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Inhibitors of RNA and protein
synthesis cause Glut4 translocation
and increase glucose uptake

in adipocytes

A. B. Meriin!, N. Zaarur?, J. S. Bogan? & K. V. Kandror***

Insulin stimulates glucose uptake in adipocytes by triggering translocation of glucose transporter
4-containg vesicles to the plasma membrane. Under basal conditions, these vesicles (IRVs for insulin-
responsive vesicles) are retained inside the cell via a “static” or “*dynamic” mechanism. We have
found that inhibitors of RNA and protein synthesis, actinomycin D and emetine, stimulate Glut4
translocation and glucose uptake in adipocytes without engaging conventional signaling proteins,
such as Akt, TBC1D4, or TUG. Actinomycin D does not significantly affect endocytosis of Glut4 or
recycling of transferrin, suggesting that it specifically increases exocytosis of the IRVs. Thus, the
intracellular retention of the IRVs in adipocytes requires continuous RNA and protein biosynthesis
de novo. These results point out to the existence of a short-lived inhibitor of IRV translocation thus
supporting the “static” model.

Elevated circulating glucose represents a hallmark of type 2 diabetes mellitus that leads to numerous diabetes
complications, such as neuropathy, retinopathy, amputations, etc.!. In mammals, clearing of blood glucose is
achieved by insulin-dependent translocation of the glucose transporter isoform 4, Glut4, to the plasma membrane
of fat and skeletal muscle cells. Multiple lines of independent evidence including various transgenic models*™*
and in vivo NMR studies® have proved that Glut4-mediated glucose uptake represents a rate-controlling step of
not just blood glucose control, but of overall insulin-stimulated glucose disposal.

In basal adipocytes, about 50% of all intracellular Glut4 is localized in insulin-responsive vesicles, or IRVs.
The rest of the transporter is distributed between various intracellular compartments that are not usually con-
sidered insulin-sensitive, such as endosomes, trans-Golgi network, and ubiquitous transport vesicles that shuttle
between different intracellular compartments®”. Less than 5% of Glut4 is localized in the plasma membrane, and
even smaller amounts in the biosynthetic pathway as Glut4 is normally a very stable protein and does not need
constant replenishment by de novo biosynthesis.

How exactly insulin triggers translocation of the IRV is not known. The best studied signaling pathway
involves PI 3 kinase, Akt, TBC1D4, and Rab10%°. However, the mechanism of TBC1D4/Rab10 action is still
unknown. These proteins may induce formation of the IRVs, their translocation to or fusion with the plasma
membrane. Importantly, TBC1D4/Rab10-mediated signaling accounts for approximately 50% of the total effect
of insulin on glucose uptake in adipocytes® leaving room for alternative or additional effectors.

Other PI 3 kinase-dependent and independent mechanisms of Glut4-mediated glucose uptake have been
described (reviewed in'?). For example, insulin activates a PI 3 kinase-independent TC10a-PIST pathway that
causes the proteolytic cleavage of the IRV anchor TUG by the protease USP25m''~!. It is not fully understood
whether various insulin signaling pathways converge on the same target and/or regulate different vesicle traf-
ficking steps. Although it has been shown that TBC1D4 is present on TUG-bound vesicles', the integration of
multiple non-overlapping pathways of insulin signaling into one general model remains, at present, uncertain.

It has also been shown that insulin administration to adipocytes causes dramatic changes in proteostasis. In
particular, insulin increases general protein synthesis and enhances protein stability'*. Whether or not the effect
of insulin on Glut4 translocation and glucose uptake requires alterations in the adipose proteome is unknown.
We decided to explore this question and obtained an unexpected answer. We have found that inhibitors of RNA
and protein synthesis stimulate translocation of Glut4 and glucose uptake in cultured 3T3-L1 adipocytes without
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engaging Akt, TBC1D4, or TUG. Our results indicate the existence of a critically important and relatively short-
lived protein(s) that may function as a long sought-after intracellular anchor for the IRVs. We hypothesize that
various seemingly independent effectors of Glut4 translocation may functionally inactivate this putative anchor
via different mechanisms, such as post-translational modifications (i.e. Akt-dependent phosphorylation) and/
or proteolytic degradation. This hypothesis may help to bring together various pathways of insulin signaling to
Glut4-vesicles into one general model.

