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Enhanced Fasting Glucose Turnover in Mice with Disrupted
Action of TUG Protein in Skeletal Muscle”
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specific glucose uptake during fasting.

\_

(Background: Insulin stimulates endoproteolytic cleavage of TUG proteins to promote glucose uptake in cultured adi-
pocytes, but the role of this pathway in muscle is uncharacterized.
Results: Transgenic mice with constitutive and unregulated TUG cleavage in muscle had increased whole-body and muscle-

Conclusion: Insulin acts through TUG to control glucose uptake in muscle.
Significance: Understanding insulin action will elucidate diabetes pathogenesis.
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Insulin stimulates glucose uptake in 3T3-L1 adipocytes in
part by causing endoproteolytic cleavage of TUG (tether con-
taining a ubiquitin regulatory X (UBX) domain for glucose
transporter 4 (GLUT4)). Cleavage liberates intracellularly
sequestered GLUT4 glucose transporters for translocation to
the cell surface. To test the role of this regulation in muscle, we
used mice with muscle-specific transgenic expression of a trun-
cated TUG fragment, UBX-Cter. This fragment causes GLUT4
translocation in unstimulated 3T3-L1 adipocytes. We predicted
that transgenic mice would have GLUT4 translocation in muscle
during fasting. UBX-Cter expression caused depletion of PIST
(PDZ domain protein interacting specifically with TC10), which
transmits an insulin signal to TUG. Whereas insulin stimulated
TUG proteolysis in control muscles, proteolysis was constitutive
in transgenic muscles. Fasting transgenic mice had decreased
plasma glucose and insulin concentrations compared with con-
trols. Whole-body glucose turnover was increased during fast-
ing but not during hyperinsulinemic clamp studies. In muscles
with the greatest UBX-Cter expression, 2-deoxyglucose uptake
during fasting was similar to that in control muscles during
hyperinsulinemic clamp studies. Fasting transgenic mice had
increased muscle glycogen, and GLUT4 targeting to T-tubule
fractions was increased 5.7-fold. Whole-body oxygen consump-
tion (VO,), carbon dioxide production (VCO,), and energy
expenditure were increased by 12—13%. After 3 weeks on a high
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fat diet, the decreased fasting plasma glucose in transgenic mice
compared with controls was more marked, and increased glu-
cose turnover was not observed; the transgenic mice continued
to have an increased metabolic rate. We conclude that insulin
stimulates TUG proteolysis to translocate GLUT4 in muscle,
that this pathway impacts systemic glucose homeostasis and
energy metabolism, and that the effects of activating this path-
way are maintained during high fat diet-induced insulin resis-
tance in mice.

Glucose transport into cells is the main, rate-controlling step
for overall glucose utilization in skeletal muscle. Transport is
mediated primarily by GLUT4? transporters and is dysregu-
lated in type 2 diabetes (1, 2). GLUT4 is retained intracellularly
in cells not stimulated with insulin and undergoes exocytic
translocation to the cell surface in response to insulin stimula-
tion (3). By increasing the number of transporters present in the
plasma membrane, GLUT4 translocation augments glucose
uptake. The ability of insulin to promote GLUT4 translocation
is reduced in insulin resistance (4). This reflects the action of
ectopic lipid metabolites to impede insulin signaling and possi-
bly alter GLUT4 targeting within unstimulated cells (3, 5-7).
Impaired GLUT4 translocation is critical to the pathogenesis of
metabolic syndrome (4, 8). However, the trafficking pathways
and biochemical mechanisms that regulate GLUT4 targeting
remain poorly understood.

Our previous data support a model in which insulin acts to
relieve a negative regulator of glucose uptake. In unstimulated

3 The abbreviations used are: GLUT, glucose transporter; 2DOG, 2-deoxy-D-
glucose; GSV, GLUT4 storage vesicle; HFD, high fat diet; TUG, tether con-
taining a UBX domain for GLUT4; UBX, ubiquitin regulatory X; VO,, oxygen
consumption; VCO,, carbon dioxide production; Q-PCR, quantitative real
time PCR; RER, respiratory exchange ratio; TG, transgenic; PIST, PDZ
domain protein interacting specifically with TC10; hGH, human growth
hormone.
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cells, GLUT4 accumulates in intracellular vesicles termed
“GLUT4 storage vesicles” (GSVs), which sequester the trans-
porters away from the cell surface (9, 10). Best described in
adipocytes, GSVs lack endosome and Golgi marker proteins
and are mobilized acutely by insulin stimulation. We identified
TUG as a GLUT4-regulating protein and proposed that it traps
GSVs intracellularly in unstimulated adipocytes (11). Insulin
releases these vesicles from TUG to promote GLUT4 translo-
cation. Data from 3T3-L1 adipocytes show that this mechanism
is a major site of insulin action to regulate GLUT4 trafficking
and glucose uptake (12, 13). TUG resides at the cis side of the
Golgi complex and links GLUT4-containing vesicles to Golgi
matrix proteins present at this location (14, 15). Insulin signals
through the TC10a GTPase and its effector, PIST, to stimulate
TUG endoproteolytic cleavage, which liberates the vesicles and
is required for highly insulin-responsive GLUT4 translocation
and glucose uptake (15). This pathway is coordinated with insu-
lin signals through Akt2 to AS160/TbclD4 and (in muscle)
Tbc1D1, which modulate specific Rab GTPases, as well as with
signals to promote vesicle fusion at the plasma membrane (16 —
22). During continuous insulin exposure, GLUT4 is carried to
the surface in vesicles distinct from those mobilized by acute
insulin stimulation, and the GSV compartment is bypassed
(13). This arrangement permits the discharge of discrete
amounts of GLUT4 from a sequestered intracellular pool to a
cell surface recycling pathway as insulin concentrations vary
over a physiologic range (3, 23-25).

The model described above is based primarily on work in
cultured cells, and until now its relevance in skeletal muscle in
vivo has not been tested. Insulin stimulates the dissociation of
TUG-GLUT4 complexes in muscle as in fat (26). Moreover,
TUG and GLUT4 abundances correlate across diverse muscle
types possibly because TUG controls the stability as well as
targeting of GLUT4 proteins (12, 27). Here, we studied the role
of TUG to control GLUT4 localization and glucose uptake in
muscle. We used a skeletal muscle-specific promoter to express
a dominant negative fragment of TUG, UBX-Cter, in trans-
genic mice. This truncated protein inhibits the ability of endog-
enous intact TUG protein to sequester GLUT4 at the Golgi
matrix. In 3T3-L1 adipocytes, the UBX-Cter protein causes
GLUT#4 translocation and glucose uptake in the absence of
insulin stimulation, mimicking the effects of insulin or of TUG
RNAI (12). Data herein show that UBX-Cter similarly caused
GLUT4 translocation and glucose uptake in muscle during the
fasting state in vivo. Intriguingly, expression of UBX-Cter
caused depletion of PIST and mimicked insulin action to stim-
ulate endoproteolysis of the endogenous TUG protein in mus-
cle. The transgenic mice had increases in both whole-body glu-
cose turnover and overall metabolic rate. Finally, aspects of this
phenotype were maintained in the setting of high fat diet
(HFD)-induced insulin resistance in mice. Together with pre-
vious work, our data support the idea that similar mechanisms
control GLUT4 in muscle and adipose and identify a critical
node for the control of whole-body glucose homeostasis.

