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Abstract

Insulin regulates glucose uptake by controlling the subcellular location of GLUT4 glucose
transporters. GLUT4 is sequestered within fat and muscle cells during low-insulin states, and is
translocated to the cell surface upon insulin stimulation. The TUG protein is afunctional tether
that sequesters GLUT4 at the Golgi matrix. To stimulate glucose uptake, insulin triggers TUG
endoproteolytic cleavage. Cleavage accounts for alarge proportion of the acute effect of insulin to
mobilize GLUTA4 to the cell surface. During ongoing insulin exposure, endocytosed GLUT4
recycles to the plasma membrane directly from endosomes, and bypasses a TUG-regulated
trafficking step. Insulin acts through the TC10a GTPase and its effector protein, PIST, to
stimulate TUG cleavage. This action is coordinated with insulin signals through AS160/Tbc1D4
and Thcl1D1 to modulate Rab GTPases, and with other signals to direct overall GLUT4 targeting.
Data support the idea that the N-terminal TUG cleavage product, TUGUL, functions as a novel
ubiquitin-like protein modifier to facilitate GLUT4 movement to the cell surface. The C-terminal
TUG cleavage product is extracted from the Golgi matrix, which vacates an “anchoring” site to
permit subsequent cycles of GLUT4 retention and release. Together, GLUT4 vesicle translocation
and TUG cleavage may coordinate glucose uptake with physiologic effects of other proteins
present in the GLUT4-containing vesicles, and with potential additional effects of the TUG C-
terminal product. Understanding this TUG pathway for GLUT4 retention and release will shed
light on the regulation of glucose uptake and the pathogenesis of type 2 diabetes.
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1. Introduction

Mammals have evolved afinely tuned system to control the storage and mobilization of
nutrients. Insulin is the main anabolic hormone, which promotes the uptake and storage of
carbohydrates, as well as synthesis of lipid and protein. During low insulin states or in
response to counter-regul atory hormones, these stores are mobilized to provide sustenance
during periods of limited food availability. Much research during the past decades has
focused on understanding how insulin exerts its metabolic effects. Here, we focus on recent
advances in understanding a hallmark insulin action: stimulation of glucose uptake into fat
and muscle.

To promote glucose uptake, insulin causes the movement of glucose transporters from
intracellular membranes to the cell surface. Pioneering work during the 1980s discovered
this transl ocation mechanism in adipocytes[1,2], identified GLUTL, the first facilitative
glucose transporter [3], and led to the molecular cloning of GLUT4, the main glucose
transporter present in muscle and fat [4-8]. When GLUT4 was identified, it was shown that
insulin causes the translocation of this protein, similar to its earlier-described effect on
glucose transport activity. Fig. 1 presents an example of this effect, using cultured 3T3-L1
adipocytes. GLUTA4 trand ocation in muscle and adipose isimpaired during insulin resistant
states, spurring investigation of how translocation normally occurs and how it is affected
during the pathogenesis of type 2 diabetes[9].

Ongoing research has elucidated the main signaling pathways by which insulin acts to
redistribute GLUT4 in fat and muscle. Binding of insulin activates the tyrosine kinase
activity of its receptor, which phosphorylates insulin receptor substrate (IRS) proteins
(particularly IRS1) and activates phosphatidylinositol-3-kinase (PI3K) activity and other
downstream effectors [10,11]. PI3K signals through the serine-threonine kinases Akt2
[12,13] and PKCA [14] to control GLUT4 translocation. Magjor downstream targets of Akt2
are AS160/ThclD4 and ThclD1, which modulate the activities of particular Rab proteins
(discussed below) to control GLUTA4 targeting and glucose uptake [15-18]. In muscle,
downstream action through Racl mediates effects on cortical actin [19-22]. At least two
IRS- and PI3K- independent insulin signals control GLUT4 trafficking. The activated
insulin receptor phosphorylates Munc18c directly to promote the fusion of GLUT4-
containing vesicles at the cell surface [23]. Insulin aso signals through adaptor proteins
linking the insulin receptor to the Rho-family GTPase TC10a, which acts on multiple
targets to control GLUT4 movement [24-26]. In particular, TC10a acts through its effector,
PIST, to stimulate endoproteolytic cleavage of TUG proteins and to mobilize intracellular
GLUT4-containing vesicles. This mechanism and how it contributes to overall insulin action
are the main topics of this review.