Materials and methods

Reagents and antibodies. Human insulin and emetine and a-amanitin were purchased from Sigma-
Aldrich (St. Louis, MO); cytochalasin B, BODIPY 493/503, actinomycin D—from Cayman Chemical (Ann
Arbor, MI) and fetal bovine serum (FBS)—from Atlanta Biologicals (Lawrenceville, GA). Calf bovine serum
(CBS), ProLong® Gold antifade reagent with DAPI, Halt™ Protease and Phosphatase Inhibitor Cocktail, puro-
mycin, DMEM and DPBS—from Thermo Fisher Scientific (Waltham, MA). Deoxy-D-glucose, 2-[1,2-3H(N)]
was purchased from American Radiolabeled Chemicals (St. Louis, MO). Mouse monoclonal antibodies against
actin and myc tag, rabbit monoclonal antibody against phospho-TBC1D4 (Thr642), rabbit polyclonal antibod-
ies against the myc tag, phospho-Akt (Ser473 or Thr308), TBC1D4, HRP-conjugated anti-mouse and anti-rabbit
IgG were purchased from Cell Signaling Technology (Danvers, MA). Mouse monoclonal anti-syntaxin 6 anti-
body was purchased from BD Biosciences (Franklin Lakes, NJ). Mouse monoclonal antibody 1F8 against Glut4
was a kind gift of Dr. Paul Pilch. Rabbit polyclonal antibody against TUG were described previously''2. Mouse
monoclonal antibody against puromycin was purchased from EMD Millipore (Burlington, MA). Alexa Fluor
594-conjugated goat anti-mouse antibody, Alexa Fluor 488-conjugated goat anti-rabbit antibody and Alexa
Fluor 647-conjugated mouse transferrin were purchased from Jackson ImmunoResearch (West Grove, PA).

Cell Lines. 3T3-LI cells were obtained from Zen-Bio (Durham, NC). 3T3-L1 cells stably transfected with
pBabe-myc,-Glut4 were described previously'®. 3T3-L1 fibroblasts were grown in DMEM containing 10%
CBS. Three days after confluence, cells were transferred to the differentiation medium (DMEM with 10% FBS,
0.174 uM insulin, 1 uM dexamethasone, and 0.5 mM 3-isobutyl-1-methylxanthine). Three days later, differentia-
tion medium was replaced with DMEM containing 10% FBS for 4 more days until over 90% of differentiation
was achieved.

Immunofluorescence. Differentiated 3T3-L1 adipocytes were plated on coverslips coated with poly-lysine
(Neuvitro Corporation, Vancouver, WA) on the day preceding the experiment. Cells were fixed with 4% meth-
anol-free formaldehyde in DPBS for 12 min, blocked with 5% goat serum at 4 °C overnight, and stained with
primary antibodies for 2 h at room temperature followed by 1 h incubation with secondary antibody. Then, the
cells were stained with BODIPY and DAPI, mounted on slides with the ProLong Gold antifade reagent and
examined with the Axio Observer Z1 fluorescence microscope equipped with the Hamamatsu digital camera
C10600/ORCA-R2 and Axiovision 4.8.1 program (Carl Zeiss Inc., Thornwood, NY).

Each microscopic image shows a representative result of at least two independent experiments. In each experi-
ment, cells were counted on at least 5 randomly chosen fields. For quantifications, the intensity of all images
was reduced to the level, at which signal from the non-specific control (i.e. cells stained with irrelevant primary
antibody or without primary antibody) became undetectable. Scoring was blindly verified by an independent
operator.

Endocytosis of myc;-Glut4. Differentiated adipocytes stably expressing myc,-Glut4!® were plated on
glass-bottom plates (Cellvis, Mountain View, CA) coated with poly-lysine. Next day, cells were treated with ActD
and insulin. At the end of each treatment, cells were incubated with anti-myc monoclonal antibody (0.8 ug/ml)
in DMEM for 1 h on ice, washed twice with cold DMEM, and either immediately fixed with 4% formaldehyde,
or transferred to pre-warmed (37 °C) DMEM for 5 min before fixation. Cells were fixed with cold 4% formal-
dehyde in DPBS for 5 min on ice, and then fixation continued at room temperature for 15 more minutes. Cells
were permeabilized with 0.2% Triton X-100 for 5 min, blocked with 5% goat serum overnight and stained with
Alexa Fluor 594-conjugated anti-mouse secondary antibody.

Recycling of transferrin. To measure endocytosis of transferrin, differentiated 3T3-L1 adipocytes were
incubated with Alexa Fluor® 647 mouse transferrin (25 ug/ml) in DMEM for 7.5 or 15 min at 37 °C, washed
twice with DPBS at 37 °C, fixed, and analyzed by immunofluorescence at the same exposure. To measure exo-
cytosis of transferrin, differentiated 3T3-L1 adipocytes treated or not treated with ActD were incubated for 4 h
with Alexa Fluor® 647 mouse transferrin (25 pg/ml) in DMEM at 37 °C, washed twice with DMEM with 10%
FBS, incubated in the same medium for 10 and 20 min at 37 °C, fixed and stained with DAPI. Percentage of
transferrin-containing cells was determined by immunofluorescence at the same exposure.

[*H] 2-Deoxyglucose uptake. The assay was performed in 6-well plates as described in'®. Briefly, cells
were washed three times with DMEM, starved in the same medium for 2 h, washed twice with warm (37 °C)
Krebs-Ringer-HEPES (KRH) buffer without glucose (121 mM NaCl, 4.9 mM KCl, 1.2 mM MgSO,, 0.33 mM
CaCl,, 12 mM HEPES, pH 7.4) and incubated with or without 100 nM insulin at 37 °C for 13 min. Radioac-
tive 2-deoxyglucose was added to adipocytes for 5 min. The assay was terminated by aspirating the radioactive
media, and the wells were washed four times with 2 ml of ice-cold KRH containing 25 mM D-glucose. Then, 400
uL of RIPA buffer (150 mM Nacl, 0.5% Sodium Deoxycholate, 0.1% SDS, 1% NP-40P, 50 mM Tris—-HCI, pH 7.4)
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Figure 1. Actinomycin D increases glucose uptake in adipocytes without engaging the insulin signaling
pathway. ActD (5 uM) was added to differentiated 3T3-L1 adipocytes for the indicated amount of time and cells
were assayed for glucose uptake in the absence and in the presence of insulin (Panel A) or analyzed by Western
blotting (Panels B and C). The error bars represent standard deviations. Panel B shows two different exposures.