EXPERIMENTAL PROCEDURES

Animals—Transgenic mTUGYP*"**" mice were generated
by cloning the cDNA sequence for a truncated murine TUG
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protein, UBX-Cter (residues 377-550), after a 1.3-kb segment
derived from the mouse muscle creatine kinase promoter
(—1256MCK-3Emut) (28, 29). This promoter (termed MCIK>F)
contains specific mutations to drive expression in skeletal mus-
cle but not in cardiac muscle or other tissues (30, 31). Following
the coding sequence, a 2.2-kb segment of the human growth
hormone gene was used to provide splice sites and polyadenyl-
ation and termination signals. The transgene was microin-
jected into SJL X C57BL/6 F2 fertilized oocytes, which were
implanted in pseudopregnant females. Founder pups were
identified by PCR of tail biopsies for a 171-bp segment of the
human growth hormone sequence. Of 12 transgenic lines
obtained, three were selected for further analysis. Preliminary
analyses indicated that the phenotype was most robust in the
line with greatest expression of the transgene, and this line was
backcrossed at least 10 generations onto C57BL/6 (The Jackson
Laboratory) and used in the heterozygous state for all analyses
presented here. Male mice were used to avoid confounding
effects of estrous cycles, and controls were age-matched, wild
type mice (usually nontransgenic littermates). Mice were main-
tained in the Yale Animal Resources Center on a standard 12-h
light/12-h dark cycle and were given ad libitum access to chow
(Harlan-Teklad 2018, 5% calories from fat) and water unless
otherwise stated. For studies using an HFD, mice were fed Har-
lan-Teklad TD93075 (55% calories from fat) for 3 weeks prior to
experiments. The Institutional Animal Care and Use Commit-
tees at Yale University and the University of Michigan approved
all procedures.

Tissue Analyses—For genotyping, DNA was extracted from
ear punch or tail biopsies using a DNeasy kit (Qiagen). Both
human growth hormone and transgene insertion site-specific
primers were used for PCR. Tissues were collected from isoflu-
rane-anesthetized mice after cervical dislocation, frozen in liq-
uid N,, and stored at —80 °C until further analysis. For blood
glucose measurements, plasma was collected in EDTA and ana-
lyzed using a Beckman Glucose Analyzer II (Beckman Coulter).
Plasma insulin was measured in duplicate using an ultrasensi-
tive ELISA (ALPCO Diagnostics). Plasma lactate was measured
in duplicate using a lactate kit (Trinity Biotech, Wicklow, Ire-
land). All other plasma and serum analyses were done on a
Roche Applied Science COBAS Mira Plus automated chemistry
analyzer. Tissue glycogen was determined using a glycogen
assay kit (Biovision, Mountain View, CA).

Glucose Turnover Studies—To measure glucose turnover
and uptake in the fasting state, we omitted the insulin infusion
during our standard glucose-insulin clamp protocol (32, 33).
Mice with an indwelling catheter in the right jugular vein were
fasted overnight, and then 3-[*H]glucose (PerkinElmer Life Sci-
ences) was infused at 0.05 wCi/min for 120 min to determine
basal glucose turnover. Next, to measure muscle-specific glu-
cose uptake, 10 uCi of 2-deoxy-p-[1-'*C]glucose (PerkinElmer
Life Sciences) was infused over 20 min. No insulin was infused,
and care was taken to minimize the increase in plasma glucose,
which would stimulate secretion of endogenous insulin. Blood
samples were drawn by tail vein at 2, 5, 15, 25, 35, 45, and 55 min
after the initiation of this 2-deoxy-p-glucose (2DOG) infusion.
At study completion, mice were anesthetized with an intrave-
nous pentobarbital sodium injection (150 mg/kg). Tissues were

VOLUME 288+NUMBER 28-JULY 12,2013



TUG Action in Muscle Regulates Fasting Glucose Turnover

harvested, snap frozen in liquid N, within 3 min of collection
using liquid N,-cooled tongs, and stored at —80 °C for subse-
quent analysis. Intracellular (6-phosphorylated) 2DOG was
measured as described (34, 35). Glucose turnover and mus-
cle-specific 2DOG uptake under maximal insulin stimula-
tion were measured using hyperinsulinemic-euglycemic
clamps as described (32, 35).

Body Composition, Metabolic Cages, and Necropsies—Body
composition was determined using 'H NMR (Bruker
Minispec). To determine the weights of individual muscles or
fat pads, mice were fasted for 6 h and sacrificed, and muscles
were dissected, frozen in liquid N, and weighed (27). The com-
prehensive laboratory animal monitoring system (Columbus
Instruments) was used to assess VO,, VCO,, energy expendi-
ture, activity, and feeding during 48 h after an initial acclimati-
zation period. Data are normalized to body weight, and 24-h
averages are presented. Necropsies were done as described (36).

Quantitative Real Time PCR (Q-PCR) Analysis—Tissues
were disrupted in TRIzol reagent (Invitrogen) using a Polytron
homogenizer. Two micrograms of total RNA from each sample
was treated with DNase I and reverse transcribed using Super-
script III and random hexamer priming (Invitrogen). Q-PCR
was performed using iQ SYBR Green Supermix on an iQ5
Cycler (Bio-Rad) or an Mx7500 system (Applied Biosystems).
Samples were quantified using the standard curve method, nor-
malized to endogenous 18 S RNA, and analyzed in duplicate
with a tolerated variance of ~10%. Primer pairs were designed
using Primer Express software (Applied Biosystems), and
standard melt curves were done to confirm single PCR prod-
ucts. Primers for the TUG C terminus (within the transgene
coding sequence) were CCTGACCCTGTATCCCTGGA and
TCAGCCACTTGGGTACTTTGC, and 18 S control primers
were TAGAGGGACAAGTGGCGTTC and CGCTGAGC-
CAGTCAGTGT. Primers for PIST were GTCCATGTTC-
CGATGGCTTGA and ATCTCGCCCAAAAGCAGATCC,
which were used with 18 S control primers TTCCGATAAC-
GAACGAGACTCT and TGGCTGAACGCCACTTGTC.

Insulin Stimulation, Immunoblotting, and Fractionation—
Mice were fasted for 4—6 h or overnight as specified and then
treated by intraperitoneal injection of insulin (8 units/kg) and
glucose (1 g/kg) or an equivalent volume (0.3 ml) of phosphate-
buffered saline. After 30 min, mice were anesthetized and
sacrificed by cervical dislocation. Tissues were excised, snap
frozen in liquid N,, and stored at —80 °C. Tissues were homog-
enized in ice-cold radioimmune precipitation assay buffer (37)
or in TRIzol reagent (Invitrogen), and immunoblots were done
using Invitrogen NuPAGE or Tris acetate gels and buffers as
described (12). In some instances, an SDS-PAGE Clean-up kit
was used (GE Healthcare). Protein determinations were done
using BCA or EZQ protein assays, and equal amounts of
protein were loaded in each lane (12). Detection of proteins
on immunoblots was done on film (by enhanced chemilumi-
nescence) or using an Odyssey infrared imaging system (LI-
COR Biosciences).

Isolation of T-tubule-enriched membrane fractions was
done essentially as described (38). Similar results were obtained
in replicate experiments using mice both with and without a
GLUT4myc transgene (kindly provided by Dr. Amira Klip; Ref.
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26). Briefly, mouse quadriceps muscles were homogenized in
1.5 ml of ice-cold Buffer A (20 mm Na,P,O., 20 mm Na,PO,, 1
mMm MgCl,, 0.3 M sucrose, 0.5 mm EDTA, 20 mMm 2-iodocet-
amide) containing protease inhibitors (Roche Applied Science;
two tablets/50 ml) using a Polytron tissue grinder. All steps
were carried out at 4 °C. Samples were passed through a
23-gauge needle several times, and large aggregates were pel-
leted at 12,000 rpm for 1 min in a benchtop centrifuge. After
saving a sample of the total protein, 700 ul was transferred to a
new tube, diluted with an equal volume of Buffer A, and centri-
fuged at 12,000 rpm for 10 min. One milliliter of the superna-
tant was then centrifuged using a TLA 120.2 rotor (Beckman) at
18,000 rpm for 5 min. The pellet from this centrifugation was
resuspended in 200 ul of Buffer A, and 500 ul of Buffer B (0.3
mM sucrose, 20 mm Tris, pH 7.0) was added. To strip myofibril-
lar proteins, 300 ul of 4 M KCl was added, and samples were
incubated for 30— 60 min at 4 °C with gentle mixing. Samples
were then centrifuged at 57,000 rpm for 10 min at4 °Cina TLA
120.2 rotor. The T-tubule-enriched membrane pellet was
resuspended in 150 ul of Buffer B and analyzed by SDS-PAGE
and immunoblotting. Quantification of individual proteins was
done using a LI-COR Odyssey imaging system.