Understanding of the intracellular trafficking itinerary utilized by GLUT4 has lagged behind
understanding of the signaling pathways activated by insulin. Beginning in the 1990s,
studies by Holman and others defined three main compartments through which GLUT4
transits, based on the kinetics of GLUT4 movement in basal and insulin-stimul ated
adipocytes [27,28]. These compartments included the plasma membrane, endosomes, and an
ill-defined insulin-responsive compartment. Insulin acts acutely to mobilize GLUT4 from
the insulin-responsive compartment, and has less effect on rates at other trafficking steps.
This result suggested that the bulk of insulin's acute effect is mediated by action at asingle
trafficking step, and it focused subsequent work to characterize this step in molecular terms.
Theinsulin-responsive compartment is cell type-specific, develops early during the
differentiation of 3T3-L1 fibroblast-like cells into adipocytes, and causes intracellular
sequestration of GLUT4 within cells not stimulated by insulin [29]. Y et, it remained unclear
how developmentally regulated proteins that form this compartment intersect with insulin-
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regulated proteinsinvolved in GLUTA4 targeting. In addition, insulin acts at multiple sitesto
control GLUT4 movement [25]. Thus, it remained to determine which of these sitesis
guantitatively most important for insulin-regul ated glucose uptake in vivo, and to understand
if the same or different sites control the targeting of GLUT4 during acute and sustained
insulin actions.

2. GLUT4 Storage Vesicles

The cellular correlate of the kinetically-defined, insulin-responsive compartment is the pool
of GLUT4 Storage Vesicles (GSVs). These 50-70 nm diameter carriers are thought to exist
as apreformed pool in unstimulated adipocytes; upon insulin stimulation, the pool is
depleted concomitant with GLUT4 insertion into the plasma membrane [30,31]. The GSVs
have sedimentation and density properties that are not unique, and they have been purified
most effectively using immunoadsorption to remove intracellular transport vesicles that are
not insulin-responsive [29]. This approach has facilitated proteomic characterization, which
complemented earlier studies of GSV cargos [32-34]. Together, the dataimply that GSVs
have alimited protein composition. Aswell as GLUT4, the most abundant cargos include
IRAP, an insulin-regulated aminopeptidase with a single transmembrane domain. IRAP is
thought to cotraffic with GLUT4 throughout its itinerary, and when translocated to the cell
surface it cleaves and inactivates vasopressin [35]. GSVs also contain LRP1, alow-density
lipoprotein receptor-related protein, which has many functions including uptake of particular
lipoproteins as well as Wnt signaling [34]. Sortilin is a developmentally regulated,
transmembrane sorting adaptor required for GSV formation, which may participate in
lipoprotein uptake; the related SorL 1 protein is also present [36-39,34]. Finally, dataindicate
that GSV's contain SNARE proteins such as syntaxin 6 and VAMP2, which likely participate
in their formation and fusion, and the p75 neurotrophin receptor, which recruits particular
Rab GTPases involved in trafficking [40,24,29]. Because proteins that affect vasopressin
action (IRAP) and lipid metabolism (LRP1, sortilin, SorL 1) are coregulated with GLUTA4,
defective GSV translocation may contribute not only to insulin-resistant glucose uptake, but
also to hypertension and dyslipidemiain the metabolic syndrome [25].

GSVs are thought to form by mass action, in which the main cargos coalesce through
interactions among their luminal domains [38,39]. This excludes other proteins from the
nascent vesicle, and forms a cytosolic scaffold for the recruitment of membrane budding
components, such as clathrin adaptors (ACAPL, GGA2) and GTPases (ARF6) [41].
Transient modification of GLUT4 by ubiquitin is required for its sorting into GSV's, and
may recruit clathrin adaptors [42]. Proteins that are peripherally associated with GSV
membranes, such as TUG and AS160, are likely recruited during vesicle budding by
interacting with GSV cargos [32,43,34,44]. In cells not stimulated with insulin, these
proteins mediate intracellular sequestration of GSV's. Efficient recruitment to the GSV's
during vesicle budding may be required to capture the vesicles, and thus to confer insulin-
responsive mobilization.

Whether GLUT4 itself isimportant for regulated GSV trafficking has been debated. An
alternativeisthat GLUT4 contains signalsthat target it to the GSV's, but that it then
functions only as a passenger. Interpretation of studies of IRAP trafficking in the absence of
GLUT4, and of GLUTA4 trafficking in the absence of IRAP, has been complicated by 1)
effects of impaired sequestration in GSV's to reduce protein stability, and 2) incomplete
sequestration of GSVswithin 3T3-L1 adipocytes, as compared to primary adipocytes [24].
In aggregate, the data show that IRAP, and possibly LRP1, are more important than GLUT4
for insulin-responsive trafficking of the GSV's [45-47,34]. However, GLUT4 also contains
signalsthat contribute to insulin-responsive IRAP trafficking, particularly in primary
adipocytes [48,49,46,50]. Newly synthesized GLUT4 enters GSVs prior to traversing the
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plasma membrane and endosomal system, and sequencesin the GLUT4 N-terminus and
large cytosolic loop are required for its insulin-responsive trang ocation [51,52]. An
additional peptide within the cytosolic N-terminus of IRAP has been implicated in insulin-
responsive trafficking [53,54]. These sequences bind TUG and ACAP1, which may account
for their rolein insulin-responsive GSV trafficking [44,41, and B.R. Rubin, E.N.
Habtemichael, and J.S. Bogan, unpublished observations]. Each binary interaction of a GSV
protein and cytosolic regulator may be weak, but if several such interactions occur then in
aggregate they may account for efficient vesicle recognition, entrapment, and insulin-
stimulated release.