was added to each well. The lysates were transferred to Eppendorf tubes, subjected to ultra sonication, and 300 ul
aliquots were removed for determination of radioactivity by liquid scintillation counting. Measurements were
made in triplicates. Nonspecific diffusion assessed in the presence of 5 pM cytochalasin B, which was<5% of
the total uptake, was subtracted. The protein concentration in the lysates was determined using the BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA) and was used to normalize counts. All 2-deoxyglucose uptake
experiments have been repeated at least three times.

Gel electrophoresis and Western blotting. Proteins were separated in SDS-polyacrylamide gels and
transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA). The membranes were blocked
with 3% BSA in TBST buffer with 0.1% Tween-20 for 30 min and cut prior to hybridization with various anti-
bodies using pre-stained markers as guides. Membrane strips were probed overnight with specific primary
antibodies at 4 °C followed by 1 h incubation at room temperature with horseradish peroxidase-conjugated
secondary antibodies. Protein bands were detected with the enhanced chemiluminescence substrate kit (Pierce
ECL Western Blotting Substrate, Thermo Fisher Scientific, Waltham, MA) using X-ray films and/or a Bio-Rad
ChemiDoc™ XRS + System (Hercules, CA). Scanned images were cropped for the sake of space. Unprocessed
images are shown in Supplemental Data. All Western blotting images are representative of at least two independ-
ent experiments.

Results

In order to assess whether glucose uptake in 3T3-L1 adipocytes depends on continuous gene expression, we
have incubated cells with the transcription inhibitor actinomycin D (ActD). We observed that ActD strongly
increases glucose uptake in basal 3T3-L1 adipocytes in a time-dependent fashion. After 27 h incubation, the
effect of ActD is virtually indistinguishable from that of insulin (Fig. 1A). Interestingly, the effects of insulin and
ActD on glucose uptake in adipocytes are not additive; we suggest therefore that the insulin signaling pathway
may involve an ActD-sensitive component(s). Furthermore, ActD does not trigger phosphorylation of Akt
and TBC1D4 or markedly interfere with the effect of insulin on phosphorylation of these proteins (Fig. 1B; for
original files see Fig. S1) indicating that ActD treatment may affect downstream element(s) of the signaling
pathway(s). Even so, we have noticed that after 27 h, ActD attenuates insulin-stimulated phosphorylation of Akt
and TBC1D4. Therefore, for further experiments, we used an 18 h long incubation with ActD in order to avoid
potential artifacts. Note, that incubation with ActD for up to 18 h does not change intracellular Glut4 levels
(Fig. 1C). We have confirmed that 18 h and 27 h long incubation of 3T3-L1 adipocytes with another inhibitor of
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transcription, a-amanitin, also increases basal glucose uptake (Fig. S2A) without activating the insulin signaling
pathway (Fig. S2B).

To determine whether ActD-induced increase in glucose uptake is mediated by Glut4, we have incubated
adipocytes with a specific inhibitor of Glut4, indinavir'’, as is shown in Fig. 2A, indinavir suppresses ActD-
and insulin-stimulated glucose uptake with the same potency suggesting that both processes are mediated by
Glut4. To confirm this result, we have used 3T3-L1 adipocytes stably expressing Glut4 tagged with seven myc
epitopes in the first extracellular loop'. In non-permeabilized cells, only myc,-Glut4 that is integrated into the
plasma membrane is accessible to anti-myc antibody. Figures 2B,C shows that both ActD and insulin induce
translocation of myc,-Glut4 to the cell surface. Of note, that ActD does not affect the general structure of a
major intracellular Glut4-containing compartment, the TGN'8-2°, marked with syntaxin 6 (Fig. 2D). Therefore,
accumulation of Glut4 at the plasma membrane is unlikely to be explained simply by disintegration of the TGN
upon ActD treatment.

Redistribution of Glut4 from its intracellular compartment(s) to the plasma membrane may be caused either
by activation of Glut4 exocytosis or by inhibition of its endocytosis. Indeed, an inhibitor of Glut4 endocytosis,
nystatin®', increases glucose uptake in adipocytes. However, the effect of nystatin on glucose uptake is signifi-
cantly smaller, than the effect of either insulin or ActD (Fig. 3A) suggesting that both insulin and ActD increase
exocytosis of the transporter.

