specialized 49 

vesicles (referred to as insulin-responsive vesicles, IRVs) dispersed throughout the cytosol (9-50 

11) whose delivery to the PM is regulated by insulin (2).  GLUT4 in the PM cycles back to the 51 

TGN via the endosomal pathway (2, 12, 13).  Targeting GLUT4 from endosomes to the TGN has 52 

an important role in basal intracellular GLUT4 retention. Mutations in GLUT4 that disrupt its 53 

traffic from endosomes to the TGN are poorly retained in basal conditions and are not properly 54 

translocated to the PM upon insulin stimulation (6, 14-16). These results identify the TGN as the 55 

site for formation of IRVs. The TGN is a main sorting compartment along the biosynthetic and 56 

endocytic pathways. Cargoes to be targeted to distinct destinations are sorted and packaged 57 

into the correct transport vesicles in the TGN. The relationship between the TGN containing 58 

GLUT4 and the TGN involved in the traffic of other cargoes is not known (2, 6, 8, 12).   59 

Insulin signaling triggers multiple discrete molecular events that mediate efficient recruitment, 60 

docking, and fusion of IRVs with the PM (17-19).  These events lead to a decrease in the size of 61 

the intracellular GLUT4 pool concomitant with an increase of GLUT4 in the PM.  As GLUT4 in 62 

the PM is in equilibrium with intracellular GLUT4, endocytosis of GLUT4 dynamically removes 63 

GLUT4 from the PM.  Thus, maintenance of the insulin-stimulated dynamic increase in GLUT4 64 

in the PM requires the continual ferrying of GLUT4-containing IRVs to the PM.  Insulin signaling 65 

can add to the IRV pool by increasing the rate of GLUT4 mobilization from the TGN in nascent 66 

IRVs.  Despite the biological importance, insulin regulation of GLUT4 trafficking at the 67 

perinuclear region has not been thoroughly interrogated. 68 

A key aspect of insulin regulation of GLUT4 trafficking is inhibition of the GTPase-activating 69 

protein (GAP) TBC1D4/AS160 (20, 21), allowing for activation of its target RAB, RAB10 (22).  In 70 

3T3-L1 adipocytes and primary adipocytes, knockdown of TBC1D4 releases the inhibition of 71 
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GLUT4 exocytosis in the basal state by 50% (21, 23), and depletion of RAB10 in cultured and 72 

primary adipocytes specifically blunts insulin-stimulated GLUT4 translocation by 50% (22, 24, 73 

25).  These data demonstrate insulin-stimulated GLUT4 exocytosis is regulated by both 74 

TBC1D4-RAB10-dependent and independent mechanisms.  Overexpressed RAB10 has been 75 

shown to reside on IRVs in adipocytes (13), and total internal reflection fluorescence (TIRF) 76 

microscopy studies have demonstrated RAB10 functions at a step prior to IRV fusion with the 77 

PM (24).  Thus, it is commonly thought RAB10 regulates IRV recruitment and/or docking with 78 

the PM.  In other cell types RAB10 is required for regulated trafficking processes that involve 79 

vesicle delivery to the PM (26-30), and RAB10 has been shown to localize to both perinuclear 80 

and vesicular compartments (29, 30).   81 

We have previously identified SEC16A as a novel RAB10-interacting protein required for insulin-82 

stimulated GLUT4 translocation (31).  Knockdown of SEC16A in 3T3-L1 adipocytes specifically 83 

blunts insulin-stimulated GLUT4 translocation by 50%, with no additivity of double knockdown of 84 

RAB10 and SEC16A (31).  Interestingly, a pool of SEC16A localizes to structures in the 85 

perinuclear region that encircle GLUT4-containing perinuclear membranes (31).  SEC16A is 86 

known to localize to endoplasmic reticulum exit sites (ERES) and act as a scaffold for 87 

organization of COPII components required for budding of COPII vesicles (32, 33).  In 88 

adipocytes, SEC16A’s role in GLUT4 trafficking is independent of its role in ERES function since 89 

knockdown of other components of the ER exit site machinery, which blunt secretion, are 90 

without effect on GLUT4 translocation (31).  SEC16A’s perinuclear localization, and lack of 91 

SEC16A localization to IRVs (31), suggests RAB10 might function at the perinuclear region to 92 

regulate GLUT4 trafficking.  In this study we use an novel proteomic approach to demonstrate 93 

that GLUT4 resides in a region of TGN where specialized cargoes are sorted and mobilized by 94 

specific stimuli, and using a novel live-cell imaging assay we demonstrate insulin promotes the 95 

mobilization of GLUT4 from the TGN through RAB10 activity.   96 
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RESULTS 97 

GLUT4 is retained in a region of the TGN from which specialized cargoes are sorted and 98 

mobilized. 99 

The first approach we took to gain insight to GLUT4 trafficking at the perinuclear region was to 100 

identify proteins that reside with GLUT4 in the perinuclear compartment of 3T3-L1 adipocytes.  101 

It has previously been shown that mutation of the phenylalanine of the GLUT4 amino terminal 102 

F5QQI motif (amino acid positions 5 through 8) to a tyrosine (Y5QQI) redistributes GLUT4 to the 103 

TGN perinuclear compartment from cytosolic puncta (14). HA-GLUT4-GFP is a reporter 104 

extensively used in studies of GLUT4 traffic (34).  HA-GLUT4-GFP with a F5QQI to Y5QQI 105 

mutation (F5Y-HA-GLUT4-GFP) displays enhanced intracellular retention in the TGN, as 106 

demonstrated by increased colocalization with TGN markers Syntaxin6 (STX6) and TGN46 (Fig. 107 

1A).  F5Y-GLUT4 continually cycles to and from the PM, and thus is dynamically concentrated in 108 

the TGN (14).  GLUT4 in which an alanine is substituted for phenylalanine in the F5QQI motif 109 

(F5A-GLUT4) is not as efficiently targeted to the TGN as compared to WT GLUT4 (14-16).  110 

Consequently, F5A-HA-GLUT4-GFP was predominantly localized in vesicular elements 111 

throughout the cytoplasm and was not well concentrated around the nucleus (Fig. 1A).  Given 112 

F5Y-GLUT4 is enriched in the TGN as compared to both WT GLUT4 and F5A-GLUT4 (14), we 113 

reasoned proteins colocalized with GLUT4 in the TGN (the same TGN membrane as GLUT4) 114 

would be enriched in a detergent-free immunoabsorption of F5Y-GLUT4 because membrane 115 

integrity is preserved in this protocol.  Membrane compartments containing HA-GLUT4-GFP 116 

were isolated by detergent-free immunoabsorption with anti-GFP-antibody from mechanically-117 

disrupted unstimulated 3T3-L1 adipocytes stably expressing HA-GLUT4-GFP, F5Y-HA-GLUT4-118 

GFP or F5A-GLUT4-GFP. We used stable isotope labelling with amino acids in culture (SILAC) 119 

to quantitatively compare by mass spectrometry proteins co-immunoabsorbed with these 120 

different GLUT4 constructs (35, 36). Pair-wise comparisons of WT versus F5Y and F5A versus 121 

F5Y were performed in duplicate inverting which cells were grown in the heavy amino acid 122 

medium, generating 4 different data sets of proteins immunoabsorbed with F5Y compared to WT 123 