3. Two distinct types of vesicles carry GLUT4 to the cell surface

In adipocytes, insulin can increase glucose uptake by 10- to 30- fold. The remarkable
magnitude of this effect reflects the efficient sequestration of GLUT4 away from the plasma
membrane in unstimulated cells. In cultured 3T3-L 1 adipocytes, sequestration isless
complete, and maximal insulin stimulation typically produces a4- to 8- fold increasein
GLUT4 at the cell surface. Kinetic modeling suggested that GLUT4 translocated within ~5
min. of acute insulin stimulation originates from GSV's, but that subsequently exocytosed
GLUT4 may recycle from endosomes [55,56]. This idea has now received experimental
support [57]. Exocytosis of GSV's and endosomes were distinguished, based on the different
diameters of these vesicles (~60 vs. ~150 nm, respectively), using total internal reflection
fluorescence microscopy (TIRFM). The data show that a distinct population of GLUT4-
containing vesicles, characteristic of GSV's, develops during 3T3-L 1 adipocyte
differentiation and isregulated by TUG. In fully differentiated, unstimulated 3T3-L1
adipocytes, the bulk of GSV cargo arriving at the surface was present in vesicles with
characteristic of endosomes. After 3-6 min. of insulin, the exocytosis rate increased ~4-fold
and most of the exocytic vesicles had features of GSV's. After >15 min. insulin exposure, the
increased exocytosis rate was largely maintained, but the exocytic vesicles were again
endosome-sized. Thus, acute insulin stimulation causes a switch in the exocytic carrier that
isused (Figure 2). As discussed below, this arrangement obviates the requirement for
ongoing TUG destruction during sustained insulin action.

In the physiological setting, cells are not taken so rapidly from an unstimulated state to a
maximally insulin-stimulated state. Y et, the idea that GLUT4 participates in two distinct
exocytic pathways fits well with a physiologic role of insulin to stimulate a*“ quantal release”
mechanism [56]. Increasing concentrations of insulin cause the release of discrete amounts
of GLUT4 from a sequestered compartment (i.e. GSVs) into a plasma membrane recycling
pathway [58]. The mobilization of discrete numbers of GSV's can be accomplished by TUG
cleavage, which is proposed as a critical mechanism to liberate these sequestered vesicles.
Then, after alarger meal, moreinsulinis secreted and alarger number of TUG proteins are
cleaved, so that a greater number of GSVs are released to the cell surface. This action also
impliesthat thereis a nonlinear signaling action of insulin, which converts an “analog” input
(insulin concentration) to a “digital” output (protein cleavage). As discussed further below,
the upstream signal that activates TUG cleavage may involve a feed-forward circuit [59,60].
This may explain how signaling may respond to the rate of change of an insulin input signal,
and to generate a pulse output that cleaves a number of proteins proportional to this rate.

Once released, the GLUT4 cycles between the plasma membrane and endosomesin the
steady-state presence of insulin (Figure 2). As noted above, the ideathat it bypasses the
GSV compartment during sustained insulin action is compatible with earlier kinetic models,
and is supported by TIRFM datafrom 3T3-L 1 adipocytes [57]. Recent data from transgenic
mice are also consistent with this view [59]. Mice with congtitutive and unregulated TUG
cleavage in skeletal muscle had increased glucose turnover and quadriceps-specific glucose
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uptake during fasting, but there was no effect in these parameters during hyperinsulinemic-
euglycemic clamp experiments. Together, the data support amodel in which 1) TUG is
required to sequester the GSV's away from the cell surface during low-insulin states, and 2)
TUG cleavage mediates the bulk of the effect of acute insulin action, but 3) GLUT4 recycles
at the cell surface without passing through a TUG-regulated compartment during ongoing,
steady-state insulin exposure.

The TIRFM data (together with other data) also support the ideathat TUG is not involved in
sorting of GLUT4 to the GSV's, but that it regulates intracellular retention and release of the
GSVsthemselves [26,57]. Specifically, in TUG-depleted 3T3-L 1 adipocytes, not only was
the basal rate of vesicle fusion at the cell surface similar to the insulin-stimulated rate
observed in control cells, but the size of the exocytic vesicles was characteristic of GSV's,
not endosomes. Thus, sorting of GSV cargos (VAMP2 and GLUT4) into these vesicles does
not require TUG. Additionally, the GSVs fuse directly at the plasma membrane, and are not
translocated by first fusing with another endomembrane system such as endosomes. Finally,
the small size of the GSV's makesiit difficult to detect these vesicles and their exocytosis
using TIRFM [61,62,57]. In primary adipocytes, the rapidly moving vesicles that fuse at the
plasma membrane after insulin stimulation may in fact be the “ second wave” of GLUT4
exocytosis, which derives from endosomes. Of note, most GLUT4 in muscle was not mobile
in the unstimulated state [63].