Antibodies used for immunoblotting include polyclonal anti-
bodies directed to the C termini of TUG and GLUT4 (11, 12,
15). Monoclonal antibody 6H directed to the N terminus of the
Na*,K*-ATPase a1 subunit was a gift from Dr. Michael Caplan
(39). A polyclonal antibody directed to caveolin-1 was pur-
chased from BD Transduction Laboratories (catalog number
610060; formerly C13630). A rabbit monoclonal anti-PIST
antibody was from Abcam (catalog number ab109119). Anti-
bodies to Golgin-160 and GCP60 were purchased from Santa
Cruz Biotechnology (catalog numbers sc-292192 and sc-
101277, respectively); Golgin-160 antisera were also raised to a
22-residue peptide corresponding to the N terminus of murine
Golgin-160 (Covance Research Products). A B-actin loading
control monoclonal antibody was from Pierce (catalog number
MA5-15739).

Statistical Analysis—Data are presented as mean * S.E. Sig-
nificance was assessed using an unpaired, two-tailed ¢ test or by
two-way analysis of variance as appropriate (Prism, GraphPad
Software). Differences were considered significant at p < 0.05.

RESULTS

The TUG protein is widely expressed and is required for
efficient assembly of the Golgi complex (14). This general
membrane trafficking pathway is adapted in a cell type-specific
manner in which TUG undergoes insulin-stimulated endopro-
teolytic cleavage to control GLUT4 translocation (11, 15). In
mice, global disruption of the gene encoding TUG may cause
embryonic lethality, and no conditional knock-out model is
presently available. Our previous work identified a truncated
fragment of TUG that when expressed exogenously inhibits the
function of endogenous, intact TUG to sequester GLUT4
within 3T3-L1 adipocytes (11, 12, 15). This artificial fragment,
termed UBX-Cter, causes GLUT4 translocation and increases
glucose uptake in cells not stimulated with insulin. The effects
of UBX-Cter and RNAi-mediated TUG knockdown are indis-
tinguishable in 3T3-L1 adipocytes; both mimic much of the full
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effect of acute insulin stimulation on GLUT4 targeting and glu-
cose uptake (11-13, 15). The UBX-Cter fragment is effective at
very low abundance relative to intact TUG in 3T3-L1 adi-
pocytes, suggesting that it turns over rapidly; it is hypothesized
to actirreversibly to block the binding of intact TUG to Golgin-
160, PIST, and associated Golgi matrix proteins (15). The
endogenous TUG protein is then unable to trap GLUT4 at the
Golgi matrix. To test the physiologic role of TUG to control
GLUT4 targeting and glucose uptake in muscle, we generated
transgenic mice in which UBX-Cter was expressed using a skel-
etal muscle-specific promoter (Fig. 14). We predicted that
these mice, termed mTUG"®* “*" mice, would have increased
cell surface GLUT4 and enhanced glucose uptake into muscle
during the fasting state.

In muscles of mTUGYB*"<*" mice, the transgene mRNA was
present at much greater abundance than endogenous TUG
mRNA; however, the UBX-Cter protein was present at much
lower abundance than endogenous TUG protein. Fig. 1B pres-
ents Q-PCR of an mRNA target encoding the TUG C terminus.
Compared with endogenous TUG mRNA, the UBX-Cter trans-
gene mRNA was highly expressed in quadriceps, gastrocne-
mius, and tibialis anterior; more modest expression was
observed in soleus. No expression was detected in gonadal
white adipose tissue, interscapular brown adipose tissue, heart,
kidney, liver, or spleen. In gastrocnemius, despite 50—-75-fold
greater abundance of UBX-Cter mRNA compared with endog-
enous TUG mRNA, the UBX-Cter protein was one-fifth as
abundant as endogenous, intact TUG protein (Fig. 1, C and D).
We obtained similar results in tibialis anterior in which the
UBX-Cter mRNA was ~40-fold more abundant than that of
endogenous TUG mRNA (Fig. 1B) but in which UBX-Cter pro-
tein was present at ~14% of the abundance of endogenous,
intact TUG protein (not shown). In gastrocnemius and tibialis
anterior, there was no effect of the transgene on the abundance
of intact TUG protein. These data support the prediction that
UBX-Cter is an unstable protein that turns over rapidly. As
discussed below, transgene mRNA abundance correlated with
its efficacy to disrupt intact TUG action in various muscles. If
this efficacy was limited, the whole-body phenotype of the
transgenic mice may have been minimized. For tissue-specific
analyses, we focused on quadriceps, gastrocnemius, and tibialis
anterior, which had the highest levels of transgene mRNA
expression.

The UBX-Cter fragment is thought to act by an irreversible
mechanism to block intracellular GLUT4 sequestration (15). In
3T3-L1 adipocytes, this fragment is effective at very low abun-
dance such that it is practically undetectable on immunoblots,
and it contains potential degradation signals, including a ubiq-
uitin-like domain and PEST sequence (40). Therefore, we con-
sidered that UBX-Cter may cause degradation of an interacting
protein together with itself. Candidate UBX-Cter-interacting
proteins include PIST and Golgin-160 (15, 41) as well as the
Golgin-160-binding protein, GCP60 (42, 43). Of these, PIST
was selectively depleted in quadriceps muscles of transgenic
mice compared with controls (Fig. 1E). We confirmed that
PIST is also depleted in 3T3-L1 adipocytes containing the
UBX-Cter fragment (not shown). Abundance of the mRNA
encoding PIST was unaffected in quadriceps muscle (Fig. 1F).
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The data are consistent with the idea that UBX-Cter reduces
PIST protein stability likely by recruiting enzymes that mediate
ubiquitylation and proteasomal degradation.

There are two ways in which UBX-Cter-induced depletion of
PIST may redistribute GLUT4 from its sequestration compart-
ment to the cell surface. One possibility is that PIST depletion
removes an essential component of an “anchoring” site to
which TUG links GSVs in unstimulated cells. Similar to TUG
RNAj, the ability of TUG to trap GLUT4 intracellularly would
then be compromised so that GLUT4 is redirected to the
plasma membrane (12, 13). A second possibility is that PIST
depletion releases the GSVs by causing TUG endoproteolytic
cleavage. This would be similar to acute insulin action, which is
mediated by a signal through TC10« to PIST to TUG (3, 15).
These two mechanisms are not necessarily exclusive of each
other. However, the second mechanism is compatible with the
possibility that proteins other than PIST (e.g Golgin-160 and
GCP60) may serve as anchors to which TUG links GLUT4 in
unstimulated cells. We have found that GCP60 in particular
binds the TUG C-terminal peptide and is required for GLUT4
intracellular retention.* Therefore, we favored the idea that
endogenous TUG undergoes constitutive endoproteolytic
cleavage not regulated by insulin in muscles containing the
UBX-Cter transgene.