To further explore a potential effect of ActD on Glut4 endocytosis, we have analyzed internalization of
myc,-Glut4 in insulin- and ActD treated cells. After ActD or insulin treatments, adipocytes were incubated with
monoclonal anti-myc antibody for 1 h on ice. Under these conditions, internalization of Glut4 is suppressed, and
the antibody will bind only to extracellular myc epitopes of tagged Glut4 at the plasma membrane. As is seen in
Fig. 3B, this is observed in 60-70% of either insulin- or ActD-treated adipocytes (0 min conditions). Other cells
demonstrate at least partial intracellular localization of myc,-Glut4 which may reflect an incomplete inhibition
of internalization, or disruption of the plasma membrane upon cooling of adipocytes, or some other technical
limitations of the approach.

Increasing the temperature to 37 °C for 5 min (5 min conditions in Fig. 3B) results in rapid internalization of
myc,-Glut4 from the plasma membrane, leaving only about 30% of the insulin-treated and 5% of ActD-treated
cells with the exclusive plasma membrane antibody staining. Correspondingly, in 40% of insulin-treated and
in 70% of ActD-treated adipocytes the antibody has been completely internalized (Fig. 3B). These results sug-
gest that endocytosis of Glut4 proceeds more efficiently in ActD-treated cells in comparison to insulin-treated
cells and are consistent with earlier publications showing an inhibitory effect of insulin on Glut4 endocytosis in
adipocytes (reviewed in??).

Endocytosis of Glut4 in basal adipocytes is difficult to study due to the very low abundance of the transporter
at the plasma membrane in unstimulated cells. Therefore, we have tested the effect of ActD on endocytosis of
transferrin, which shares the same clathrin- and AP-2-mediated endocytic pathway as Glut4*'-%*. Our analysis
did not show any significant difference in endocytosis of Alexa Fluor 647-conjugated mouse transferrin between
ActD-treated and non-treated adipocytes (Fig. 4A). In either case, after 7.5 min, Alexa Fluor 647-transferrin was
found primarily (i.e. in ~ 60% of cells) in peripheral early endosomes. After 15 min, most Alexa Fluor 647-trans-
ferrin reaches perinuclear recycling endosomes. Of note, we did not observe any effect of ActD on the general
intracellular distribution of Alexa Fluor 647-transferrin. This suggests that incubation with ActD does not lead to
significant changes in the major intracellular membrane compartments traversed by recycling Glut4—endosomes
(marked with Alexa Fluor 647-transferrin, Fig. 4A) and TGN (marked with syntaxin 6, Fig. 2D). Together, the
data in Figs. 3 and 4A indicate that the effect of ActD on the plasma membrane accumulation of Glut4 can be
attributed primarily to an increase in exocytosis of the transporter.

Importantly, ActD has no effect on exocytosis of transferrin from 3T3-L1 adipocytes. In this experiment
(Fig. 4B), ActD-treated and untreated (control) adipocytes were loaded with Alexa Fluor 647-transferrin for
4 h, washed, and chased for 10 and 20 min at 37 °C. We did not detect any statistical difference in the number of
Alexa Fluor 647-transferrin-positive cells between the two groups suggesting that the ActD-sensitive component
is specifically involved in exocytosis of the IRVs.

The effect of ActD on Glut4 translocation and glucose uptake may be associated with the depletion of a
relatively short-lived protein(s) that, in basal adipocytes, acts as an intracellular anchor of the IRVs. To test
this possibility, we examined the impact of the inhibitor of protein translation, emetine and found that it also
increases glucose uptake in 3T3-L1 adipocytes (Fig. 5A) without affecting intracellular levels of Glut4?. Interest-
ingly, emetine is less effective in activating glucose uptake in adipocytes, than ActD despite being more efficient
in inhibition of global protein synthesis (Fig. S3). This may be explained by an adverse action of emetine on
functionally important proteins, other than Akt and TBC1D4 as neither emetine nor ActD change total levels or
phosphorylation of TBC1D4 in adipocytes (Fig. 5B). Similarly to ActD, emetine does not interfere with the effect
of insulin on phosphorylation of Akt or TBC1D4 (Fig. 5B; for original files see Fig. S4), and the effects of emetine
and insulin on glucose uptake are not additive (Fig. 5C). In addition, emetine does not potentiate the effect of
ActD on glucose uptake (Fig. 5D). Notably, the effect of emetine on glucose uptake reaches its maximum in 3-6 h,
i.e. emetine works faster than ActD. This difference may be attributed to the half-life of relevant mRNA(s) and
protein(s). In general, data shown in Fig. 5 suggest that ActD and emetine act via the same mechanism, and that
this may involve depletion of the same protein component(s).