The two distinct exocytic pathways are likely regulated by distinct Rab GTPases that are
activated by insulin signaling through AS160/Thc1D4 and ThclD1. In adipocytes, Rab10 is
likely present on GSV's, whereas Rab14 controls GLUT4 in an endosomal compartment
[64-66]. In muscle, Rab8a or Rab13 (which are closely related to Rab10) may be on GSVs,
and Rab14 may regulate other GL UT4-containing compartments [66-69]. Insulin regulation
of these Rab GTPasesis likely one mechanism by which insulin switches the targeting of
endocytosed GLUT4 between the two exocytic circuits.

4. Sequestration of GSVs at the Golgi matrix

The Golgi matrix includes several long, coiled-coil proteins, golgins, which serve as
tentacles to entrap vesiclesin the vicinity of the Golgi complex [70]. These proteins are
typically anchored at one end to Golgi membranes, and they can extend away from these
membranes by ~100-400 nm. Along this length, golgins are studded with binding sites for
particular Rab GTPases, which permit them to recognize and capture particular vesicles
carrying cognate, activated Rab isoforms. The TUG carboxy! terminus binds to Golgin-160
and the associated proteins PIST (PDZ protein that interacts specifically with TC10) also
known as CAL, GOPC, or FIG) and ACBD3 (Acyl-coenzyme A binding domain containing
3, aso known as GPC60 or PAP7) [58, J.P. Belman and J.S. Bogan, unpublished
observations]. As the TUG amino terminus binds GSV components, TUG may act similarly
to an activated Rab protein to enable the sel ective capture of GSVs by these Golgi matrix
proteins. In unstimulated cells, the vesicles may be held in arelatively static configuration,
or they may cycleinto and out of a GSV donor membrane compartment. Either way, the
vesicles are retained at the Golgi matrix in a configuration from which they can be acutely
mobilized upon receipt of an insulin signal.

Dataindicate that the GSVs are retained at a pre-Golgi location. Golgin-160 likely acts
together with p115, another Golgi matrix protein that binds IRAP and LRP1, to sequester
GSVswithin unstimulated cells[71,72,34]. Like TUG, Golgin-160 and p115 are present at
the cis-Golgi, endoplasmic reticulum-Golgi intermediate compartment (ERGIC), and
endoplasmic reticulum exit sites (ERES) [73]. Golgin-160 is linked to the microtubule
cytoskel eton through dynein, whereas ACBD3 and p115 each bind giantin, the largest
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golgin, which may facilitate scaffolding [74-77]. Because the GSVs are mobilized directly
to the cell surface from a pre-Golgi location, we proposed that GSV trand ocation follows an
unconventional secretion pathway [25,58].

Unconventional secretion was first hypothesized as a mechanism for the export of soluble
cargos that lack a signal sequence, and that do not enter the classical endoplasmic reticulum-
Golgi complex secretory pathway [78,79]. More recently, it has been appreciated that
membrane proteins such as CFTR and 1-integrin can be translocated to the cell surface by a
similar, unconventional Golgi-bypass pathway [80-82]. Like the targeting of CFTR, TUG-
regulated GLUT4 translocation is controlled by signaling through the TC10a GTPase and
its effector, PIST [58,59,83-85]. In yeast, the secretion of Acbl, an ortholog of ACBD3,
occurs by an unconventional pathway in which pre-autophagosomal vesicles are targeted to
the cell surface[78,86,87]. It is plausible that such a pathway could be regulated by PIST,
which binds Beclin 1, aregulator of the Vps34 phosphatidylinositol-3-kinase complex that
controls autophagic flux [88]. The site of GSV sequestration near the ERES and ERGIC is
also compatible with the idea that autophagosome biogenesis occurs at these locations
[89,90]. Rab10 islocalized to ERES, and Rab8A regulates an autophagy-based
unconventional secretory pathway for IL-1f [91,92]. The targeting of GLUT4 to such a
secretory pre-autophagosomal compartment in unstimulated cells would show how a
fundamental and evolutionarily conserved, nutritionally-regulated pathway can be adapted
to mediate insulin action in fat and muscle.