(2 sets) and compared to F5A (2 sets).    124 

There were 2360 proteins in the merged data from the 4 sets of data.  The experimental 125 

premise that mechanical disruption preserves, at least partially, the integrity of membrane 126 

compartments/domains was validated by the fact that relative abundance (summed signal 127 

intensity) of proteins previously identified to colocalize but not directly interact with GLUT4, 128 

including: LNPEP (or IRAP) (37), LRP1 (9), RAB10 (13, 22) and Sortilin (38), were in the top 20% 129 
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of proteins ranked based on signal intensity (Fig. 1B). Of note, LNPEP, which is known to traffic 130 

via the same pathway as GLUT4 (37) and is therefore expected to be efficiently co-131 

immunoabsorbed with GLUT4, was the 3rd most abundant protein in the immunoabsorption 132 

based on signal intensity. 133 

The aim of this study was to identify proteins enriched in the F5Y-GLUT4 immunoabsorption; 134 

therefore, we focused our analyses on the set of 508 proteins that in the pooled data set were 135 

increased in the F5Y-GLUT4 immunoabsorption by greater than 1.3 fold by SILAC-ratio. Gene 136 

ontology cellular component analyses (39, 40) revealed a significant enrichment for proteins 137 

annotated to be localized to the TGN and TGN transport vesicles, including STX6 and TGN46 138 

(Fig. 1C).  In addition, there was enrichment of Golgi, endosome, exocytic vesicles and the ER-139 

to-Golgi intermediate compartment proteins (Fig. 1C), consistent with GLUT4 being dynamically 140 

distributed among a number of intracellular compartments (2).  141 

Unexpectedly, there was also a significant enrichment of late endosome and lysosome proteins 142 

(Fig. 1C). This enrichment was not because F5Y-GLUT4 is localized to late 143 

endosomes/lysosomes as there is no significant colocalization between F5Y-GLUT4 and LAMP1 144 

(Fig. 1D). The majority of newly synthesized lysosomal proteins are delivered to the lysosomes 145 

by a pathway involving targeting from the TGN to the late endosomes (41).  Soluble lysosome 146 

proteins, which are modified by mannose 6-phosphate in the ER, are diverted from delivery to 147 

the PM at the level of the TGN via a mechanism requiring the mannose 6-phosphate receptor 148 

(MPR) and the AP1 clathrin adaptin complex (41). Thus, an explanation for the enrichment of 149 

F5Y-GLUT4 with lysosomal proteins is that the GLUT4-containing perinuclear concentration is a 150 

specialized sub compartment of the TGN where lysosomal proteins are diverted from delivery to 151 

the PM by sorting to specialized transport vesicles. In support of that hypothesis, the MPR and 152 

the 4 subunits of the AP1 complex (AP1 µ,s,b,g), components of the machinery that targets 153 

lysosomal proteins to the late endosomes, were significantly enriched in the F5Y-GLUT4 154 

immunoabsorption (Fig. 1E). Based on these data we propose that the region of the TGN 155 

enriched for F5Y-GLUT4 is involved in the sorting of cargoes that exit the TGN via specialized 156 

vesicles, diverting cargo from non-specialized vesicles that mediate constitutive traffic to the 157 

PM.  158 

The immunoabsorption data identified the Menkes copper transporter, ATP7A, as enriched in 159 

the F5Y-GLUT4-containing perinuclear compartments (Fig 1E).  Previous studies have also 160 

identified that ATP7A co-immunoabsorbs with GLUT4 (11). ATP7A, which is expressed in a 161 
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broad variety of cell types, has a role in protecting cells against copper overload. At 162 

physiological copper levels ATP7A primarily localizes to the TGN, but with an increased copper 163 

load ATP7A translocates to the PM, where it pumps copper from cells (42).  In low copper 164 

conditions, achieved by treatment with copper chelator bathocuproinedisulfonic acid disodium 165 

salt (BCS), ATP7A was predominantly colocalized with GLUT4 in the TGN of 3T3-L1 166 

adipocytes, validating the mass spectrometry data (Fig. 2A & B). Challenging cells with elevated 167 

copper resulted in a decrease in the intensity of ATP7A in STX6-postive TGN and an increase 168 

in ATP7A labeling in cytosolic vesicles (Fig. 2A). Copper mobilization of ATP7A was reflected by 169 

a significant decrease in ATP7A overlap with STX6 (Fig. 2C). Insulin stimulation in adipocytes 170 

results in translocation of GLUT4 to the PM, as measured by ratiometric analyses of the HA-171 

GLUT4-GFP reporter (Fig. 2D).  Insulin stimulation did not affect ATP7A co-localization with 172 

STX6 (Fig. 2A & C), nor did elevated copper promote GLUT4 translocation to the PM (Fig. 2A & 173 

D). Thus, despite the high degree of colocalization of ATP7A and GLUT4, their mobilizations 174 

from the TGN are linked to distinct stimuli.  These data support the hypothesis that the GLUT4-175 

containing TGN compartment is a retention and sorting hub where various stimuli mobilize 176 

specific cargo. 177 

Insulin increases the rate of GLUT4 mobilization from the perinuclear region. 178 

We next sought to demonstrate that insulin stimulation promotes the mobilization of GLUT4 179 

from the perinuclear region of 3T3-L1 adipocytes, similar to copper stimulation promoting the 180 

mobilization of ATP7A.  With insulin stimulation it was visually apparent that the GLUT4-181 

containing IRV pool was decreased in size concomitant with an increase in GLUT4 in the PM 182 

(Fig. 3A).  However, in static images an effect of insulin on GLUT4 in the TGN was not 183 

apparent.  Visualizing the mobilization of GLUT4 from the perinuclear compartment in live-cell 184 

imaging would prove very useful in determining if insulin regulates GLUT4 trafficking at the 185 

perinuclear region, yet has been confounded by the difficulty of distinguishing GLUT4-containing 186 

vesicles that have budded from the perinuclear compartments from those that have been 187 

endocytosed at the plasma membrane.  To overcome this limitation we tagged GLUT4 with an 188 

irreversible green-to-red photoconvertible protein mEos3.2 (43) (HA-GLUT4-mEos3.2) and 189 

visualized the mobilization of HA-GLUT4-mEos3.2 that has been acutely photoconverted from 190 

green to red in a region of the perinuclear compartment, and thus could be distinguished from 191 

the remainder of HA-GLUT4-mEos3.2 in the cell (Fig. 3B).  After photoconversion, the decrease 192 

over time in red HA-GLUT4-mEos3.2 intensity in the photoconverted region represents GLUT4 193 

that has been mobilized from the perinuclear region, and the return over time of the green HA-194 
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GLUT4-mEos3.2 intensity in the photoconverted region represents GLUT4 that has been 195 

mobilized to the perinuclear region (Fig. 3B).  Importantly, the trafficking of HA-GLUT4-mEos3.2 196 

was similar to the well characterized HA-GLUT4-GFP reporter (Fig. 3C).  Furthermore, in fixed 197 

cells successive image acquisition did not result in a decrease in the red HA-GLUT4-mEos3.2 198 

intensity in the photoconverted region (Fig. 3D).  These data argue that in live-cell imaging, any 199 

decrease in red HA-GLUT4-mEso3.2 intensity observed is not a result of photobleaching with 200 

successive image acquisition. 201 

We first determined if insulin regulates the mobilization of GLUT4 from the perinucelar 202 

compartment. Under basal conditions red HA-GLUT4-mEos3.2 was mobilized from the 203 

photoconverted region with a rate k=0.033 min1 (Fig. 3E).  Under insulin-stimulated conditions 204 

red HA-GLUT4-mEos3.2 was mobilized from the photoconverted region with a rate k=0.051 205 

min1 (Fig. 3E), a 1.53 fold increase compared to basal conditions. These data are the first direct 206 

evidence demonstrating that insulin signaling accelerates mobilization of GLUT4 from the 207 

perinuclear region.  Insulin-stimulated GLUT4 translocation in adipocytes and muscle requires 208 

activation of AKT (1).  Insulin regulation of GLUT4 mobilization from the perinuclear region is 209 

downstream of AKT in 3T3-L1 adipocytes, and as compared to insulin in the presence of DMSO 210 