One well-characterized protein that functions as an intracellular anchor for the IRVs is TUG. Since insulin
triggers proteolysis of TUG by the protease USP25m via a PI 3 kinase-independent TC10a-PIST pathway'!-"3,
this protein represents a good candidate for the putative ActD- and emetine-sensitive inhibitor of the IRV traffic
revealed in our study. However, we have not detected any depletion of total (Fig. 6; for original files see Fig. S5)
or membrane-associated (not shown) TUG under our experimental conditions.
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Figure 2. Actinomycin D-dependent upregulation of glucose uptake in adipocytes is mediated by Glut4. Panel (A):
Differentiated 3T3-L1 adipocytes were treated or not treated with ActD (5 uM) for 18 h or insulin (100 nM) for 15 min and
assayed for glucose uptake. Indinavir (50 M) was added to the indicated samples 4 h before the glucose uptake assay and
preserved throughout the assay. The error bars represent standard deviations. Panel (B): Differentiated 3T3-L1 adipocytes
stably expressing myc,-Glut4 were treated or not treated with ActD (5 uM) for 18 h or insulin (100 nM) for 15 min, fixed
and stained with anti-myc monoclonal antibody, Alexa Fluor 594-conjugated goat anti-mouse secondary antibody and DAPI
without permeabilization. Representative images were obtained at the same exposure. The space bar corresponds to 50 pM.
Panel (C): Quantification of results shown in panel B. The error bars represent standard deviations. Panel (D): Adipocytes
stably expressing myc,-Glut4 were treated or not treated with ActD (5 uM) for 18 h or insulin (100 nM) for 15 min, fixed,
and permeabilized. myc,-Glut4 was visualized with rabbit anti-myc antibody and Alexa Fluor 488-conjugated goat anti-rabbit
antibody. Syntaxin 6 was stained with monoclonal anti-syntaxin 6 antibody and Alexa Fluor 594-conjugated goat anti-mouse
antibody. Representative images were obtained at the same exposure. The space bar corresponds to 20 uM.

Scientific Reports|  (2022) 12:15640 | https://doi.org/10.1038/s41598-022-19534-5 nature portfolio



www.nature.com/scientificreports/

>

500

400

300

200

glucose uptake (pmol/mgXmin)

100

control ActD insulin nyst-2h nyst-6h

>
1}
3 O

_|_

O O0min
E5min

(-]
o

[,
o

40

30

20

10

cells with the indicated phenotype (%)

PM+IC

insulin
g 60
] -
o
£ %0 OO0min
] @ 5min
S 40
T
2
S
T
£
[
£
£
E
]
3
PM+IC IC

20pm

Figure 3. Efficient endocytosis of Glut4 in Actinomycin D-treated adipocytes. Panel (A): Glucose uptake in
differentiated 3T3-L1 adipocytes treated or not treated with ActD (5 puM) for 18 h, insulin (100 nM) for 15 min,
or nystatin (50 pg/ml) for 2 h and 6 h. The error bars represent standard deviations. Panel (B): Endocytosis of
myc,-Glut4 in adipocytes treated with ActD (5 uM) for 18 h and insulin (100 nM) for 15 min was measured

as described in Materials and Methods. Briefly, anti-myc monoclonal antibody was added for 1 h on ice to
adipocytes stably expressing myc,-Glut4. Then, cells were either fixed with 4% formaldehyde (0 min), or
transferred to pre-warmed DMEM for 5 min at 37 °C before fixation (5 min). Fixed cells were stained with
Alexa Fluor 594-conjugated anti-mouse secondary antibody. PM—the antibody is almost exclusively associated
with plasma membrane; IC—intracellular localization of the antibody, no detectable association with the plasma
membrane; PM +IC—mixed phenotype. The error bars represent standard deviations. Representative images of
cells with attributed phenotypes are shown at the bottom.
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Figure 4. Actinomycin D does not affect recycling of transferrin in 3T3-L1 adipocytes. Panel (A): 3T3-L1 adipocytes were pre-treated
or not with ActD (5 uM) for 18 h, and endocytosis of transferrin was measured for 7.5 and 15 min at 37 °C as described in Materials
and Methods. Dispersed—no preferential localization of puncta in the perinuclear area; dispersed + perinuclear — significant fraction of
puncta is localized in the perinuclear area. The error bars represent standard deviations. Representative images of cells with attributed
phenotypes are shown at the bottom. Panel (B): Exocytosis of transferrin was measured in 3T3-L1 adipocytes treated or not treated
with ActD (5 uM) for 18 h as described in “Materials and methods” section. The error bars represent standard deviations.
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Figure 5. Emetine increases glucose uptake without engaging the insulin signaling pathway. Panel (A):
differentiated 3T3-L1 adipocytes were incubated without (con) or with emetine (Em, 20 uM) and ActD (5 uM)
for the indicated amount of time and assayed for glucose uptake. The error bars represent standard deviations.
Panel (B): adipocytes were treated with emetine and ActD similar to samples in Panel (A), and the lysates from
duplicate wells were analyzed by Western blotting. The panel represents a combined image of four different gels
as indicated on the left. Loading controls (actin) shows equal loading and exposures. Panel (C): differentiated
3T3-L1 adipocytes were incubated without (con) or with emetine (Em, 20 pM, 6 h) and subjected to the glucose
uptake assay in the absence and in the presence of insulin (100 nM, 15 min). The error bars represent standard
deviations. Panel (D): Differentiated 3T3-L1 adipocytes were incubated in the absence (con) and in the presence
of emetine (Em, 20 pM, 6 h), ActD (5 uM, 18 h), and combination of the drugs (5 uM ActD for 18 h and 20 pM
of emetine for the last 6 h) as indicated and assayed for glucose uptake. The error bars represent standard
deviations.
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Figure 6. Actinomycin D and emetine do not affect proteolysis of TUG. Differentiated 3T3-L1 adipocytes were
incubated in the absence and in the presence of emetine (20 uM) or ActD (5 uM) as indicated and the lysates
from duplicate wells were analyzed by Western blotting. The asterisks mark the position of the full-length TUG
(*) and its C-terminal proteolytic fragment (**). The positions of molecular weight markers are shown on the
right.