4. TUG proteolytic processing and GSV mobilization

The TUG protein (encoded by the ASPSCR1 gene) was identified in afunctional screen asa
Tether, containing a ubiquitin-like UBX domain, for GLUT4 [93]. Because TUG is subject
to proteolysis when bound to GLUT4, it islikely that this genetic approach was critical;
indeed, biochemical approaches including proteomic analyses of GLUT4-containing
vesicles have failed to detect this protein. Based initially on studies of the kinetics of
GLUT4 movement, TUG was proposed to control the main insulin-responsive trafficking
step. Subsequent data further support the view that intact TUG sequesters GSV s within
unstimulated cells, and that insulin stimulates TUG endoproteolytic cleavage to liberate
these vesicles for trand ocation to the plasma membrane [44,57-59,94]. Depletion of TUG
using RNAi mimics much or all of insulin's acute action to redistribute GLUTA4, to increase
the GSV exocytosis rate, and to increase glucose uptake in 3T3-L 1 adipocytes [44,57]. As
noted above, insulin signals through TC10a and PIST to stimulate TUG cleavage. Depletion
of TC10a using RNAI blocks insulin stimulated GLUT4 translocation and glucose uptake,
and prevents the generation of TUG cleavage productsin 3T3-L 1 adipocytes [58,95]. The
neuronal splice form of the TC10a effector, PIST (sometimes called nPIST), is present in
muscle, binds directly to TUG, and can participate in a trimeric complex in which TUG
links PIST with GLUTA4. PIST aso binds Golgin-160 and syntaxin-6, which is likely present
on membranes that give riseto GSVs. Insulin signaling through TC10a—PIST-TUG islikely
coordinated with signals through Akt2 and AS160/Thcl1D4 (in adipocytes) and ThclD1 (in
muscle) (Figure 3A). TUG cleavage occurs in a site-specific manner at the bond linking
residues 164-5, and separates an N-terminal region of TUG that binds GLUT4 from a C-
terminal region of TUG that binds Golgin-160 (Figure 3B). Finally, a cleavage-resistant
form did not support highly-insulin-responsive GLUT4 translocation, implying that cleavage
isrequired for GSV mobilization [58]. Together, the dataimply that TUG cleavageisa
defining characteristic of insulin-responsive GSVs.

The N-terminal TUG cleavage product is thought to function as anovel 18 kDa ubiquitin-

like protein modifier, termed TUGUL (for TUG Ubiquitin-Like). Ubiquitin and most
ubiquitin-like proteins are produced by endoproteolytic cleavage of larger precursors
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[96-98]. Cleavage typically occurs after a conserved diglycine sequence, present in TUG at
residues 163-164, and is catalyzed by proteases that are members of the family of
deubiquitylating enzymes. Nearly 100 members of thisfamily are encoded in the human
genome, and it remains unknown which of these enzymes functions to cleave TUG.
Cleavage of a ubiquitin-like precursor generates the mature ubiquitin-like modifier as the N-
terminal cleavage product. This protein can be covalently attached to protein or lipid
substrates by the actions of activating (E1), conjugating (E2), and (usually) ligating (E3)
enzymes. Attachment to target proteins occurs between the C-termina glycine of the
modifier and (usually) the amino side chain of alysine residue present in the target
substrate. Modification can affect the enzymatic activity, subcellular targeting, or
interactions of substrate proteins; classical attachment of ubiquitin chains targets substrate
proteins to the proteasome for degradation. Similar to protein phosphorylation, ubiquitin-
like modification is reversible. The same deubiquitylating enzymes that produce the mature
modifier from the precursor protein can also remove the modifier from target substrates.

Similar to two other ubiquitin-like modifiers, 1ISG15 and FAT10, TUGUL contains tandem
ubiquitin-like B-grasp domains. The structure of the first (UBL 1) of these has been
determined, but the second (UBL 2) likely does not fold stably in the absence of an
interacting partner, possibly GLUT4 or IRAP [44,99]. This may account for the observation
that in 3T3-L1 adipocytes, TUG that is not membrane associated does not undergo
proteolytic processing [58]. Like highly insulin-responsive GLUT4 translocation, TUG
proteolysis occursin a cell type —specific manner in fat and muscle cells[58,59]. The
number of TUG proteins cleaved corresponds approximately to the number of GSVsthat are
mobilized to the cell surface. In 3T3-L1 adipocytes, insulin stimulated processing resultsin
the attachment of TUGUL to asingle ~110 kDatarget substrate. This TUGUL-modified
(“tugulated”) protein cofractionates with GSV's and plasma membranes. Some data suggest
it may be a kinesin motor, which has previously been found to facilitate microtubul e-based
movement of GSV s from the perinuclear region to the cell periphery [100,101, J.S. Bogan,
unpublished observations]. Thus, insulin-stimulated TUG cleavage may both rel ease a tether
and also activate vesicle trand ocation to the cell surface.

The carboxyl-terminal TUG cleavage product is a42 kDa protein that is generated
exclusively on membranes, presumably still bound at the site to which intact TUG links
GLUT4 in unstimulated cells [58]. The stability of this fragment is determined by itsinitial
residue, Ser165, according to the mammalian N-end rule [102,103]. Serineis not aclassical
destabilizing residue. Y et neither isit fully stabilizing, because changing it to methionine
increased the abundance of the TUG C terminal product [58]. In 3T3-L 1 adipocytes, this
fragment is modified to produce a 54 kDaform and simultaneously removed to the cytosol.
Although the identity of this modification is not yet known, one possibility is that the
modification acts to remove the cleavage product from the Golgi matrix. Removal would be
required to vacate an “anchoring site” to which intact TUG links GSV'sin unstimulated
cells, so that this site will be available for subsequent cycles of GLUT4 retention and
release. The modified form of the C-terminal was not observed in skeletal muscle [59]. One
possibility isthat the modification does not occur in muscle, yet it seems more likely that the
modified fragment was not well solubilized in muscle tissue lysates. TUG C-terminal
fragments accumulate in the nucleus in transfected cells, and contain a putative nuclear
localization signal [73]. It is possible that the endogenously produced C-terminal fragment
also enters the nucleus. Further work will be required to determine if thisis the case.