Accordingly, we examined whether insulin stimulates acute,
endoproteolytic cleavage of TUG in control quadriceps mus-
cles and tested the effect of the UBX-Cter transgene on this
processing. We treated fasting mice by intraperitoneal injection
of insulin and glucose or saline control, then sacrificed the
mice, and immunoblotted muscle lysates. Insulin stimulated
the conversion of intact 60-kDa TUG into its 42-kDa C-
terminal cleavage product in wild type mice (Fig. 1G). In
mTUGYP*" " transgenic mice, the cleavage product was
observed in saline-treated animals, and there was no further
effect of insulin to stimulate conversion of intact TUG into its
C-terminal product. The presence of multiple bands at ~42
kDa may be due to degradation of this cleavage product, which
is moderately short lived (15). Data from several animals were
quantified in Fig. 1H, which plots the ratio of the 42-kDa cleav-
age product to total (ie. 60- + 42-kDa) TUG proteins. The
abundance of intact TUG was variably decreased in transgenic
and in insulin-stimulated wild type control muscles compared
with unstimulated control muscles, and the ratio of products to
total TUG proteins was a more sensitive and consistent readout
of insulin action. The UBX-Cter protein was present at very low
abundance, suggesting that it may turn over more rapidly in
quadriceps than in other muscles. We conclude that insulin
stimulates TUG cleavage in muscle. Furthermore, the trun-
cated TUG UBX-Cter protein promotes endoproteolytic cleav-
age of endogenous, intact TUG in the absence of insulin stim-
ulation, thus preventing the entrapment of GLUT4 at the Golgi
matrix.

The data imply that the UBX-Cter fragment acts in a highly
specific manner to stimulate a particular insulin action. TUG is
cleaved between residues 164 and 165 likely by a thiol-type

4J.P.Belman and J. S. Bogan, unpublished data.
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FIGURE 1. mTUGYEX-**" mice have depletion of PIST and constitutive endoproteolysis of TUG in muscle and reduced fasting glucose and insulin
concentrations. A, mTUG"®*“**" mice contain a transgene for skeletal muscle-specific expression of a TUG fragment, UBX-Cter, which corresponds to residues
377-550 of intact TUG protein, as diagrammed. This fragment contains a ubiquitin-like UBX domain and binds Golgin-160 and associated proteins at the Golgi
matrix but not GLUT4 or other proteins in GLUT4 storage vesicles. hGH, human growth hormone. B, Q-PCR was used to measure the relative abundances of
UBX-Cter mRNA in quadriceps (Quad), white gastrocnemius (GastrocW), red gastrocnemius (GastrocR), tibialis anterior (TA), and soleus of mTUGY8**" mice
compared with that of endogenous TUG mRNA in wild type control tissues. C, mixed gastrocnemius (Gastroc.) lysates from mTUGYB*"Ct¢" TG and control (WT)
mice were immunoblotted using an antibody to the TUG C terminus. D, relative abundances of intact TUG and truncated TUG UBX-Cter proteins in gastrocne-
mius were quantified and plotted. Data are presented as mean = S.E,; n = 7 in each group. E, mixed hind limb muscle lysates from WT and TG mice were
immunoblotted to detect the indicated proteins. F, Q-PCR was used to measure the relative abundance of PIST mRNA in quadriceps of WT and TG mice. Data
are presented as mean = S.E.; n = 5in each group. G, TUG endoproteolytic processing was assayed by immunoblotting quadriceps of WT and TG mice. Fasted
animals were treated by intraperitoneal injection of saline or insulin-glucose solution and sacrificed after 30 min. Quadriceps muscle lysates were immuno-
blotted to detect intact TUG (60 kDa) and C-terminal cleavage products (~42 kDa). H, the ratio of the C-terminal (C-term) cleavage products (~42 kDa) to total
TUG proteins (60 + ~42 kDa) was quantified. Data are presented as mean =+ S.E.; n = 3—-4 mice in each group. /-K, plasma glucose, plasma insulin, and body
weight were measured in 20-week-old mice fasted for 4 h. Data are presented as mean =+ S.E.; n = 6 in each group. Error bars represent S.E. WB, Western blot;
NS, not significant.
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of glucose turnover during fasting. Data are presented as mean = S.E,; n = 9-13 in each group. Error bars represent S.E. NS, not significant.

deubiquitylating enzyme family member (15). Cleavage is acti-
vated upon receipt of an insulin signal transduced from the
TC10a GTPase to PIST to TUG. The data support a model in
which PIST inhibits TUG proteolysis in the absence of GTP-
bound TC10«. By causing the degradation of PIST together
with itself, UBX-Cter removes this negative regulator and per-
mits access of the protease to the cleavage site. Insulin likely
acts by a similar mechanism in which GTP-TC10« causes the
displacement of PIST from TUG to permit activity of the TUG
protease. This model fits well with the concept that UBX-Cter
acts irreversibly. The effect of insulin to stimulate TUG cleav-
age in skeletal muscle was more dramatic than that observed in
3T3-L1 adipocytes (15). Cultured 3T3-L1 cells are an imperfect
model system and, as insulin-stimulated cleavage is differenti-
ation-dependent, cleavage products are often observed in
unstimulated cells. Thus, it is not surprising that the effect of
UBX-Cter to promote TUG cleavage was not detected in pre-
vious work using 3T3-L1 cells. The main points are that insulin
stimulates TUG cleavage in muscle and that UBX-Cter also
stimulates this specific insulin action in fasting mTUGYB*-Cter
transgenic mice.

We predicted that fasting mTUGY®*“*" mice would have
GLUT4 translocation and increased glucose uptake into muscle
and consequently reduced plasma glucose and insulin concentra-
tions. Supporting this prediction, 20-week-old mTUGYB*-<ter
mice had significantly reduced fasting plasma glucose and insu-
lin concentrations compared with wild type controls (Fig. 1, /
and /). These effects were not attributable to altered body
weight (Fig. 1K). Immunoblots showed that GLUT4 and
GLUT1 abundances were unchanged in various muscles; in
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some experiments, quadriceps GLUT4 abundance was slightly
reduced (see below). These data are consistent with the
hypothesis that during the fasting state GLUT4 transloca-
tion in mTUGYP* **" mice results in increased glucose uptake
in muscle, reduced plasma glucose concentrations, and conse-
quently reduced insulin concentrations.

To characterize the growth and body composition of
mTUGYP* " mice, we measured their body weights at vari-
ous ages. As shown in Fig. 24, mTUG"B*-<** mice had reduced
weights at 5-7 weeks that subsequently converged with weights
of control mice. When a greater number of mice were analyzed
for glucose turnover studies below, a slight (~3%) reduction in
body weight remained significant at 12 weeks of age (Fig. 2B). In
this group, the transgenic mice had ~5% reduced lean body
mass and a trend toward increased fat mass (Fig. 2, C and D).
We confirmed that the masses of individual quadriceps, tibialis
anterior, extensor digitorum longus, and epitrochlearis muscles
were reduced in 17-week-old mTUGY®*"“*" mice compared
with controls (not shown). There was a trend toward increased
gonadal white adipose tissue mass in transgenic mice compared
with controls both in absolute terms and relative to total body
weight; however, this did not reach statistical significance (not
shown). Overall, the main finding was slightly reduced lean
body mass.

Analysis of blood from fasting 12-week-old mice again dem-
onstrated reduced plasma glucose in mTUGYP* “**" transgenic
mice compared with controls (Table 1). Electrolytes and blood
urea nitrogen were unchanged. A lipid profile revealed that
mTUGYP*"“**" mice have reduced triglycerides, total choles-
terol, and HDL cholesterol compared with controls. LDL cho-
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TABLE 1

Fasting blood analyses

Measurements were done on plasma of 12-week-old WT and mTUGYE* <t TG
mice fasted for 4—6 h. Data are means =S.E; n = 8-9 in each group. NEFA,
nonesterified fatty acids; BUN, blood urea nitrogen.