(vehicle), insulin in the presence of AKT inhibitor MK2206 (44) could not promote the 211 

mobilization of HA-GLUT4-mEos3.2 from the perinuclear region (Fig. 3E).   212 

We next determined if insulin regulates the traffic of GLUT4 to the perinuclear region.  In both 213 

basal (no stimulation) and insulin-stimulated conditions the green HA-GLUT4-mEos3.2 intensity 214 

in the photoconverted region returned to the pre-photoconversion intensities with half-times of 215 

approximately 5 minutes (Fig. 3F). Thus, GLUT4 return to the TGN is not regulated by insulin. 216 

This result coupled with our finding that GLUT4 constitutively traffics from the TGN (Fig. 3E), 217 

demonstrate that GLUT4 is dynamically concentrated in the peri-nuclear region.   218 

RAB10 colocalizes with SEC16A and GLUT4 at the perinuclear region. 219 

To investigate if RAB10 contributes to insulin-stimulated mobilization of GLUT4 from the 220 

perinuclear region, we first determined the localization of RAB10 in 3T3-L1 adipocytes by 221 

expressing RAB10 tagged with blue fluorescent protein (BFP-RAB10) (Fig. 4A and B). A pool of 222 

RAB10 localized to the perinuclear region under basal and insulin-stimulated conditions, 223 

suggesting its perinuclear localization is independent of its GDP/GTP state (Fig. 4A and B). As 224 

demonstrated previously, perinuclear SEC16A-labeled structures encircled HA-GLUT4-GFP-225 

containing perinuclear TGN membranes under basal and insulin-stimulated conditions (31) (Fig. 226 
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4A and B).  Perinuclear BFP-RAB10 colocalized with both perinuclear SEC16A and HA-GLUT4-227 

GFP under basal and insulin-stimulated conditions, as demonstrated by linescan analyses (Fig. 228 

4A and B).  In the context of the known functional role of RAB10 and SEC16A in GLUT4 229 

trafficking, these data raise the possibility that RAB10 and SEC16A function at the perinuclear 230 

region to regulate GLUT4 trafficking.   231 

The organization of RAB10-labeled, SEC16A-labeled, and GLUT4-containing perinuclear 232 

membranes is not random. 233 

The perinuclear region is compact in nature and contains a number of different membrane 234 

compartments (i.e. Golgi, ER-to-Golgi intermediate compartments (ERGIC), and ER).  Thus, we 235 

sought to determine if the spatial organization of RAB10-labeled, SEC16A-labeled, and GLUT4-236 

containing perinuclear membranes is simply due to this compact nature, or if their spatial 237 

organization is not random and is important to the function of RAB10 and SEC16A in GLUT4 238 

trafficking.  To gain insight into this question we treated cells with nocodazole and determined if 239 

the RAB10-SEC16A-GLUT4 spatial organization is retained (Fig. 5A and B).  The organization 240 

of the Golgi as a ribbon-like organelle and its perinuclear localization is highly dependent on an 241 

intact microtubule cytoskeleton (45, 46).  Nocodazole-induced disruption of microtubule 242 

polymerization leads to fragmentation and dispersion of the Golgi throughout the cytosol (45, 243 

46).  When the Golgi fragments, Golgi ministacks are formed that retain the structural polarity of 244 

the cis-, medial-, and trans-Golgi.  The Golgi ministacks are recapitulated at peripheral 245 

endoplasmic reticulum exit sites (ERES) to re-establish ER to Golgi secretion (45).  With 246 

nocodazole treatment, we observed that the spatial organization of RAB10, SEC16A, and 247 

GLUT4 described above was retained under basal and insulin-stimulated conditions (Fig. 5A 248 

and B).  By performing a radial line scan analysis centered on HA-GLUT4-GFP, we 249 

demonstrated SEC16A-labeled membranes remained adjacent to HA-GLUT4-GFP-containing 250 

membranes, and RAB10 remained localized with both SEC16A and GLUT4 (Fig. 5C and D).  251 

Furthermore, the average distance between peaks of HA-GLUT4-GFP fluorescence and 252 

SEC16A fluorescence was approximately 800nm in both the presence and absence of 253 

nocodazole (Fig. 5E).  These data suggest the RAB10-SEC16A-GLUT4 perinuclear 254 

organization is not random and could be important for RAB10-SEC16A function in GLUT4 255 

trafficking.   256 

Given the organization of perinuclear RAB10-SEC16A-GLUT4 is retained with nocodazole 257 

treatment, we reasoned the colocalization of cooper transporter ATP7A with GLUT4 at the TGN 258 

(Fig. 2A and B) should be retained in fragments formed with nocodazole treatment.  Indeed, we 259 
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observed with nocodazole treatment that ATP7A colocalized with GLUT4 in a subset of GLUT4-260 

containing fragments that contain Syntaxin6 (Fig. 5F). 261 

Perinuclear SEC16A is important for proper localization of RAB10 at the perinuclear region. 262 

Given SEC16A is known to act as a scaffold for organization of COPII components at ERES (32, 263 

33), we wondered whether perinuclear SEC16A analogously acts as a scaffold for organization 264 

of RAB10 at perinuclear membranes.  We found 18% of total BFP-RAB10 localized to the 265 

perinuclear region under basal and insulin-stimulated conditions (Fig. 5G).  Depletion of 266 

SEC16A resulted in a 30% decrease in BFP-RAB10 in the perinuclear region under basal and 267 

insulin-stimulated conditions (Fig. 5G), demonstrating the presence of the perinuclear pool of 268 

SEC16A is important for localizing RAB10 at perinuclear membranes.  These data argue 269 

SEC16A-dependent localization of RAB10 at perinuclear membranes is independent of its 270 

GTP/GDP status, and if properly localized at the perinuclear region RAB10 bound to GTP can 271 

carry out its function in insulin-stimulated GLUT4 trafficking.   272 

The RAB10-AS160 module regulates GLUT4 mobilization from the perinuclear region. 273 

We next determined if RAB10 and its GAP TBC1D4 regulate the rate of GLUT4 mobilization 274 

from the perinuclear region.  Depletion of TBC1D4 results in constitutive activation of RAB10 275 

(22), and knockdown of TBC1D4 in the absence of insulin stimulation led to acceleration of the 276 

mobilization of red HA-GLUT4-mEos3.2 from the perinuclear region near to the insulin-277 

stimulated rate (Fig. 6A).  The effect of TBC1D4 depletion on mobilization of HA-GLUT4-278 

mEos3.2 was rescued by expression of shRNA-resistant TBC1D4 (Fig. 6A).  In a RAB10 279 

knockdown background, insulin stimulation was unable to accelerate the mobilization of HA-280 

GLUT4-mEos3.2 from the perinuclear region (Fig. 6B).  Knockdown of RAB10 under basal 281 

conditions had no effect (Fig. 6B).  Together, these data demonstrate TBC1D4 regulates 282 

mobilization of GLUT4 from the perinuclear region, and RAB10 is required for insulin-stimulated 283 

mobilization of GLUT4 from the perinuclear region.   284 

A recent report in HeLa cells demonstrated RAB10 binding to the microtubule motor protein 285 

Kinesin 13A/B (KIF13A/B) is required for the tubulation of endosomes (28).  However, in 286 

adipocytes depletion of KIF13A using 2 different siRNAs alone and in combination did not affect 287 

the amount of GLUT4 in the PM under basal or insulin-stimulated conditions compared to 288 

wildtype (WT) conditions (Fig. 6C and D).  To explore the possibility that RAB10 mobilization of 289 

TGN GLUT4 in adipocytes requires a kinesin other than KIF13, we determined whether the 290 

effects of RAB10 depletion were additive to those of nocodazole-induced microtubule 291 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 14, 2020. ; https://doi.org/10.1101/2020.04.14.040683doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.14.040683


11 
 

depolymerization on GLUT4 translocation.  Nocodazole treatment resulted in a 50% decrease in 292 

the amount of GLUT4 in the PM under insulin stimulation, consistent with previous reports (2, 8, 293 

47), and the nocodazole induced decrease in the amount of GLUT4 in the PM was additive with 294 