TUG does not undergo proteolysisin fibroblast cells, and proteolytic products were
observed in differentiated 3T3-L 1 adipocytes, but not in preadipocytes [58]. Indeed, even in
mature 3T3-L 1 adipocytes, the degree to which insulin accelerated TUG proteolysisis
variable because of the presence of cleavage productsin unstimulated cells. By contrast,
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insulin-stimulated cleavage is robust and marked in primary tissues, including skeletal
muscle [59] and fat (J.S. Bogan, unpublished observations). Thus, insulin-stimulated TUG
cleavageis cell type —specific, and the TUG-regulated GSV trafficking pathway islikely an
adaptation of a general membrane trafficking pathway that is present in most cells.
Understanding this pathway will be important to shed light on GLUT4 translocation and
how it is regulated by insulin.

A major binding partner for TUG in most cellsis p97 (also known as VCP or, in yeast,
cdc48), a chaperone that is a member of the family of ATPases associated with diverse
cellular activities [73]. Unlike most other UBX-domain-containing proteins, TUG may not
serve as an adaptor to couple p97 ATPase activity to various targets. Rather, TUG can
disassemble the hexameric p97 ATPase into its monomeric subunits. This action is
evolutionarily conserved, and inactivates ATPase activity in vitro [104,105]. Very recently,
it was shown that TUG recruits the methyltransferase METTLD21 to a complex containing
p97 and, probably, UBXD1 [106-108]. Thisresultsin methylation of p97, which negatively
regulates its ATPase activity. This effect may regulate p97 ATPase activity at or near the
ERES/ERGIC, and control the targeting of ubiquitylated cargosin endosomal and
autophagy pathways [109-111]. Possibly, the ubiquitin-dependent sorting of GLUT4 may
involve this mechanism [112].

5. TUG proteolysis in muscle, glucose homeostasis, and energy

metabolism

Expression of an artificial, truncated C-terminal fragment of TUG, termed UBX-Cter,
causes GLUT4 targeting to the cell surface and increases glucose uptake in 3T3-L1
adipocytes [44]. These actions are similar to the effects of RNAi-mediated TUG depletion or
of insulin action and, together with other data, suggested that UBX-Cter binds and occupies
the “anchoring site” at the Golgi matrix. According to this model, it cannot retain the
vesiclesintracellularly because it lacks sequences that interact with GSV proteins. Thus,
UBX-Cter was considered to act as a dominant negative inhibitor of the action of intact
TUG.

In fact, the UBX-Cter fragment mimics insulin action to stimulate endoprotolytic cleavage
of the endogenous TUG protein [59]. The UBX-Cter protein contains degradation signals,
including a ubiquitin-like UBX domain and PEST sequence, and data support the idea that it
turns over rapidly [58]. It can effectively redistribute GLUTA4, despite its very low
abundance, implying that it actsirreversibly. We therefore considered that UBX-Cter may
recruit an interacting protein for degradation, and examined PIST, Golgin-160, and ACBD3.
Among these, PIST protein abundance (but not mMRNA abundance) is markedly reduced
[59]. The data support amodel in which PIST normally binds TUG and inhibits TUG
cleavage in unstimulated cells. Then, in transgenic muscle, the selective degradation of PIST
by UBX-Cter permits the enzymatic activity of the TUG protease to cleave the endogenous
TUG protein, similar to normal insulin action. This model also suggests how insulin
normally acts though GTP-TC10a, which binds PIST and may then displace or reposition it
within aPIST-TUG complex to enable the activity of the TUG protease. Definitive testing
of this model will require identification of the protease, which islikely a deubiquitylating
enzyme family member, as noted above.

Mice with muscle-specific transgenic expression of UBX-Cter have constitutive and
unregulated TUG proteolysis during fasting in muscle [59]. GLUTA4 is translocated to T-
tubules and glucose uptake is increased during fasting. The mice have reduced fasting
glucose and insulin concentrations, and increased whole-body glucose turnover during
fasting. Although the transgeneis likely not fully effectivein al muscles, effectsin
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quadriceps, where it is most highly expressed, are quite marked. The fraction of GLUT4
present in T-tubulesisincreased ~5.7-fold. Total GLUT4 protein abundanceis dightly
decreased, likely because of reduced GLUTA4 protein stability (which is also known to result
from insulin action) [44,113,114]. The absolute increasein GLUT4 in T-tubule — enriched
membrane fractionsis ~3.6-fold, which corresponds well with the ~2.7-fold increase in
quadriceps-specific glucose uptake observed during fasting. This rate of tissue-specific
glucose uptake, in transgenic animals during fasting, is similar to that observed in wildtype
animal's during hyperinsulinemic-euglycemic clamp studies. Together, the data emphasize
that TUG cleavageis amajor action by which insulin stimulates glucose uptake acutely in
muscle.