Parameter WwWT TG
Glucose (mg/dl) 171 =13 126 = 14“
Sodium (mg/dl) 138.5 + 2.1 1399 * 1.6
Chloride (mg/dl) 1195+ 1.1 117.8 = 0.8
Potassium (mg/dl) 4.6 = 0.1 4.7 0.2
BUN (mg/dl) 211+ 17 227+ 1.0
Lipid profile

Triglycerides (mg/dl) 612+ 1.4 47.9 + 4.4°
Total cholesterol (mg/dl) 109.0 + 1.7 90.5 *+ 8.9¢
HDL cholesterol (mg/dl) 68.1 = 3.8 42.8 * 4.4°
LDL cholesterol (mg/dl) 2.9+ 0.4 2.9 0.6
NEFA (mg/dl) 14+02 11+01

“ < 0.05.

lesterol and nonesterified fatty acids were unchanged. Necrop-
sies of 20-week-old animals revealed no gross or histological
differences between transgenic and wild type control mice in
any of the tissues examined.

To measure fasting whole-body glucose turnover and mus-
cle-specific uptake in vivo in conscious mice, we used a study
protocol consisting of a 2-h basal glucose turnover period fol-
lowed by a 1-h 2DOG uptake period. In contrast to the observed
reductions in plasma glucose concentrations following a 4 — 6-h
fast, there were no differences in plasma glucose concentrations
following a 14-h overnight fast (Fig. 3A). This is consistent with
data showing that glycemia after a 6-h fast is a better indicator
of insulin sensitivity in mice compared with glycemia after an
overnight fast (44). Insulin measurements on the samples from
the overnight fasted mice showed that compared with wild type
controls transgenic mice had significantly reduced fasting
plasma insulin concentrations (Fig. 3B). Basal glucose turnover
was increased by 17% in mTUG"?* “*" mice and was 12.1 =
0.6 versus 10.3 * 0.3 mg/(kg-min) in transgenic versus control
mice (Fig. 3C). To avoid the potential that the slight decrease in
body mass may have accounted for the increased whole-body
glucose turnover rates normalized per kg of body weight, we
normalized these data per mouse. As shown in Fig. 3D, basal
glucose turnover was increased by 14% in transgenic versus
control animals when analyzed on a per mouse basis (Fig. 3D).
This robust increase supports the idea that TUG function in
muscle regulates whole-body glucose turnover during the
fasting state. We also observed a 15% increase in glycolysis in
mTUGYPX"**" mice compared with controls during the study
(Fig. 3E). In quadriceps muscles, in vivo 2DOG uptake was
increased by 2.7-fold in transgenic versus control mice (Fig. 3F).
We conclude that muscle-specific activation of TUG cleavage
results in markedly enhanced muscle glucose uptake in fasting
mice. Moreover, the increase in muscle glucose uptake
accounts for the increased basal rate of glucose production.

We hypothesized that the UBX-Cter protein would not affect
glucose turnover or muscle 2DOG uptake in hyperinsulinemic-
euglycemic clamp experiments. This prediction was based on
two lines of reasoning. First, previous data support the idea that
during sustained, maximal insulin exposure, GLUT4 recycles to
the cell surface directly from endosomes and bypasses a TUG-
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regulated compartment (13). Thus, TUG acts only in unstimu-
lated cells and upon cleavage to mediate the acute release of
sequestered GLUT4 into a cell surface recycling pathway. Sec-
ond, data above show that the UBX-Cter protein caused cleav-
age of intact TUG in unstimulated quadriceps muscles, mim-
icking acute insulin action (Fig. 1, G and H). There was no
further biochemical effect of the transgene in samples of insu-
lin-stimulated muscles. Consistent with these considerations,
we observed similar glucose infusion rates in control and
mTUGYP*"“**" mice in hyperinsulinemic-euglycemic clamp
studies (not shown). Whole-body glucose turnover and quad-
riceps muscle-specific glucose uptake were no different in
transgenic and control mice (Fig. 3, G and H). These data sup-
port the idea that effects of the UBX-Cter protein are specific to
the fasted, low insulin state.

Of note, quadriceps-specific 2DOG uptake in fasting mice
was 83.7 = 18 nmol/(g-min) in transgenic mice and 31.5 * 6.5
nmol/(g-min) in wild type controls (Fig. 3F), and uptake in
hyperinsulinemic-euglycemic clamp studies was 98.5 = 19.4
nmol/(g-min) in transgenic mice and 78.2 = 12.6 nmol/(g-min)
in wild type controls (Fig. 3H). Plasma glucose concentrations
were similar in fasting and clamped mice. Thus, effects of the
transgene and of insulin to increase quadriceps-specific 2DOG
uptake were similar in magnitude. Insulin had a much greater
effect to increase whole-body glucose disposal, and the turn-
over rates measured in the hyperinsulinemic clamp studies (Fig.
3G) were much greater than those in either wild type (WT) or
transgenic (TG) mice during fasting (Fig. 3C). These data are
consistent with the idea that effects of the transgene were lim-
ited in muscles with lower transgene mRNA expression and
in adipose where transgene expression was undetectable.
Together with data below, the quadriceps-specific 2DOG
uptake data support the idea that the action of insulin to cleave
TUG can account for the bulk of its overall effect to stimulate
glucose uptake in muscle.

We next tested whether mTUGYP*"“** mice have increased
muscle glycogen content, which would further support the idea
that muscle glucose uptake is increased. Fig. 44 shows that
compared with controls transgenic mice fasted 4—6 h had
increased glycogen in quadriceps, gastrocnemius, and tibialis
anterior, which had greater expression of the transgene, and
not in soleus, which had lower expression. No increase in gly-
cogen content was observed in liver or gonadal fat in which
expression of the UBX-Cter transgene was undetectable. The
correlation of UBX-Cter transgene mRNA abundance and
muscle glycogen content supports the idea that that the trans-
gene enhances glucose uptake by a direct, cell-autonomous
effect and not by indirect systemic effects.

Table 2 further correlates UBX-Cter mRNA abundance and
functional effects. In addition to increased glycogen content,
increased basal TUG cleavage and 2DOG uptake were observed
in quadriceps where UBX-Cter mRNA abundance was greatest.
In gastrocnemius and tibialis anterior, we observed only
increased glycogen content, which is likely a more sensitive
indicator of glucose uptake than the 2DOG measurement. In
soleus, where UBX-Cter mRNA abundance was much lower,
none of these effects were observed. The correlation of UBX-
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FIGURE 3. mTUGYBX"“**" mice have increased whole-body glucose turnover and muscle-specific glucose uptake during fasting but not during hyper-
insulinemic clamp studies. A-F, 12-week-old mTUGYB*"“**" TG and control (WT) mice were fasted overnight, and then [*H]glucose was infused over 2 h to
measure basal glucose turnover. Next, to measure uptake, '*C-labeled 2DOG was infused over 20 min, and the study was terminated at the 3-h time point. No
insulin was infused. Basal plasma glucose and insulin concentrations (A and B) and glucose turnover per body weight (C) and per mouse (D) are plotted.
E, glycolysis during the entire study, including both the basal and uptake periods, is plotted. F, uptake of 2DOG into quadriceps muscles was measured and
plotted. Data are presented as mean = S.E.;n = 9-13 in each group. G and H, hyperinsulinemic-euglycemic clamp studies were performed in 14-week-old WT
and TG mice. Plasma glucose concentrations were identical to those in fasting mice (A) and were maintained during the study. G, whole-body glucose turnover
was determined and plotted. H, quadriceps muscle-specific 2-deoxyglucose uptake was measured and plotted. Data are presented as mean = S.E.;n = 5 WT
and 6 TG mice. Error bars represent S.E. NS, not significant.