RAB10 (Fig. 6E).  Thus, Rab10 mediated mobilization of GLUT4 from the perinuclear region 295 

does not appear to be microtubule-dependent. 296 

  297 
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DISCUSSION 298 

Here we show that the GLUT4 peri-nuclear storage compartment is an element of the TGN from 299 

which newly synthesized lysosomal proteins are targeted to the late endosomes and the ATP7A 300 

copper transporter is translocated to the PM by elevated copper (Fig. 7). Consequently, GLUT4 301 

intracellular sequestration and mobilization by insulin is achieved, in part, through utilizing a 302 

region of the TGN devoted to specialized transport cargo in general rather than being specific 303 

for GLUT4. Our results define this TGN region as a sorting and storage site from which different 304 

cargo are mobilized by distinct signals.   305 

Insulin-stimulated acceleration of GLUT4 mobilization from the perinuclear region is regulated 306 

by the TBC1D4-RAB10 module. 307 

In this study we developed a novel photoconversion and live cell imaging assay to determine 308 

the rates of GLUT4 trafficking to and from the perinuclear compartment under different 309 

conditions.   We demonstrate in intact cells that insulin accelerates the mobilization of GLUT4 310 

from the perinuclear region by 50%.  To date cell-free in vitro reconstitution assays using 311 

extracts of 3T3-L1 adipocytes and muscle cells have provided the best experimental evidence 312 

for insulin promoting the formation of IRVs from the TGN (10, 48).  Incubation of donor 313 

membranes (i.e. the TGN) with insulin-stimulated cytosol results in an approximately 50% 314 

increase in the biogenesis of IRVs compared to incubation with basal cytosol, consistent with 315 

our results in live cells.  We find insulin does not regulate GLUT4 recruitment to the perinuclear 316 

region.  A large portion of GLUT4 in the PM is internalized by clathrin-mediated endocytosis 317 

together with constitutively recycling cargo such as TR (1).  GLUT4-containing endosomes are 318 

sent to the TGN, and the observation that delivery of GLUT4 to the TGN is not regulated by 319 

insulin is not surprising given insulin stimulation has little effect on TR trafficking (1). 320 

We demonstrate that the GTPase activating protein TBC1D4 and its target RAB, RAB10, are 321 

required for insulin-stimulated mobilization of GLUT4 from the perinuclear region.  We find 322 

approximately 20% of BFP-RAB10 localizes to the perinuclear region and colocalizes with 323 

perinuclear GLUT4, supporting the finding that TBC1D4-RAB10 functions at the perinuclear 324 

region.  Interestingly, RAB8A, the TBC1D4-target RAB required for insulin-stimulated GLUT4 325 

translocation in muscle, localizes to the perinuclear region in L6 muscle cells (49).  We cannot 326 

exclude that RAB10 functions at the PM in addition to functioning at the TGN as suggested 327 

previously (13, 24).  However, RAB10 functioning at the TGN in GLUT4 trafficking is in line with 328 

the function of RAB10 in other systems: RAB10  is involved in TLR4 trafficking from the TGN to 329 
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the PM (30), membrane trafficking from the TGN required for axon development (29), and 330 

membrane transport to the primary cilia (26). 331 

Upon insulin stimulation in 3T3-L1 adipocytes, pre-formed GLUT4 vesicles rapidly dock and 332 

fuse with the PM, increasing GLUT4 in the PM until a maximum is reached at 10 minutes of 333 

stimulation (50).  GLUT4 in the PM is continually internalized and trafficked to the TGN.  334 

Accelerating the formation of IRVs that can be trafficked to the PM allows the increase in PM 335 

GLUT4 to be maintained at longer lengths of insulin stimulation (50).  Expression of a dominant-336 

negative TBC1D4 construct (TBC1D4-DN), which is mutated in four of the six Akt 337 

phosphorylation sites, blocks the RAB10 regulated GLUT4 trafficking step (20).  In cells 338 

expressing TBC1D4-DN, insulin transiently increases GLUT4 in the PM within 5 minutes of 339 

stimulation, however this increase cannot be maintained at longer lengths of insulin stimulation 340 

(21).  Furthermore, with TBC1D4-DN expression insulin-stimulated recruitment of GLUT4 to the 341 

PM is biphasic, with rapid exocytosis of 40% of GLUT4, followed by slow exocytosis of the 342 

remaining GLUT4 (21). The ability of insulin to initially recruit GLUT4 to the PM indicates insulin 343 

promotes the recruitment, docking, and fusion of pre-formed GLUT4 vesicles, and thus the 344 

regulation of these steps is not directly dependent on TBC1D4-RAB10.  Furthermore, at basal 345 

state approximately half of GLUT4 resides in vesicles (51), consistent with the observed rapid 346 

exocytosis of 40% of GLUT4 upon insulin stimulation.  The inability of insulin to maintain the 347 

initial increase in GLUT4 in the PM and the inefficient exocytosis of 50% of GLUT4 is consistent 348 

with insulin being unable to accelerate the mobilization of GLUT4 from the TGN and with 349 

TBC1D4-RAB10 regulating this step.  Interestingly, in 3T3-L1 fibroblasts insulin stimulation 350 

transiently increases the amount of GLUT4 in the PM within 10 minutes of stimulation, however 351 

this increase cannot be maintained over longer lengths of stimulation (16).  One explanation of 352 

these data is 3T3-L1 fibroblasts express the machinery required for insulin-stimulated increase 353 

in efficiency of IRV docking and fusion with the PM, however, they do not express the 354 

machinery required for insulin-stimulated mobilization of GLUT4 from the perinuclear 355 

compartment.  The expression of such machinery may be gained throughout differentiation. 356 

Although we have established mobilization of GLUT4 from the TGN as an insulin-controlled step 357 

dependent on TBC1D4/RAB10, we have not as yet defined the mechanism of GLUT4 358 

mobilization.  Insulin signaling could accelerate the biogenesis of IRVs at the TGN, or insulin 359 

signaling could accelerate the movement of newly formed IRVs from the perinuclear area.  The 360 

latter could be accomplished by linking nascent IRVs to the cytoskeleton at the perinuclear 361 
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region.  The kinesin motors KIF5B (52) and KIF3 (53) have been suggested to be required for 362 

insulin-stimulated GLUT4 translocation, and RAB10 interaction with KIF13A and KIF13B has 363 

recently be shown to be required for tubulation of endosomes in HeLa cells (28).  However, we 364 

find that effects of nocodazole-induced microtubule depolymerization and siRNA-mediated 365 

depletion of RAB10 on insulin-stimulated GLUT4 translocation are additive, arguing RAB10-366 

mediated mobilization of GLUT4 from the perinuclear region is not dependent on microtubules.  367 

RAB10 has been shown to interact with the myosin motor MYO5A (54), and RAB10-MYO5A 368 

interaction has been suggested to regulate IRV docking/fusion in adipocytes (13).  Interestingly, 369 

in muscle MYO5A interaction with RAB8A is argued to regulate GLUT4 trafficking at the 370 

perinuclear region (49). Furthermore, in neurons RAB10 interaction with MYO5B is required for 371 

the fission of RAB10 vesicles at the TGN (29). Thus, it may be useful to think about RAB10 372 

possibly interacting with myosin motors to regulate IRV formation and/or link them to the 373 

cytoskeletal system.  Of note, KIF13B, KIF5B, and MYO5A were present in immunoabsorbed 374 

GLUT4-containing membranes, however none were differentially immunoabsorbed in F5Y-375 

GLUT4 membranes.   376 

SEC16A is important for RAB10 localization at the perinuclear region. 377 

Here we have advanced the understanding of the role of SEC16A in GLUT4 trafficking.  We 378 

show the previously described SEC16A-labeled structures that surround GLUT4 in the 379 

perinuclear TGN (31), are also associated with RAB10.  The spatial organization of perinuclear 380 