Discussion

The best studied routes of insulin signaling to the IRV involve Akt-TBC1D4*° and TC10a-PIST-TUG!*". We
have shown that inhibition of protein biosynthesis stimulate translocation of Glut4 and glucose uptake in adi-
pocytes in an apparent Akt- and TUG-independent fashion. Our results do not negate the role of the established
signaling mechanisms, but rather uncover a novel aspect of the “Glut4 pathway”. Specifically, the data demonstrate
that the intracellular retention of Glut4 requires de novo RNA and protein biosynthesis.

Currently, there are two general models that describe insulin-stimulated translocation of Glut4 (reviewed
in®). According to one, “dynamic”, model, Glut4 slowly cycles between its intracellular compartments and the
plasma membrane with insulin somehow increasing its exocytic rate and, possibly, slowing down its endocytosis.
An alternative, “static’, model suggests that, under basic conditions, fusion of the IRV's with the plasma membrane
is arrested by an as yet unknown mechanism and insulin lifts this block possibly by removing or inactivating a
putative “intracellular anchor” of the IRVs.

One way to interpret our data is to suggest that there is an additional yet unidentified protein that is involved
in intracellular anchoring of the IRVs. Under basal conditions, this protein should have relatively short half-life
(less than 3 h as is indicated by data shown in Fig. 5A). In other words, it should undergo rapid degradation and
be continuously replenished by de novo biosynthesis. Since ActD and emetine do not increase insulin-stimulated
glucose uptake, we suggest that the insulin signaling pathway involves this ActD/emetine-sensitive anchor. It
should be located downstream from Akt/TBC1D4 and TUG, as neither phosphorylation of Akt/TBC1D4 nor
proteolytic cleavage of TUG is affected by the inhibitors. Insulin may inactivate this anchor either by phospho-
rylation via the PI 3 kinase/ Akt-dependent mechanism or by controlled proteolysis via a PI 3 kinase-independent
TC10a-PIST pathway. It is also possible that insulin acts to stimulate degradation of this putative anchor via Akt-
dependent proteolysis?. At present, it is difficult to distinguish between these models as standard experimental
methods, such as protein ablation and over-expression, represent major intrusions into adipose proteostasis that
can tip the balance between phosphorylation and proteolysis or even totally mask the regulatory input of either
pathway thus generating controversies.

In basal adipocytes, virtually all “movable” Glut4 is pre-sorted into the slow-recycling IRVs*. Upon insulin
stimulation, these IRV's are mobilized directly to the plasma membrane, as assessed using total internal reflec-
tion fluorescence microscopy?. Thus, no Glut4 sorting is required for the initial translocation event. It is feasible
that after the first round of translocation, sorting into the slow pathway (for example, formation of the IRVs)
may be compromised. In this scenario, ActD and emetine should have at least two independent targets: initial
translocation followed by impaired sorting, which is less likely from our standpoint. Thus, we think that our
results are more consistent with the “static” model of IRV retention.

If there is an additional, short-lived protein that is required for intracellular anchoring of the IRVs, then
how might such a protein be identified? siRNA- or CRISPR/Cas9-based screening combined with proteomic
approaches could be the most direct and unbiased way to do this but would likely be technically challenging.
Alternatively, a candidate approach can be taken. The effect of ActD and emetine is similar to that of TUG
knockdown or deletion!>**. In both instances, little or no further effect of insulin was observed. The specificity
of the effect for GLUT4, and not for endosomal proteins such as transferrin receptor, is also similar. Therefore,
it is likely that ActD and emetine regulate the same vesicles that are trapped intracellularly by intact TUG, and
that are mobilized upon insulin-stimulated TUG cleavage. In deletion analyses using transfected cells, the TUG
C-terminus was required for Glut4 intracellular retention''. Therefore, an alternative approach would be to test
candidates and/or to screen for proteins that bind the TUG C-terminus.

Can the effect of ActD and emetine on glucose uptake be attributed solely to increased translocation of
Glut4? At present, this question is difficult to answer since, for technical reasons, the correlation between glucose
uptake and Glut4 translocation has been established qualitatively rather than quantitatively’!. Within the frame
of this ambiguity, various possibilities can be discussed. For example, it has been proposed that during steady
state conditions of maximal insulin stimulation in muscle, some control over the overall rate of glucose uptake
is shifted to the 6-phosphorylation of glucose by hexokinase, which traps glucose intracellularly®. Thus, one can
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envision that inhibitors might somehow enhance the phosphorylation of 2-deoxyglucose by hexokinase. How-
ever, we measure 2-deoxyglucose uptake using an incubation period of only 5 min. Under these conditions, any
significant input of hexokinase is unlikely. Furthermore, incubation with ActD or emetine should, if anything,
decrease intracellular levels of hexokinase; such an effect would not increase glucose uptake.