20142 JOURNAL OF BIOLOGICAL CHEMISTRY YASBEMB\  VOLUME 288-NUMBER 28-JULY 12,2013



TUG Action in Muscle Regulates Fasting Glucose Turnover

o A
A A o8 B
25, © Q Q
M M M p<0.001
3 O WT
S 2.0 - 1
€5 mTG s 5
8o £
C - 15 4 ~
o3 g
i 5 3
29 101 ©
o N |
>3 @ 2
Ot =
:o- 0.5 (7] 1
c K]
- o
T G P> S, ¢ G, °
‘la o 93"0 4 O/Gl/s /| l’e y h{q » WT TG
c
WT TG
T-tubule fraction
GLUT4 O b b e s -55
Na*,K* ATPase o1 subunit - -97
Caveolin-1 . -2
Total protein kD
LT PEEEBEEEL L s
Na*,K* ATPase a1 subunit — « — — . — . — _9o7
Caveolin-1 S S S S == o= 0w = - 22
ﬁ'actin - — — —— — — — — — - - 2
TUG e —— ot . — 60
D 7
p<5x10
_ - [ |
B WT B wT _[_ H wT
p0.001  [] TG O TG s O TG
e 4r £ 4r I °
‘© € o 2N
c .2 = g4
€EB 3t p<0.0s &g 3| o E
SE I 2% S 6
5 & s 2 ac3
T2, 22, =AY
S4r p<0.002 ©CTT A
24 = 23 55’
b = p<0.01 ) (]
®© 1 - — kel
s F 1 s 1 oS4
= [ *é "%
0 0 0 l
Gy, My, C G, Nou, C Gy, M., C
Ur, Tk, e, Oy, it e, Uy, i e,
v A7, ., 4 s, ., ’ A7, %n.,
Se Se Se
74 74 74

FIGURE 4. Increased muscle glycogen, reduced plasma lactate, and targeting of GLUT4 to T-tubules in fasting mTUGY®*-**" mice. Control (WT) and
mTUGYBX*" TG mice were fasted for 4-6 h and then sacrificed. A, glycogen content was measured, normalized to protein concentration in each of the
indicated tissues, and plotted. B, plasma lactate was measured in WT and TG mice and plotted. Cand D, T-tubule-enriched membrane fractions and total protein
homogenates of quadriceps muscles from WT and TG mice were immunoblotted as indicated (C), and quantification of protein abundances and targeting to
the T-tubule fraction is plotted (D). Data are presented as mean * S.E.; n = 5in each group. Error bars represent S.E. Quad, quadriceps; Gastroc, gastrocnemius;

TA, tibialis anterior; GWAT, gonadal white adipose tissue.

Cter expression with these biological effects is strong evidence
that the UBX-Cter acts only partially in a subset of muscles to
disrupt the action of intact TUG to sequester GLUT4. It was
surprising that UBX-Cter had such limited efficacy in skeletal
muscle because it is very effective at redistributing GLUT4 in
3T3-L1 adipocytes (12). Possibly, this may be related to acety-
lation of residues at the C terminus of TUG and of UBX-Cter,

JULY 12,2013 +VOLUME 288+NUMBER 28

which is greater in 3T3-L1 adipocytes than in muscle and which
is required for the C-terminal peptide to bind GCP60.* If this
binding enhances UBX-Cter incorporation into a complex con-
taining PIST, then it may promote PIST degradation. Regard-
less, the data support the idea that the whole-body phenotype of
mTUGYB*“*" mice was limited due to incomplete or absent
effects of the transgene in some muscles.
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TABLE 2
Correlation of UBX-Cter mRNA abundance and effects

UBX-Cter mRNA abundances are given relative to endogenous TUG mRNA abundances in the identical tissues of wild type mice (as plotted in Fig. 1B). Cleavage indicates
the abundance ratio of the 42-kDa cleavage product to total (i.e. 60- + 42-kDa) TUG proteins (as in Fig. 1H). 2DOG uptake is the ratio of fasting, tissue-specific
2-deoxyglucose uptake in transgenic versus wild type control muscles, which was significant in quadriceps (» < 0.02; Fig. 3F) but not in other muscles. Glycogen is
normalized per mg of protein in each muscle and is given as the increase relative to that in wild type control muscles (Fig. 44). Gastroc., gastrocnemius; TA, tibialis anterior;

ND, not done; NS, not significant.

Quadriceps Gastroc. TA Soleus
UBX-Cter mRNA 112 £29 70+ 9 39+ 16 306
Cleavage (product/total) 0.73 = 0.15 ~0.01 (NS) ~0.01 (NS) ND
2DOG uptake (-fold increase in TG vs. WT) 2.7 1.2 (NS) 1.1 (NS) ND
Glycogen (-fold increase in TG vs. WT) 2.1+0.3 1.7 +0.2 1.7+ 0.1 1.0 = 0.1 (NS)

Circulating lactate concentrations were reduced in
mTUGYP* '’ transgenic mice compared with wild type con-
trols (Fig. 4B). This result suggests that in addition to being
stored as glycogen the increased glucose that is taken up in the
transgenic mice is oxidized or that lactate is more rapidly uti-
lized by hepatic gluconeogenesis. These possibilities are not
exclusive. Both effects would be compatible with the increased
metabolic rate we observed in the data below.

To show biochemically that GLUT4 is targeted to the cell
surface in fasting mTUGYB*"“*" mice, we immunoblotted
T-tubule-enriched and total membrane fractions from quadri-
ceps muscles. In transgenic mice compared with controls,
GLUT4 abundance was increased 3.6-fold in the T-tubule-en-
riched membranes, and it was decreased by 37% in total protein
homogenates (Fig. 4, C and D). These data are consistent with
previous results showing that TUG sequesters GLUT4 away
from degradative pathways as well as from the plasma mem-
brane (9, 12). The absolute increase in T-tubule GLUT4 abun-
dance is similar to the 2.7-fold increase in in vivo 2DOG uptake
(Fig. 3F), supporting the idea that the T-tubule fractions are
reasonably pure. Overall, the proportion of GLUT4 that was
present in T-tubules was increased 5.7-fold in the transgenic
mice compared with controls (Fig. 4D). We also immuno-
blotted the a1 subunit of the Na™,K*-ATPase and caveolin-1.
In transgenic mice, the abundances of these proteins were
increased in T-tubule fractions. However, there was also a trend
toward increased abundances of these proteins in the total
membrane fractions. As a result, the proportions of these pro-
teins that were distributed to T-tubules were not significantly
different in mTUGYB*"“*" mice versus wild type controls.
These data support the idea that TUG acts in a specific manner
to regulate GLUT4 targeting in muscle similar to adipocytes
(11-13, 15).

To study how disruption of TUG regulation in muscle alters
metabolic rate, we measured VO,, VCO,, and energy expendi-
ture. Fig. 5, A—F, shows that compared with nontransgenic con-
trols mTUGYB*-“** mice had 12—13% increases in all three of
these parameters. These increases were observed throughout the
light-dark cycle, and 24-h averaged data revealed highly significant
differences by genotype. These differences were not attributable to
increased locomotor activity (Fig. 5G). The respiratory exchange
ratio (RER) was not different in mTUGY®*-“**" mice and con-
trols, although it is possible that subtle alterations in fuel sub-
strate are not reflected in these measurements (Fig. 5H). Finally,
there was a trend toward increased food consumption in
mTUGYP*"“**" mice that did not reach statistical significance
(Fig. 5I). We conclude that disruption of TUG action in muscle
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by the UBX-Cter transgene results in an increased metabolic
rate.