GLUT4-SEC16A-RAB10 is not random.  Nocodazole depolymerization of microtubules 381 

disperses GLUT4 (45, 46), yet the organization of GLUT4-SEC16A-RAB10 is retained.  The 382 

distance between adjacent peaks of GLUT4 and SEC16A is approximately 800nm with or 383 

without nocodazole treatment, and RAB10 remains colocalized with GLUT4 and SEC16A.  A 384 

peak-to-peak distance of 800nm is in line with the average diameter of a Golgi cisternae, which 385 

has been calculated to range from 500-1000nm (55).  We further find that siRNA-mediated 386 

depletion of SEC16A results in a 30% reduction of RAB10 in the perinuclear region under basal 387 

and insulin-stimulated states.  These data argue SEC16A is important for localizing RAB10 to 388 

the perinuclear region, and SEC16A can bind to RAB10 whether it is bound to GDP or GTP.  389 

These data are consistent with the known role of SEC16A at ERES, where it acts as a scaffold 390 

for organization of COPII components (32, 33). 391 

Mutations in the leucine-rich repeat kinase 2 (LRRK2) are associated with Parkinson’s disease 392 

(PD).  LRRK2 has been suggested to regulate SEC16A localization at ERES (56).  More 393 
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recently LRRK2 has been shown to phosphorylate a subset of RAB proteins, including RAB10 394 

(57).  RAB10 phosphorylation status at LRRK2 sites has been implicated in regulation of 395 

ciliogenesis, and expression of mutant LRRK2 with defects in ciliogenesis (58, 59).  It will be 396 

interesting to determine if PD-associated mutations in LRRK2 have any effect on GLUT4 397 

trafficking in adipocytes. 398 

A role for the GLUT4-containing TGN in the biogenesis and sorting of specialized vesicular 399 

carriers. 400 

We identified the protein composition of the GLUT4-containing TGN by identifying proteins 401 

enriched in F5Y-GLUT4 immunoabsorption compared to WT and F5A-GLUT4-containing 402 

immunoabsorption. The enrichment of lysosomal enzymes known to traffic from the TGN to late 403 

endosomes/lysosomes and the ATP7A copper transporter lead us to conclude that IRVs form 404 

from a region of the TGN where unrelated transport vesicles containing other specialized cargos 405 

form.  None of the specialized vesicles formed at the GLUT4-containing TGN follow the 406 

transferrin receptor (TR)-containing constitutive trafficking pathway from the TGN to the PM, 407 

suggesting GLUT4 and specialized cargo reside in a region of the TGN distinct from the region 408 

where vesicles that constitutively traffic form.  We do not know if the detergent-free cell lysis 409 

method used in the immunoabsorption of GLUT4-containing compartments keeps individual 410 

stacks of the TGN intact, or if the method results in fragmentation of a TGN stack.  However, the 411 

enriched immunoabsorption of cargo whose trafficking is specialized, but not constitutively 412 

recycling cargo, argues we are able to distinguish different regions or subdomains of the TGN.  413 

Interestingly, when GLUT4 is ectopically expressed in cell types that do not natively express 414 

GLUT4, such as fibroblasts, CHO cells, and HeLa cells, an insulin regulated recycling 415 

mechanism does exist, albeit less robust than in adipocytes (12, 60).  Specifically, it has been 416 

demonstrated that GLUT4 travels to the PM in vesicles that are distinct from vesicles carrying 417 

constitutively recycling cargo (12).  The ATP7A copper transporter is more widely expressed 418 

than is GLUT4. Hence, the specialized TGN subdomain that contains GLUT4 and ATP7A in 419 

3T3-L1 adipocytes likely exists in other cell types that do not natively expressing GLUT4 420 

explaining why there is rudimentary insulin-regulation of GLUT4 traffic when it is ectopically 421 

expressed in these other cell types.   422 

Two major destinations for proteins in the TGN are the late endosome/lysosome and the PM.  423 

The mannose 6-phosphate receptor (MPR) and AP1 clathrin adaptin complex are required for 424 

diverting cargo destined for the late endosome/lysosome away from the PM (41).  Their 425 

enrichment in F5Y-GLUT4-containing perinuclear compartments argues the GLUT4-containing 426 
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TGN is the site where lysosomal enzymes are sorted into specialized transport vesicles that 427 

traffic to the late endosome/lysosome.  Previous immunofluorescence and electron microscopy 428 

studies have demonstrated GLUT4 colocalizes with MPR (4) and AP1 (61), validating their 429 

enrichment.  Trafficking of the copper transporter ATP7A between the TGN and the PM is 430 

known to be tightly regulated by copper load to maintain copper homeostasis (42).  Enrichment 431 

of ATP7A in F5Y-GLUT4-containing perinuclear compartments argues the GLUT4-containing 432 

TGN is also the site where select regulated recycling membrane proteins are packaged in 433 

transport vesicles that travel to the PM.  Colocalization of ATP7A with GLUT4 in the TGN is 434 

supported by the observation that with nocodazole treatment ATP7A remains colocalized with 435 

GLUT4 in a subset of fragments.  ATP7A is mobilized from the GLUT4-containing TGN in 436 

response to elevated copper, but not insulin stimulation.  On the other hand, copper stimulation 437 

does not induce translocation of GLUT4.  These data demonstrate stimuli mobilize specific 438 

cargo from the GLUT4-containing TGN.   439 

Proteins localized to the TGN and TGN transport vesicles were the most significantly enriched 440 

in F5Y-GLUT4-containing perinuclear compartments.  However, there was also an enrichment of 441 

endosome, Golgi, and ER-to-Golgi intermediate compartment (ERGIC) proteins.  These 442 

compartments are found in the compact perinuclear region, raising the possibility that the 443 

packaging and sorting of cargo in transport vesicles at the perinuclear region involves the 444 

interplay of membrane compartments of different natures.  In human cells a clathrin heavy chain 445 

isoform, CHC22, has been proposed to function at the ERGIC to sequester newly synthesized 446 

GLUT4 in insulin responsive vesicles (IRVs) (60).  Mice do not have an equivalent CHC22 gene 447 

and it has been suggested that CHC17 isoform might substitute for CHC22 in regulation of 448 

GLUT4 in mice (60).  It is of interest to note that mouse clathrin heavy chain protein (CLTC)/ 449 

CHC17 was one of the most abundant proteins based on signal intensity in all 4 450 

immunoabsorption experiments, although CLTC was not differentially absorbed in any of the 451 

comparisons.  Clathrin is required for AP1-mediated vesicle trafficking between the TGN and 452 

late endosome, and therefore immunoisolation of clathrin with GLUT4 is consistent with GLUT4 453 

localization to the region of the TGN were AP1-containing vesicles are formed. 454 

  455 
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MATERIALS AND METHODS 456 

cDNA constructs, siRNA, antibodies, chemicals, and drugs.  cDNA constructs encoding 457 

wild-type (WT), F5Y, F5A-HA-GLUT4-GFP, and TBC1D4 have been previously described (20, 458 

62, 63).  The HA-GLUT4-mEos3.2 cDNA construct was generated by replacing GFP in the HA-459 

GLUT4-GFP cDNA construct for mEos3.2 (Addgene plasmid #54525) (43) through restriction 460 

cloning.  KpnI and BamHI restriction sites respectively flank the N- and C-terminuses of GFP.   461 

A wobble mutation was made at an internal KpnI site in mEos3.2 to prevent its digestion using 462 

the QuikChange II XL Site-Directed Mutagenesis kit (200521; Agilent Technologies) and 463 

following primer pair: 5’-GTT CGA TTT TAT GGT ACT AAC TTT CCC GCC AAT GG-3’ and 5’-464 

CCA TTG GCG GGA AAG TTA GTA CCA TAA AAT CGA AC-3’.  mEos3.2 with the wobble 465 

internal KpnI site was PCR amplified with an N-terminal primer containing a KpnI restriction site: 466 