The increased muscle-specific glucose uptake resulted in a ~17% increase in the rate of
whole-body glucose turnover during fasting [59]. This effect would likely have been more
marked, but for the limited action of the transgene in some tissues. It was initially surprising
that the UBX-Cter was less effective in transgenic muscles, compared to 3T3-L 1 adipocytes.
Yet, itisnow clear that efficient binding of TUG to ACBD3 requires acetylation of residues
at the TUG C-terminus, which appears to be nearly complete in 3T3-L1 adipocytes, but
which is probably more limited in muscle (J.P. Belman and J.S. Bogan, unpublished
observations). Thus, one possibility is that efficient UBX-Cter-induced degradation of PIST
requires an interaction between UBX-Cter and ACBD3. The transgenic mice had no
increase in tissue-specific or whole-body glucose uptake during hyperinsulinemic-
euglycemic clamp studies. Thisresult is consistent with the ideathat TUG actsin the
unstimulated state to sequester GLUT4 and, as it is cleaved, to mobilize GLUT4 acutely, but
that it does not participate in GLUTA4 recycling through endosomes during steady-state
insulin action (Fig. 2). Additionally, there was no additive biochemical effect of insulin and
the UBX-Cter transgene to stimulate TUG proteolysis in quadriceps, which may also
account for the absence of an effect of the transgene in hyperinsulinemic-euglycemic clamp
studies.

Mice with transgenic expression of UBX-Cter in muscle have a 12-13% increase in their
metabolic rate, compared to wildtype controls, as assessed by indirect calorimetry [59]. This
appears not to result solely from effects of GLUT4 at the cell surface. Plasmalactate is
decreased, not decreased as was observed in GLUT1 or GLUT4 transgenic mice [115-120].
Respiratory exchange ratio is unchanged, not increased asin GLUT4 transgenic mice [115].
Many earlier studies on GLUT-transgenic mice were done before the widespread use of
indirect calorimetry for phenotyping. Nonetheless, it islikely that the increased metabolic
rate in muscle UBX-Cter transgenic mice results from effects of proteins other than GLUTA4.
As noted above, GSV's contain IRAP, LRP1, sortilin, and other proteins that may act
physiologically when transl ocated together with GLUTA4 to the cell surface [25]. Aswell,
proteolytic cleavage generates the TUG C-terminal product, which may have subsequent
effects independent of its action as part of intact TUG. As noted above, this product is
targeted to the nucleus in transfected cells, and it may participate in the control of genes
regulating energy metabolism. Other proteinsimplicated in GLUTA4 trafficking are better
known as modulators of gene expression, including RIP140 (which interacts with PGC-1a
and may regulate energy expenditure) and Daxx [121,122,101]. We specul ate that these
proteins function together with the TUG C-terminal product to coordinate gene expression
and GSV trandocation, and possibly to contribute to the thermic effect of food [123,124].

6. Regulated translocation and insulin resistance

In principle, impairment of insulin-regulated glucose uptake could result from defectsin
insulin signaling or vesicle trafficking (or both). Insulin signaling defects have been better
characterized, and can occur in response to excess diacylglycerols and sphingolipids
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including ceramides [125]. Data indicate that insulin-independent defectsin vesicle
trafficking also occur. Intracellular targeting of GLUT4 and IRAP is altered during fasting
in insulin-resistant individuals, compared to controls[126-128]. GLUT4 targeting defects
are not well understood, but they may also result from effects of excesslipids. Other data
show that IRS-1-independent defects are major nodes of insulin resistance, consistent with
effects on non-IRS-1 signaling or insulin-independent trafficking [129]. TC10a signaling is
cell type-specific and, in 3T3-L 1 adipocytes, requires the association of TC10a with lipid
raft membrane domains [130,131]. The upstream signaling components (e.g. CAP, flatillin)
that mediate insulin-stimulated TC10a signaling are upregulated during 3T3-L 1 adipocyte
differentiation, and it is possible that excess lipids alter their function [25]. TC10a signaling
has not been well studied, and the observation that APS and c-Chl knockout mice had
enhanced, rather than impaired, insulin action has led to uncertainty about the relevance of
this pathway [132,133]. Y et, together with the idea that TC10a signaling resultsin
guantized release of discrete amounts of GLUTA4, the data are consistent with the idea that
these proteins are components of a feed-forward circuit [59,60]. Understanding how this
process may be defectivein insulin resistant states will require further study.