To study the phenotype of mTUGY®*"“**" mice in the setting
of diet-induced insulin resistance, we placed transgenic and
wild type control mice on an HFD (55% calories from fat) for 3
weeks. Previous hyperinsulinemic-euglycemic clamp studies
show that this intervention impairs skeletal muscle-specific
glucose uptake by ~40% (31, 35, 45, 46). After HFD feeding,
12-week-old mTUGYP*“*" and control mice had no differ-
ences in body weight or fat mass by genotype (not shown). We
measured whole-body glucose turnover during the fasting
state as in Fig. 3 above. In contrast to chow-fed mice, HFD-fed
mTUGY®*“**" mice had markedly decreased plasma glucose
concentrations after a 14-h fast compared with HFD-fed wild
type controls (Fig. 6A4). Basal glucose turnover was not signifi-
cantly different and was not increased in HFD-fed mTUG"P*-<ter
versus control mice (Fig. 6B). Indeed, if a potential outlier in
the control group is excluded, turnover would actually be
decreased in the transgenic mice compared with controls. We
considered that glucose turnover may have been reduced by the
lower plasma glucose concentrations in transgenic animals and
so calculated glucose clearance. As shown in Fig. 6C, basal glu-
cose clearance was not different in mTUGY®*-<**" and control
mice. Finally, we observed no difference in quadriceps-specific,
fasting 2DOG uptake in HFD-fed transgenic versus control
mice (not shown). We conclude that compared with transgenic
mice fed regular chow transgenic mice fed the HFD had a
greater reduction in fasting glucose but no increase in glucose
turnover compared with wild type controls on the same diet.
Possibly, glucose turnover was limited by hepatic glucose out-
put so that reduced fasting plasma glucose concentrations were
the main observation in transgenic mice fed an HFD.

Hyperinsulinemic-euglycemic clamp studies of the HFD-fed
mice revealed no differences in whole-body insulin-stimulated
glucose turnover in control and mTUGYP*"“**" transgenic
mice. This result was similar to that in transgenic mice on reg-
ular chow described above and was not unexpected. In HFD-fed
transgenic and control mice, whole-body glucose turnover
rates were 32.4 = 1.6 and 32.4 * 2.6 mg/(g-min), respectively.
By comparison, chow-fed transgenic and control mice had
turnover rates of 58.5 * 2.8 and 61.1 = 2.8 mg/(g-min), respec-
tively (Fig. 3G above). These data confirm that the HFD resulted
in whole-body insulin resistance and are consistent with the
idea that intact TUG acts primarily in the fasting, low insulin
state.

To study the effects of TUG disruption on the metabolic rate
in the setting of HFD-induced insulin resistance, we placed
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FIGURE 5. Increased metabolic rate in mTUGY®*-**" mice. Energy metabolism was analyzed in 12-week-old control (WT) and mTUGY®%“*" TG mice main-
tained on a 12-h light/12-h dark cycle with a darkened room from 7:00 pm to 7:00 am. A-D, VO, and VCO, were measured and plotted with respect to clock time
(A and C) and as 24-h averages (B and D). E and F, energy expenditure was measured by indirect calorimetry and plotted with respect to clock time (E) and as
a 24-h average (F). G-I, locomotor activity (beam breaks), averaged RER, and food consumption are plotted. Data are presented as mean * S.E;;n = 7 in each

group. Error bars represent S.E. NS, not significant.

14-week-old transgenic and control mice in metabolic cages.
Similar to regular chow-fed animals, nTUG"®*"“**" mice had a
~9% increase in VO,, VCO,, and energy expenditure (Fig. 7,
A-F). These differences were not attributable to increased
locomotor activity (Fig. 7G). Indeed, the increases in VO,,
VCO,, and energy expenditure were all greater during daylight
hours when mice were less active than during the night. This is
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again consistent with the hypothesis that the transgene modu-
lates metabolism during the fasting state. Fig. 7H shows that
RER was appropriately decreased in HFD-fed mTUGYB*-Cter
and wild type mice compared with chow-fed animals (compare
Fig. 5H); there was no difference in RER between genotypes. Of
note, the mTUGYBX-Ctr mijce had a 14% increase in food con-
sumption (Fig. 7I) but without any increase in total body
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FIGURE 6. Reduced fasting plasma glucose in HFD-fed mTUGYBX"Ct*" mice. 13-week-old HFD-fed mTUGYB*“**" TG and control (WT) mice were fasted
overnight, and then basal glucose turnover studies were performed without insulin infusion. A, fasting plasma glucose concentrations are plotted. B, basal
whole-body glucose turnover was measured and plotted. C, basal plasma glucose clearance is plotted. Data are presented as mean = S.E.;n =7 WTand 4 TG

mice. Error bars represent S.E. NS, not significant.

weight, fat mass, or percent fat mass (Fig. 7, J-L). This may
represent a compensatory increase in food intake that pre-
vented a decrease in body weight. We conclude that disrup-
tion of TUG action in muscle by the UBX-Cter transgene
results in an increased metabolic rate in HFD-fed, insulin-
resistant mice.

DISCUSSION

The identification of the main trafficking steps at which insu-
lin acts to control GLUT4 translocation has been a longstand-
ing puzzle. Our data show in vivo in skeletal muscle thata TUG-
regulated step is a major point of control for GLUT4 trafficking
and glucose uptake. We observed a ~5.7-fold increase in the
fraction of GLUT4 present in T-tubules in quadriceps muscles
of fasted, transgenic mice compared with controls. Total
GLUT4 abundance was slightly decreased likely because of sec-
ondary effects on GLUT4 protein stability (9, 12). The absolute
increase in GLUT4 in T-tubule membrane fractions was ~3.6-
fold, which corresponds well with the ~2.7-fold increase in
quadriceps-specific glucose uptake observed in vivo. Remark-
ably, quadriceps-specific glucose uptake in transgenic mice
during fasting was similar to that in control mice during hyper-
insulinemic-euglycemic clamp studies. There was no signifi-
cant further effect of the transgene during the clamp studies. In
addition, glycogen content was increased ~2.1-fold in quadri-
ceps and ~1.7-fold in gastrocnemius and tibialis anterior.
Together with previous results, these data support the idea that
insulin-responsive GSVs exist in muscle, that they are regulated
by TUG, and that mobilization of these vesicles can account for
most of the effect of acute insulin action to increase glucose
uptake.

The data imply that endoproteolytic cleavage of TUG is a
critical enzymatic mechanism by which insulin regulates
GLUT4 in muscle. In 3T3-L1 adipocytes, cleavage requires the
TC10a GTPase, which is linked to TUG biochemically through
its effector, PIST (15). We isolated the “neuronal” splice variant
of PIST from skeletal muscle cDNA; this protein forms a trim-
eric complex with TUG and GLUT4 and colocalizes with
GLUT4in 3T3-L1 adipocytes (15,47). PIST and TUG both bind
the Golgi matrix protein Golgin-160, which is required for basal
GLUT4 intracellular retention (41, 48). Thus, TUG cleavage
liberates GSVs trapped at the Golgi matrix. In mTUGYB*-Cter
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transgenic mice, PIST was depleted, and TUG cleavage was
ongoing during fasting. Together, the data support the idea that
PIST inhibits TUG cleavage in the absence of GTP-bound
TC10a. Expression of the unstable, PIST-interacting UBX-Cter
fragment recruits PIST for degradation, resulting in constitu-
tive TUG cleavage in the transgenic animals. This model
accounts for how UBX-Cter acts irreversibly (15) and addition-
ally suggests a mechanism for insulin to stimulate TUG cleav-
age in wild type mice. Specifically, we propose that binding of
GTP-TC10« to PIST displaces or repositions PIST within a
protein complex to facilitate TUG endoproteolysis. Testing this
model will require additional work.