5′-GCTTGGTACCATGAGTGCG-3’, and C-terminal primer containing a BamHI restriction site: 467 

5’-GCTAGGATCCTTATCGTCTGGC-3’.  The BFP-RAB10 cDNA construct was a kind gift from 468 

Gia Voeltz at University of Colorado Boulder.   469 

Antibodies against Syntaxin6 (ab12370; Abcam and 2869T; Cell Signaling), TGN46 470 

(ab16059; Abcam), LAMP1 (ab25630; Abcam), ATP7A (LS-C209614; LSBio), GM130 (610822; 471 

BD Transduction), SEC16A (KIAA0310; ProteinExpress), and Haemagglutinin (HA) tag 472 

(901503; Biolegend) were used for immunofluorescence.   473 

Chemicals and drugs used were MK-2206 (11593; Cayman), Nocodazole (M1404; 474 

Sigma-Aldrich), Bathocuproinedisulfonic acid disodium salt (BCS) (B1125-500MG; Sigma-475 

Aldrich), and Copper(II) chloride dehydrate (C3279; Sigma-Aldrich). 476 

The siRNA constructs targeting RAB10 and SEC16A were as previously published.  477 

RAB10: si251, 5′-GCA UCA UGC UAG UGU AUGA-3′ (same sequence as shRNA expressed 478 

by RAB10 KD cells; (22)).  SEC16A: si1, 5′-CTT CAG AAT ATC AGC TCC CTG GGG CTC-3′, 479 

si3, 5′-AGC TGG ACT TGC TGG TGG CTG GGC CAA-3′ (31) (two siRNA were used to target 480 

SEC16A to achieve a greater reduction in RNA).  The siRNAs for KIF13A and KIF13B were 481 

designed at Integrated DNA Technologies (IDT).  KIF13A: si2, 5’-ATC CTT TAA ATA GTA AAC 482 

CAG AAG CTC-3’.  KIF13B: si2, 5’-CAC ATT TGG TAT GTA AGT CAA TTT CTC-3’. 483 

 484 

Cell lines and culture.  3T3-L1 pre-adipocytes (fibroblasts) were cultured and differentiated 485 

into adipocytes as previously described (Zeigerer et al., 2002). Experiments were performed on 486 

day 5 after differentiation. 3T3-L1 adipocyte cell lines stably expressing shRNA sequences 487 

against RAB10 or TBC1D4 have been described previously (21, 22). 488 
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Immunoabsorption experiments were performed using 3T3-L1 cell lines stably 489 

expressing WT and mutant HA-GLUT4-GFP.  To generate these cell lines, cDNA constructs 490 

encoding wild-type (WT), F5Y, and F5A-HA-GLUT4-GFP (62, 63) were subcloned into the 491 

pLenti6/V5-D™-TOPO® vector (K4955-10; Life Technologies).  293FT packaging cells were 492 

transfected with lentiviral cDNA using Lenti-X packaging system (631276; Takara).  Cultured 493 

media containing lentiviral particles was harvested after 72h and used to infect 3T3-L1 pre-494 

adipocytes.  HA-GLUT4-GFP-positive cells were sorted by FACS and cultured in selection 495 

medium supplemented with blasticidin (A11139-03; Invitrogen). 496 

 497 

Electroporation of adipocytes.  Differentiated 3T3-L1 adipocytes were electroporated with 45-498 

55μg of cDNA constructs as described previously (50).  Adipocytes were electroporated with 499 

2nmol of siRNA where indicated.  When two siRNAs were used 2 nmol of each siRNA was 500 

electroporated.  Assays were performed 12-72 hours post electroporation as described. 501 

 502 

Quantitative RT-PCR.  Measurement of KIF13A and KIF13B siRNA-mediated knockdown was 503 

performed by quantitative RT-PCR.  At 72 hours post electroporation, cells were harvested, 504 

RNA extracted using the RNeasy kit (74106; QIAGEN), and cDNA prepared from extracted 505 

RNA using the RNA to cDNA EcoDry Premix (639545; Takara Bio Inc.).  Quantitative RT-PCR 506 

was performed using appropriate primer pairs from the PrimerBank database.  Primer pair to 507 

KIF13A: Forward, 5’-TCG GAT ACG AAG GTA AAA GTT GC-3’ and Reverse, 5’-CTG CTT 508 

AGT GTT GGA AGG AGG-3’.  Primer pair to KIF13B: Forward, 5’-GCT CTG TAG TGG ACT 509 

CTT TGA AC-3’ and Reverse, 5’-TTT GGG GTC AAG AAG GTC TCG-3’. 510 

 511 

GLUT4 translocation (surface-to-total).  HA-GLUT4-GFP has a HA-epitope engineered into 512 

the first exofacial loop and GFP fused to its cytoplasmic carboxyl domain.  The amount of the 513 

reporter in the PM of individual cells was determined by anti-HA immunofluorescence, 514 

normalized to the GFP fluorescence.  GLUT4 translocation assay was performed as described 515 

previously (62).  Briefly, cells expressing HA-GLUT4-GFP were incubated in serum free media 516 

for 2 hours.  Cells were stimulated with 1nM or 10nM insulin for 30 minutes to achieve steady 517 

state GLUT4 surface levels.  Cells were fixed with 3.7% formaldehyde for 6-10 minutes, and an 518 

anti-HA antibody (901503; Biolegend) was used, without permeabilization, to label HA-GLUT4-519 

GFP on the cell surface.  HA staining was visualized with Cy3 fluorescently tagged secondary 520 

antibody (115-165-062; Jackson Immunoresearch) and total HA-GLUT4-GFP was visualized by 521 

direct fluorescence, as described later. 522 
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 523 

Copper Transporter ATP7A mobilization assay.  HA-GLUT4-GFP expressing cells were 524 

treated with 200µM Bathocuproinedisulfonic acid disodium salt (BCS) for 2 hours to achieve low 525 

copper conditions, followed by stimulation with 200µM Copper(II) chloride dehydrate for 2 hours 526 

or 1nM insulin for 30 minutes.  Cells were fixed and stained for native ATP7A and Syntaxin6 in 527 

the presence of 0.5mg/ml saponin. 528 

 529 

HA-GLUT4-mEos3.2 Photoconversion Assay.  HA-GLUT4-mEos3.2 expressing cells were 530 

serum starved for 2 hours in live cell imaging media containing Dulbecco’s Modified Eagle’s 531 

Medium (DMEM) without phenol red (D5030; Sigma-Aldrich) and supplemented with 4500 mg/L 532 

D-glucose (G7528; Sigma-Aldrich), 4mM L-glutamine (G8540; Sigma-Aldrich) 4.76 g/L HEPES 533 

(H3375; Sigma-Aldrich), 1mM sodium pyruvate (11360, Life Technologies), and 2.5g/L Sodium 534 

Bicarbonate (S6297; Sigma-Aldrich) at pH 7.2.  Where indicated cells were subsequently 535 

stimulated with 10nM insulin for 10 minutes.  Cells were then transferred to the confocal 536 

microscope, where they were housed in an incubation chamber at 37°C, 5% CO2.  Set up on 537 

the scope took approximately 5 minutes once the sample was placed, thus making the total 538 

incubation time in insulin prior to photoconversion 15 minutes (at 15 minutes of insulin 539 

stimulation, cells have achieved insulin-stimulated steady state conditions).  For experiments 540 

where the AKT inhibitor MK2206 was added, cells were treated with 1µM MK2206, or equivalent 541 

volume of DMSO, for the last hour of the starvation period, as well as during the 15 minute 542 

incubation period with insulin (75 minutes total). 543 

 544 

Microscopy, image quantification, and statistical analysis. 545 

Epifluorescence.  Epifluorescence images were collected on an inverted microscope at room 546 

temperature using a 20x air objective (Leica Biosystems) and a cooled charge-coupled device 547 