In recent years, most research efforts directed towards understanding insulin resistance have focused on
potential defects in proximal steps of the canonical insulin signaling pathway™. In particular, Ser/Thr phospho-
rylation of IRS1 counter regulatory to insulin signaling has been observed in multiple experimental contexts*.
However, these upstream IRS phosphorylation events do not necessarily correlate with decreased glucose
uptake®>. Moreover, other studies show that type 2 diabetic patients and their first-degree relatives can have
impaired glucose transport despite normal Akt phosphorylation (see, for example®’~*). In addition, genetic
ablation of Akt is not sufficient to induce insulin resistance or prevent glucose uptake in skeletal muscle®. We
believe therefore, that identification of the downstream trafficking inhibitor proposed in our study may help
to explain the molecular nature of insulin resistance and promote development of novel treatment modalities.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.

Received: 25 March 2022; Accepted: 30 August 2022
Published online: 19 September 2022

References
1. Kroemer, G., Lopez-Otin, C., Madeo, E. & de Cabo, R. Carbotoxicity-noxious effects of carbohydrates. Cell 175, 605-614 (2018).
2. Charron, M. J,, Katz, E. B. & Olson, A. L. GLUT4 gene regulation and manipulation. J. Biol. Chem. 274, 3253-3256 (1999).
3. Minokoshi, Y., Kahn, C. R. & Kahn, B. B. Tissue-specific Ablation of the GLUT4 glucose transporter or the insulin receptor chal-
lenges assumptions about insulin action and glucose homeostasis. J. Biol. Chem. 278, 33609-33612 (2003).
4. Graham, T. & Kahn, B. Tissue-specific alterations of glucose transport and molecular mechanisms of intertissue communication
in obesity and type 2 diabetes. Hormone Metab. Res. 39(10), 717-721. https://doi.org/10.1055/s-2007-985879 (2007).
5. Shulman, G. I. Cellular mechanisms of insulin resistance. J. Clin. Invest. 106, 171-176 (2000).
6. Slot, S. W,, Geuze, H. J., Gigengack, S., Lienhard, G. E. & James, D. E. Immuno-localization of the insulin-regulatable glucose
transporter in brown adipose tissue of the rat. J. Cell Biol. 113, 123-135 (1991).
7. Kupriyanova, T. A., Kandror, V. & Kandror, K. V. Isolation and characterization of the two major intracellular Glut4 storage com-
partments. J. Biol. Chem. 277, 9133-9138 (2002).
8. Klip, A., McGraw, T. E. & James, D. E. Thirty sweet years of GLUTA4. J. Biol. Chem. 294, 11369-11381 (2019).
9. Fazakerley, D. J., Koumanov, E & Holman, G. D. GLUT4 On the move. Biochem. J. 479, 445-462 (2022).
10. Bogan, J. S. Regulation of glucose transporter translocation in health and diabetes. Annu. Rev. Biochem. 81, 507-532 (2012).
11. Bogan, J. S., Hendon, N., McKee, A. E., Tsao, T. S. & Lodish, H. E. Functional cloning of TUG as a regulator of GLUT4 glucose
transporter trafficking. Nature 425, 727-733 (2003).
12. Bogan, J. S. et al. Endoproteolytic cleavage of TUG protein regulates GLUT4 glucose transporter translocation. J. Biol. Chem. 287,
23932-23947 (2012).
13. Habtemichael, E. N. et al. Usp25m protease regulates ubiquitin-like processing of TUG proteins to control GLUT4 glucose trans-
porter translocation in adipocytes. J. Biol. Chem. 293, 10466-10486 (2018).
14. Minard, A. Y. et al. Hyperactivation of the insulin signaling pathway improves intracellular proteostasis by coordinately up-
regulating the proteostatic machinery in adipocytes. J. Biol. Chem. 291, 25629-25640 (2016).
15. Shi, J. & Kandror, K. V. Sortilin is essential and sufficient for the formation of Glut4-storage vesicles in 3T3-L1 adipocytes. Dev.
Cell 9, 99-108 (2005).
16. Shi, J. & Kandror, K. V. Study of glucose uptake in adipose cells. Methods Mol. Biol. 456, 307-315 (2008).
17. Murata, H., Hruz, P. W. & Mueckler, M. Indinavir inhibits the glucose transporter isoform Glut4 at physiologic concentrations.
AIDS 16, 859-863 (2002).
18. Bryant, N. ], Govers, R. & James, D. E. Regulated transport of the glucose transporter glut4. Nat. Rev. Mol. Cell Biol. 3, 267-277
(2002).
19. Shewan, A. M. et al. GLUT4 recycles via a trans-Golgi network (TGN) subdomain enriched in Syntaxins 6 and 16 but not TGN38:
Involvement of an acidic targeting motif. Mol. Biol. Cell 14, 973-986 (2003).
20. Shi, J., Huang, G. & Kandror, K. V. Self-assembly of Glut4 storage vesicles during differentiation of 3T3-L1 adipocytes. J. Biol.
Chem. 283, 30311-30321 (2008).
21. Blot, V. & McGraw, T. E. GLUT4 is internalized by a cholesterol-dependent nystatin-sensitive mechanism inhibited by insulin.
EMBO J. 25, 5648-5658 (2006).
22. Antonescu, C. N., Foti, M., Sauvonnet, N. & Klip, A. Ready, set, internalize: Mechanisms and regulation of GLUT4 endocytosis.
Biosci. Rep. 29, 1-11 (2009).
23. Huang, S. et al. Insulin stimulates membrane fusion and GLUT4 accumulation in clathrin coats on adipocyte plasma membranes.
Mol. Cell Biol. 27, 34563469 (2007).
24. Pan, X., Zaarur, N., Singh, M., Morin, P. & Kandror, K. V. Sortilin and retromer mediate retrograde transport of Glut4 in 3T3-L1
adipocytes. Mol. Biol. Cell 28, 1667-1675 (2017).
25. Larance, M., Ramm, G. & James, D. E. The GLUT4 code. Mol. Endocrinol. 22, 226-233 (2008).
26. Noguchi, M., Hirata, N. & Suizu, F. The links between AKT and two intracellular proteolytic cascades: Ubiquitination and
autophagy. Biochem. Biophys. Acta. 1846, 342-352 (2014).
27. Bogan, J. S. & Kandror, K. V. Biogenesis and regulation of insulin-responsive vesicles containing GLUT4. Curr. Opin. Cell Biol. 22,
506-512 (2010).
28. Xu, Y. et al. Dual-mode of insulin action controls GLUT4 vesicle exocytosis. J. Cell Biol. 193, 643-653 (2011).
29. Yu, C, Cresswell, J., Loffler, M. G. & Bogan, J. S. The glucose transporter 4-regulating protein TUG is essential for highly insulin-
responsive glucose uptake in 3T3-L1 adipocytes. J. Biol. Chem. 282, 7710-7722 (2007).
30. Habtemichael, E. N. et al. Insulin-stimulated endoproteolytic TUG cleavage links energy expenditure with glucose uptake. Nat.
Metab. 3, 378-393 (2021).
31. Kandror, K. V. A long search for Glut4 activation. Sci. STKE 2003, PE5 (2003).
32. Wasserman, D. H. Insulin, muscle glucose uptake, and hexokinase: Revisiting the road not taken. Physiology 37, 115-127 (2022).