Insulin signaling through TC10a has not been well studied.
The effects of overexpression confounded initial studies using
mutated TC10 proteins, and RNAi was required to show defin-
itively that TC10« is required for GLUT4 translocation in
3T3-L1 adipocytes (49-52). The TC10« isoform is highly
expressed in muscle and fat and was activated by insulin in most
studies (50, 53, 54). Mediators of insulin signaling to TC10«
remain uncertain; in particular, disruption of the proposed sig-
naling proteins APS and c¢-Cbl did not impair, but actually
enhanced, insulin action (49, 55-59). Other proteins may medi-
ate upstream signaling (60). Alternatively, APS and c-Cbl may
be paradoxical components in a feed-forward circuit that
responds to short term changes in insulin concentrations but
not to absolute or steady-state insulin concentrations (61).
Such circuits typically generate pulse outputs, which may
reflect the rate of change of an input signal. This model would
fit well with the proposed role of TUG cleavage to release dis-
crete quanta of sequestered GLUT4 into a cell surface recycling
pathway rather than to mediate ongoing insulin action during
the steady state (3, 15, 23).

Our data highlight the distinction between acute and sus-
tained insulin actions. TUG regulates GLUT4 during fasting
and acutely as it is cleaved to release GSVs at the transition from
basal to insulin-stimulated states. There was no effect of the
UBX-Cter transgene during hyperinsulinemic-euglycemic
clamp studies, consistent with data implying that GLUT4 recy-
cles to the cell surface from endosomes during sustained insulin
exposure (3, 13, 18). For acute GLUT4 translocation, TC10a-
PIST-TUG signaling is likely coordinated with Akt2-AS160-
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FIGURE 7. Increased metabolic rate in HFD-fed mTUG"Y®*"“**" mice. Energy

metabolism was analyzed in 14-week-old HFD-fed control (WT) and mTUGYBX-<ter

TG mice. A-D, VO, and VCO, were measured and plotted with respect to clock time (A and C) and as 24-h averages (Band D). E and F, energy expenditure was
measured by indirect calorimetry and plotted with respect to clock time (E) and as a 24-h average (F). G-/, locomotor activity (beam breaks), averaged RER, and
food consumption are plotted. J-L, fasting body weight, fat mass, and percent fat mass are plotted. Data are presented as mean = S.E.;n = 6 in each group. Error

bars represent S.E. NS, not significant.

Rabl0 signaling to regulate GSVs. During sustained insulin
exposure, signaling through Akt2 to Rab14 and other mediators
(but not TUG) may direct GLUT4 recycling through endo-
somes (17, 18, 20, 21, 62). Only when sustained insulin signals
are terminated is GLUT4 returned to a TUG-regulated com-
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partment. In fasting mTUGYP*"“**" mice, the itinerary of
GLUT4 is likely similar to ongoing acute insulin action, not to
normal sustained insulin action. Endocytosed GLUT4 is tar-
geted to a GSV compartment, but it cannot be retained because
of the action of the UBX-Cter transgene. It is thus targeted back
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to the cell surface from GSVs, not from endosomes as occurs
normally during sustained insulin exposure. Provided that
GLUT4 is made available by initial GSV release, the endosome
recycling itinerary may be the main one that maintains high
levels of GLUT4 at the cell surface during hyperinsulinemic
clamp studies.

The effect of insulin to stimulate TUG proteolysis was more
dramatic in skeletal muscle than in 3T3-L1 adipocytes, consist-
ent with the observation that cleavage is differentiation-depen-
dent (15). In 3T3-L1 adipocytes, the C-terminal cleavage
product was present in both modified (54-kDa) and unmodified
(42-kDa) forms. In skeletal muscle, only the unmodified form
(~42 kDa) was detected. Possibly, the 54-kDa modified form
was not well solubilized under the biochemical conditions
required to make muscle lysates. This modification has not
been characterized, and further work will be required to under-
stand its physiologic role. However, because the TUG cleavage
products may have functions subsequent to their generation
and independent of intact TUG, the UBX-Cter protein is not
simply a “dominant negative” fragment. By promoting consti-
tutive and unregulated cleavage of intact TUG, the UBX-Cter
protein mimics insulin action with respect to both the genera-
tion of these products and the mobilization of GLUT4 that
resides at a particular site in its overall trafficking itinerary.

Several systemic effects followed from skeletal muscle-spe-
cific expression of the UBX-Cter protein that might have been
more dramatic but for the limited efficacy of the UBX-Cter
transgene in some muscles. We observed decreased plasma glu-
cose and insulin concentrations in mTUGY?*"“'*" mice. These
were more marked after a 4—6-h fast than after an overnight
fast, consistent with the idea that sensitivity is improved by the
shorter fasting duration (44). The lower plasma insulin concen-
trations may have contributed to the reduced lean body mass
we observed, converse to the role of insulin to induce fetal mac-
rosomia in hyperglycemic mothers (63). During fasting, whole-
body glucose turnover was increased by 17%, which remained
significant when normalized on a per mouse basis, and glycol-
ysis was increased by 15%. The increased turnover was specific
to the fasted state. Given that the transgene likely had limited
efficacy, the robust effects we observed set a lower bound for
the overall role of TUG action in muscle to control whole-body
glucose turnover during fasting.

Unexpectedly, the mTUGY*“*" mice had a 12-13%
increase in metabolic rate. Similar to transgenic mice overex-
pressing GLUT1 or GLUT4 in muscle, mTUGY5*-“** mice had
increased muscle glycogen (64—67). However, in contrast
to transgenic mice overexpressing glucose transporters,
mTUGY®***" mice had reduced, not increased, plasma
lactate (66, 68-72). Additionally, RER was unchanged in
mTUGYB*“*" mice, not increased as it is in GLUT4 transgenic
mice (66). These metabolic effects may result from action of
GSV proteins other than GLUT4 that are coregulated by trans-
location (3). Alternatively, the TUG C-terminal product may
act independently to enhance fuel oxidation. Either way, the
data suggest that glucose uptake and energy metabolism may be
coupled. Further work will be required to understand this
aspect of the phenotype.
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Effects of the UBX-Cter transgene were observed in HFD-
fed, insulin-resistant mice. In contrast to chow-fed mice, HFD-
fed transgenic mice had reduced plasma glucose after an
overnight fast compared with wild type controls, and the
whole-body glucose turnover was not increased. These pheno-
types of chow- and HFD-fed mice may result from similar
effects on glucose uptake. If hepatic glucose output is sufficient
to maintain euglycemia, then increased turnover is observed as
in the chow-fed animals. If hepatic glucose output is limiting,
then reduced plasma glucose is observed as in the HFD-fed
mice. Our metabolic cage data further support the idea that
effects of the UBX-Cter transgene are largely maintained in the
setting of HFD-induced insulin resistance. HFD-fed transgenic
mice had increased VO,, VCO,, and energy expenditure similar
to chow-fed mice, and increased food intake was more marked.
As in chow-fed animals, there was no effect of the transgene on
glucose turnover during hyperinsulinemic clamp studies.
Because the main effect of the HFD to induce insulin resistance
was observed in hyperinsulinemic clamp studies, the data imply
that TUG does not participate in this effect.

We conclude that insulin action at a TUG-regulated traffick-
ing step has a marked effect on overall GLUT4 targeting and
glucose uptake in muscle with significance for whole-body glu-
cose turnover. Furthermore, this pathway impacts the overall
metabolic rate. Finally, effects on fasting plasma glucose con-
centrations and energy expenditure are maintained during
HFD-induced insulin resistance. These results will lead to an
improved understanding of how insulin regulates glucose
uptake and how this process may be impaired in type 2 diabetes.
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