12-bit camera.  Exposure times and image quantification (12) were performed using MetaMorph 548 

image processing software (Universal Imaging) as previously described.  GFP and Cy3 549 

fluorescence signals were background corrected and the surface(Cy3)/total(GFP) (S/T) GLUT4 550 

was calculated for each cell.  The S/T values were normalized within each assay to the mean 551 

S/T value for the indicated condition to allow for averaging results across multiple biological 552 

repeat assays.  Unpaired student’s t tests were performed on raw (non-normalized) S/T mean 553 

values from multiple assays. To quantify the fraction of BFP-RAB10 in the perinuclear region, 554 

cells were co-transfected with HA-GLUT4-GFP.  Perinuclear HA-GLUT4-GFP was used as a 555 

marker to create an outline of the perinuclear region, and the outline was transferred to the 556 
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image of BFP-RAB10.  As a measure of the fraction of BFP-RAB10 in the perinuclear region, 557 

the integrated BFP-RAB10 intensity in the outlined perinuclear region was calculated, and 558 

divided by the total integrated intensity of BFP-RAB10 in the cell.  Unpaired student’s t tests 559 

were performed on raw (non-normalized) S/T mean values from multiple assays. 560 

Airyscan confocal experiments.  Airyscan confocal images were collected on a laser 561 

scanning microscope (LSM880; ZEISS) with Airyscan using a 63x objective.  Pearson’s 562 

correlation coefficient (r) for HA-GLUT4-GFP and ATP7A was calculated with MetaMorph 563 

software by generating binary masks of HA-GLUT4-GFP and ATP7A using the 98th percentile 564 

grayscale value.  For quantification of native ATP7A overlap with Syntaxin6, a threshold using 565 

the 98th percentile grayscale value was set on the image of native ATP7A and on the image of 566 

Syntaxin6.  A binary mask of the thresholded Syntaxin6 was generated, and percent of 567 

thresholded ATP7A intensity under the mask was calculated.  Unpaired student’s t tests were 568 

performed on individual cells from the indicated conditions. 569 

Linescan analyses.  Linescan plots were generated using the Linescan application in 570 

MetaMorph or Image J.  Radial linescan plots were generated using the Radial Profile Plot 571 

plugin in Image J (https://imagej.nih.gov/ij/plugins/radial-profile.html).   For each radial linescan 572 

plot, five HA-GLUT4-GFP fragments were selected based on high HA-GLUT4-GFP intensity.  A 573 

circle with a radius of 40 pixels was applied to the fragment and centered on the peak of HA-574 

GLUT4-GFP fluorescence.  A plot of normalized integrated HA-GLUT4-GFP, SEC16A, and 575 

BFP-RAB10 fluorescence intensities around the circle (sum of integrated pixel values around 576 

circle/ total number of pixels) (y-axis) were plotted for each distance from the center of the circle 577 

(x-axis). 578 

HA-GLUT4-mEos3.2 photoconversion and live cell imaging.  Photoconversion of HA-579 

GLUT4-mEos3.2 and image collection was performed on a laser scanning microscope 580 

(LSM880; ZEISS) with incubation chamber using a 63x objective.  Green and red pre-581 

photoconversion images of a cell expressing HA-GLUT4-mEos3.2 were acquired by excitation 582 

with 488nm and 561nm lasers, respectively.  A high scan speed of 10, no averaging, and a low 583 

laser power of 0.2% were used to prevent photobleaching.  A designated section of the 584 

perinuclear region was then bleached with a 405nm laser at 20% power, scan speed of 7 for 12 585 

cycles.  Green and red post-photoconversion images of the cell expressing HA-GLUT4-586 

mEos3.2 were acquired every 2 minutes for a total of 20 minutes.  The definite focus option was 587 

used in attempt to prevent drift in the z axis.  For the average red intensity value in the 588 

photoconverted region at each time point post-photoconversion, the pre-photoconversion red 589 

intensity value was subtracted in MetaMorph.  Values were then normalized to the 0 minute 590 
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post-photoconversion value and the natural log taken.  After averaging across multiple cells, a 591 

linear curve fit was applied.  Statistical comparison of slopes was performed in Prism by 592 

calculating a two-tailed p value from testing the null hypothesis that the slopes are identical.  For 593 

the average green intensity value at each time point post-photoconversion, the pre-594 

photoconversion green intensity value was subtracted.  Values were then normalized to the 595 

negative value of the 0 minute time point post-photoconversion, and added to 1.  After 596 

averaging across multiple cells, an exponential curve fit was applied.   597 

 598 

Immuno-isolation of native GLUT4-containing compartments, SILAC mass spectrometry, 599 

and data processing.  Each pair-wise comparison was performed in inverted Forward and 600 

Reverse labeling conditions. 601 

For the WTvsF5Y comparison, the labeling design was i) Forward condition: WT HA-602 

GLUT4-GFP cells grown in light SILAC medium versus F5Y-HA-GLUT4-GFP cells grown in 603 

heavy SILAC medium and ii) Reverse condition: WT HA-GLUT4-GFP cells grown in heavy 604 

SILAC medium versus F5Y-HA-GLUT4-GFP cells grown in light SILAC medium.  605 

For the F5YvsF5A comparison, the labeling design was i) Forward condition: F5Y-HA-606 

GLUT4-GFP cells grown in light SILAC medium versus F5A-HA-GLUT4-GFP cells grown in 607 

heavy SILAC medium and ii) Reverse condition: F5Y-HA-GLUT4-GFP cells grown in heavy 608 

SILAC medium versus F5A-HA-GLUT4-GFP cells grown in light SILAC medium. 609 

The objective of this experiment was to identify by SILAC mass spectrometry proteins 610 

colocalized with GLUT4 in the perinuclear compartment based on enrichment with F5Y-GLUT4 611 

in immunoabsorption, not to identify all proteins in GLUT4-containing compartments.  Therefore, 612 

we did not include a control condition to identify proteins that are non-specifically absorbed 613 

during the immunoisolation. 614 

Stable isotope labeling of cultured cells.  Stable HA-GLUT4-GFP-expressing 3T3-L1 pre-615 

adipocytes were grown for 5 doublings and differentiated in Lysine (LYS) and Arginine (ARG)-616 

deficient DMEM (89985; Thermo Scientific), supplemented with 10% dialyzed FBS, and 42ug/ml 617 

of either LYS-HCL and ARG-HCL normal isotopes (Light SILAC medium) or with 13C6LYS and 618 
13C6LYS,15N4 ARG isotopes (Heavy SILAC medium) (89983 and 88210; Pierce) at 37°C in 5% 619 

CO2.  Under these conditions, the isotopes incorporation efficiency was higher than 95%, 620 

without detectable arginine to proline conversion.   621 

Immuno-isolation of GLUT4-containing compartments.  Day 5 post-differentiation, labeled 622 

stable HA-GLUT4-GFP-expressing 3T3-L1 adipocytes were incubated in serum-free either Light 623 

or Heavy SILAC media for 2 h at 37°C in 5% CO2 to establish basal GLUT4 retention. Cells 624 
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were washed one time with PBS, harvested into 1 ml of HES buffer (20mM HEPES, 1mM 625 

EDTA, 250mM sucrose, and protease inhibitors) and homogenized by subsequent passage 626 

through 22G1/2 and 27G1/2 syringes on ice. Total cell homogenates were cleared by successive 627 

centrifugations at 1000g for 10 minutes to remove unbroken cells, nuclei and fat. Protein 628 

concentration of both Light-cultured cells and Heavy-cultured cells was measured by BCA assay 629 

(23225; Thermo Scientific) and homogenates were mixed to a 1:1 ratio. HA-GLUT4-GFP-630 

containing compartments were isolated by incubation for 30 minutes at 4°C with magnetic GFP-631 

bound beads (130-091-125; Miltenyi Biotech). Beads were washed 5 times in PBS 632 

supplemented with protease inhibitors and absorbed material was eluted with elution buffer 633 