Scientific Reports |

(2022) 12:15640 | https://doi.org/10.1038/s41598-022-19534-5 nature portfolio


https://doi.org/10.1055/s-2007-985879

www.nature.com/scientificreports/

33. Taniguchi, C. M., Emanuelli, B. & Kahn, C. R. Critical nodes in signalling pathways: Insights into insulin action. Nat. Rev. Mol.
Cell Biol. 7, 85-96 (2006).

34. Boura-Halfon, S. & Zick, Y. Phosphorylation of IRS proteins, insulin action, and insulin resistance. Am. J. Physiol. Endocrinol.
Metab. 296, E581-591 (2009).

35. Hoehn, K. L. et al. IRS1-independent defects define major nodes of insulin resistance. Cell Metab. 7, 421-433 (2008).

36. Copps, K. D. et al. Irs1 serine 307 promotes insulin sensitivity in mice. Cell Metab. 11, 84-92 (2010).

37. Karlsson, H. K., Ahlsen, M., Zierath, J. R., Wallberg-Henriksson, H. & Koistinen, H. A. Insulin signaling and glucose transport in
skeletal muscle from first-degree relatives of type 2 diabetic patients. Diabetes 55, 1283-1288 (2006).

38. Kim, Y. B., Nikoulina, S. E., Ciaraldi, T. P,, Henry, R. R. & Kahn, B. B. Normal insulin-dependent activation of Akt/protein kinase
B, with diminished activation of phosphoinositide 3-kinase, in muscle in type 2 diabetes. J. Clin. Invest. 104, 733-741 (1999).

39. Ramos, P. A. et al. Insulin-stimulated muscle glucose uptake and insulin signaling in lean and obese humans. J. Clin. Endocrinol.
Metab. 106, e1631-e1646 (2021).

40. Jaiswal, N. et al. The role of skeletal muscle Akt in the regulation of muscle mass and glucose homeostasis. Mol. Metab. 28, 1-13
(2019).

Acknowledgements
This work was supported by research Grant RO1DK129466 to ].S.B. and RO1DK52057 from the NIH to K.V.K.

Author contributions
AM: Investigation, editing, N.Z.: investigation, J.B.: conceptualization, methodology, K.K.: conceptualization,
methodology, writing—reviewing and editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-19534-5.

Correspondence and requests for materials should be addressed to K.V.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:15640 | https://doi.org/10.1038/s41598-022-19534-5 nature portfolio


https://doi.org/10.1038/s41598-022-19534-5
https://doi.org/10.1038/s41598-022-19534-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Inhibitors of RNA and protein synthesis cause Glut4 translocation and increase glucose uptake in adipocytes
	Materials and methods
	Reagents and antibodies. 
	Cell Lines. 
	Immunofluorescence. 
	Endocytosis of myc7-Glut4. 
	Recycling of transferrin. 
	[3H] 2-Deoxyglucose uptake. 
	Gel electrophoresis and Western blotting. 

	Results
	Discussion
	References
	Acknowledgements