To conclude, why translocate GLUT4? Wouldn't it have been simpler to activate
transporters already resident in plasma membranes of fat and muscle cells? Possibly, the
answer to this question is that translocation is a mechanism for the coordinate regul ation of
distinct physiologic outputs. Work from several laboratories implies that GSV translocation
may control not only glucose uptake, but may also contribute to the regulation of blood
pressure, lipid metabolism, and energy expenditure. Impaired, insulin-stimulated GSV
translocation may therefore contribute to multiple aspects of the metabolic syndrome. As
well, GSV-like vesicles are present in arange of differentiated cell types, and regulated
exocytic translocation is likely a conserved mechanism that can respond to a variety of
extracellular stimuli [25,112,134]. For example, the translocation of AQP2 water channelsin
the renal collecting duct, and of H*-pumpsin gastric parietal cells, may employ asimilar
vesicle trafficking mechanism. Understanding this mechanism will thus have broad
relevance for physiology and pathophysiology, and will inform the pathogenesis of type 2
diabetes and its complications.
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Figure 1. Insulin stimulated GLUT4 glucose transporter translocation

Theimages show cultured 3T3-L1 adipocytes that express a GLUT4 reporter protein, which
contains a 7Myc epitope tag in itsfirst extracellular loop as well as GFP fused at the C-
terminus. Cells were serum starved, treated with or without insulin as indicated, then stained
to detect the externalized 7Myc epitope tag. Images were acquired by confocal microscopy
of GFP (total GLUT4, shown in green in the merged images) and Myc epitope (surface
GLUT4, shownin red in the merged images). Scale bar, 10 pM. Reproduced from Yu, C., et
al., JBiol Chem (2007) 282, 7710-7722.
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Figure 2. A model of GLUT4 trafficking pathways

GLUT4 undergoes endocytosis from the plasma membrane (1), and is targeted by retrograde
trafficking to the recycling endosome and trans-Golgi network (2). Specialized, insulin-
responsive GLUT4 Storage Vesicles (GSVs) likely bud from one or both of these locations
(3), and become trapped at the Golgi matrix near the endoplasmic reticulum-Gol gi
intermediate compartment (ERGIC) and endoplasmic reticulum exit sites (ERES). The TUG
proteinisrequired for GSV sequestration at the Golgi matrix, and is cleaved upon insulin
stimulation to mobilize the GSV's (4). The released GSV s are transported on microtubules to
the cell periphery (5), and undergo insulin-stimulated tethering (6), docking (7), and fusion
(8) at the plasma membrane. During the continued presence of insulin, endocytosed GLUT4
recycles directly to the plasma membrane from endosomes (9), and bypasses the TUG-
regulated mechanism for GLUT4 sequestration and release. Adapted from Bogan, J.S.
(2012) Annu Rev Biochem, 81, 507-532.
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Figure 3. Insulin signaling and TUG endopr oteolytic cleavage

A. Insulin signals through at least two pathways to mobilize GLUTA4 to the plasma
membrane. One pathway comprises IRS-1, phosphatidylinositol-3-kinase (PI3K), and Akt2,
which phosphorylates and inactivates the Rab GTPase Activating Proteins AS160/Thc1D1
and/or Thc1D4 to modulate Rab GTPase isoforms and direct vesicle trafficking. A second
pathway is lesswell studied, and is proposed to involve signaling through APS/CAP/c-Chl
to Crkll and the Rho-family GTP Exchange Factor C3G, which activates the TC10a
GTPase. TC10a then signals through its effector, PIST, to trigger TUG endoproteolytic
cleavage. Because conflicting data have been reported for the TC10a pathway, upstream
components are shown in gray. Insulin-stimulated cleavage separates regions of TUG that
bind the Golgi matrix, including Golgin-160 and possibly other proteins, from those that
bind GSV proteins, including GLUT4 and likely other cargos. Cleavage thus liberates
GLUT4 for exocytic translocation to the plasma membrane. B. The domain structure of the
TUG protein is depicted, with residues numbered according to the sequence of the mouse
protein. Tandem ubiquitin-like domains (UBL 1 and UBL 2) are present at the N-terminus,
and interact with GLUT4 and possibly other proteins present in GLUT4 vesicles. A third
ubiquitin-like region, specifically aUBX domain, is also indicated (UBL3/UBX), and C-
terminal regions of TUG bind to Golgin-160 and associated proteins at the Golgi matrix.
Insulin stimulates cleavage of the bond linking residues Gly164 and Ser165. This cleavage
site follows a Gly-Gly sequence, which istypical of ubiquitin-like precursor proteins.
Proteolysis produces TUGUL, an 18 kD N-terminal product thought to function asa
ubiquitin-like protein modifier, aswell asa 42 kD C-terminal product. Cleavage separates
regions of TUG that bind GSV's from regions that bind the Golgi matrix, and thus can
liberate GSVs that are sequestered intracellularly at the Golgi matrix. Adapted from Bogan,
JS. etal., (2012) JBiol Chem 287, 23932-23947.
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