(50mM Tris HCl (pH6.08), 50 mM DTT, 1%SDS, 1nM EDTA, 0.005% bromophenol blue, 10% 634 

glycerol). 635 

LC-MS/MS and Bioinformatics analysis.  Eluates were resolved on 5-20% gradient SDS-636 

Page gel and subjected to in-gel digest followed by LC-MS/MS analysis as described (64).  637 

Peptide/spectrum matching as well as false discovery control (1% on the peptide and protein 638 

levels, both) and protein quantitation were performed using the MaxQuant suite of algorithms 639 

(65). We used the SILAC ratio of polypeptides in the immunoabsorbates to identify proteins 640 

enriched with F5Y-GLUT4. The comparisons of F5Y to WT and F5Y to F5A were performed twice, 641 

switching which sample was labeled with heavy amino acids.  We identified the proteins whose 642 

average ratios in the two F5Y vs WT and F5Y vs F5A experiments were greater than 1.3 fold with 643 

a ‘significance B’ (65) < 0.05, falling back on the method due to the small n. There were 508 644 

proteins enriched in the F5Y vs the combined WT and F5A data sets.  We used the merged data 645 

set for downstream computational analyses.  646 

  647 
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FIGURES & FIGURE LEGENDS 

 
 
Figure 1.  Proteomic analysis of GLUT4-containing perinuclear compartments. 
A. Representative Airyscan confocal single plane images of cells expressing wildtype (WT), F5Y-, or F5A-
HA-GLUT4-GFP and labeled for Syntaxin6 and TGN46 by IF.  B. Proteins identified in immunoabsorption 
experiments that are known to colocalize with GLUT4, rank based on summed signal intensity from 4 
immunoabsoprtion experiments.  C. Panther Gene Ontology (GO) cellular component analysis for 
localization of proteins increased in F5Y-GLUT4 compartments immunoadsorption.  D. Representative 
Airyscan confocal single plane images of cells expressing F5Y-HA-GLUT4-GFP mutant and labeled for 
LAMP1 by IF.  E. Fold increase of AP1 adaptin complex subunits, mannose 6-phosphate receptor (MPR), 
and copper transporter ATP7A in F5Y-GLUT4 compartments immunoadsorption. 
Bars, 5 µm.   
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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 Syntaxin6 by IF.  Cells treated with 200µM BCS, 
followed by treatment with 200µM copper or 1nM insulin as described in materials and methods.  Bars, 5 
µm.  B. Pearson’s correlation coefficient (r) for colocalization between GLUT4 and ATP7A in 3T3-L1 
adipocytes under BCS condition.  Individual cells ± SEM from N = 3 assays.  C. Quantification of percent 
overlap of ATP7A with Syntaxin6 under BCS, copper, and insulin-stimulated conditions in 3T3-L1 
adipocytes.  Individual cells ± SEM from N = 3 assays.  D. Representative experiment of quantification of 
PM to total HA-GLUT4-GFP in cells under BCS, copper, and insulin-stimulated conditions, as described in 
materials and methods.  Individual cells ± SEM.  AU, arbitrary units. 
*, p<0.05 compared to BCS condition, two-tailed unpaired t-test, nonnormalized raw data.   
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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 Syntaxin6 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 
material and methods.  *, indicates nucleus.  C. Quantification of PM to total HA-GLUT4-GFP or HA-
GLUT4-mEos3.2 as described in materials and methods. Serum starved cells stimulated with 10nM 
insulin. Values 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 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 stimulated 
with 10nM insulin, 1µM AKT inhibitor MK2206, or equivalent volume of DMSO, where indicated, as 
described in materials and methods.  Values normalized to value at time 0.  Mean normalized values ± 
SEM, N=5-6 assays, 4-7 cells per assay.  *, p<0.05 comparing basal and insulin-stimulated slopes.  †, 
p<0.05 comparing insulin + DMSO and insulin + MK2206-stimulated slopes.  F. Quantification of average 
green HA-GLUT4-mEos3.2 intensity in the photoconverted perinuclear region of live cells.  Prior to 
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photoconversion serum starved cells stimulated with 10nM insulin where indicated.  Values 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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Figure 4.  RAB10 colocalizes with HA-GLUT4-GFP and SEC16A at the perinuclear region. 
A and 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 stimulated with 1nM insulin.  Inset (white, dashed boxed region) displayed below.  Linescan 
plot is BFP-RAB10, HA-GLUT4-GFP, and SEC16A fluorescence intensity along a line (indicated by white 
arrow).  Values 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 and B. Representative Airyscan confocal single plane images of cells treated with 3µM nocodazole.  
Cells expressing HA-GLUT4-GFP and BFP-RAB10 and stained for endogenous SEC16A by IF.  Cells 
under (A) basal and (B) 1nM insulin-stimulated conditions.  Inset (white, dashed boxed region) displayed 
below.  Yellow arrows indicate the same position in each image.  Bars, 5 µm.  C and D. Images of the 
average HA-GLUT4-GFP, SEC16A, and BFP-RAB10 fluorescence intensity from 5 individual fragments, 
centered of HA-GLUT4-GFP, resulting from nocodazole treatment from the cells in A and B respectively.  
Radial linescan plot of images displayed below.  Values 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 3 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 3µM 
nocodazole in the presence of 200µM BCS.  Cells expressing HA-GLUT4-GFP and stained for 
endogenous ATP7A and Syntaxin6 by IF.  Inset (white, dashed boxed region) displayed below.  Yellow 
arrows indicate the same position in each image.  Bars, 5 µm.  G. Quantification of the fraction of BFP-
RAB10 in the perinuclear region of basal and 1nM insulin-stimulated cells ± addition of siRNA targeting 
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SEC16A.  N=7 assays ± SEM.  Dashed line connects data from individual assays.  *, p<0.05, two-tailed 
unpaired t-test, nonnormalized raw data.   
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AU, arbitrary units.   
 
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 live cells with stable knockdown of TBC1D4.   Cells expressing exogenous TBC1D4 where 
indicated.  Data from basal and insulin-stimulated wildtype cells (Fig. 3E) displayed.  Values normalized 
to value at time 0.  Mean normalized values ± SEM, N=3-4 assays, 5 cells per assay.  *, p<0.05 
comparing basal TBC1D4 KD and basal TBC1D4 KD + TBC1D4 slopes.  B. 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 10nM insulin stimulated conditions.   Data from basal and insulin-
stimulated wildtype cells (Fig. 3E) displayed.   Values normalized to value at time 0. Mean normalized 
values ± SEM, N=3-4 assays, 4-6 cells per assay.  *, p<0.05 comparing basal RAB10 KD and insulin-
stimulated RAB10 KD slopes.  C. 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.  D. 
Quantification of PM to total HA-GLUT4-GFP in serum starved cells stimulated with 1nm insulin. Values 
normalized to wildtype, insulin condition. N=2-6 assays ± SEM.  *, p<0.05 compared to wildtype insulin-
stimulated condition, two-tailed unpaired t-test, nonnormalized raw data.  E. Quantification of PM to total 
HA-GLUT4-GFP in serum starved cells stimulated with 1nm insulin. siRNA targeting RAB10 
electroporated where indicated, and 3µM nocodazole (or an equivalent volume of DMSO) added where 
indicated.  Values normalized to wildtype, insulin condition. N=5 assays ± SEM.  *, p<0.05 compared to 
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wildtype, insulin condition, †, p<0.05 compared to nocodazole, insulin condition, and ‡, p<0.05 compared 
to RAB10 KD, insulin condition, two-tailed paired t-test, nonnormalized raw data.   
AU, arbitrary units.   
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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 
trans-Golgi network (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 insulin responsive vesicles (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. 
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