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Abstract

Insulin resistance (IR) is a metabolic disorder characterized by impaired glucose uptake in
response to insulin. The current paradigm for insulin signaling centers upon the insulin receptor
(InsR) and its substrate IRS1; the latter is believed to be the chief conduit for post-receptor
signaling. We recently demonstrated that GIV, a Guanidine Exchange Factor (GEF) for the
trimeric G protein, Gai, is a major hierarchical conduit for the metabolic insulin response. By
virtue of its ability to directly bind the InsR, IRS1 and PI3K, GIV enhances the InsR-IRS1-Akt-
AS160 (RabGAP) signaling cascade and cellular glucose uptake via its GEF function.
Phosphoinhibition of GIV-GEF by the fatty-acid/PKCO pathway inhibits the cascade and impairs
glucose uptake. Here we show that GIV directly and constitutively binds the exocyst complex
subunit Exo-70 and also associates with GLUT4-storage vesicles (GSVs) exclusively upon insulin
stimulation. Without GIV or its GEF function, membrane association of Exo-70 as well as
exocytosis of GSVs in response to insulin are impaired. Thus, GIV is an essential upstream
component within the insulin signaling cascade that couples components within the InsR and G-
Protein signaling cascade to those within the exocytic pathway. These findings suggest a role of
GIV in coordinating the signaling and trafficking events of metabolic insulin response.
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INTRODUCTION

Insulin signaling begins with the binding of the hormone insulin to its receptors (InsR,
IGF1R), which triggers receptor autophosphorylation, and subsequent tyrosine
phosphorylation of insulin receptor substrate 1 (IRS1), amongst others. This leads to the
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recruitment and activation of Src-Homology-2 (SH2) proteins such as p85a/(PI13K) and
downstream activation of Akt [1]. Akt triggers the translocation of the 12-transmembrane
glucose transporter 4 (GLUT4) to the plasma membrane (PM) by phosphoinhibiting the Rab
GTPase activating protein (GAP) AS160 [2]. Among the many adaptors that relay signals
within the insulin cascade, IRS1 is widely believed to serve as the major node for
orchestrating metabolic insulin signaling [1].

Besides IRS1, metabolic insulin signaling relies also on the activation of heterotrimeric G
proteins, another major hub in eukaryotic signal transduction. InsRs are functionally coupled
to the pertussis-toxin sensitive Gai/o proteins, e.g., insulin can trigger their activation,
localization and phosphorylation (reviewed in [3]). Activation of Gi augments insulin
sensitivity [4, 5], enhances tyrosine phosphorylation of both InsR and IRS1 [6] and triggers
efficient translocation of GLUT4 to the PM [4, 7, 8]. Although numerous clues consistently
point to a critical role of Gi activation in the insulin response, who/what couples and
activates Gi downstream of InsR, and how such activation may cross-talk with IRS1-
dependent insulin signaling and trigger downstream metabolic events remained unknown
until recently.

Recently, we demonstrated [3] that a multi-modular signal transducer GIV, is a major
hierarchical conduit for the metabolic insulin response with distinctive features. GIV is a
Guanidine Exchange Factor (GEF) for the trimeric G protein, Gail/2/3 [9] which contains a
SH2-like domain that directly binds InsR [10]. GIV is also a substrate of InsR which
phosphorylates GIV at Y1764 [11]. GIV directly and constitutively binds the N-terminus of
IRS1 [3] and is a bona-fide enhancer of the PI3K-Akt pathway downstream of multiple
RTKs, including InsR [11]. We showed that by virtue of its ability to directly bind the InsR,
IRS1 and PI3K, GIV enhances the InsR-IRS1 signaling cascade and glucose uptake via its
GEF function. Site-directed mutagenesis or phosphoinhibition of GIV-GEF by the fatty-
acid/PKCO pathway triggers IR, and that insulin sensitizers reverse phosphoinhibition of
GIV and reinstate insulin sensitivity. Using cell-permeable TAT-GIV peptides we showed
that turning GIV-GEF “ON” serves as a therapeutic approach for exogenous manipulation of
physiologic insulin response and for the reversal of IR in skeletal muscles [3]. Based on
these findings it was concluded that GIV is an essential upstream component that couples
InsR to G-Protein signaling to enhance the metabolic insulin response, and impairment of
such coupling triggers IR.

Although these findings reveal the importance of GIV as a key determinant of insulin
sensitivity in physiology and that its phosphoregulation by PKCB triggers IR, what remains
unknown is how GIV may link these upstream signaling events within the insulin pathway
to the downstream membrane trafficking events that ultimately coordinate glucose uptake by
GLUT4 transporters. Here we show that GIV associates with two additional key components
within the metabolic insulin response: 1) GLUT4 storage vesicles (GSVs) and 2) exocyst
complex subunit Exo-70. Findings provide insights into how GIV may link signaling events
within the insulin cascade to the membrane trafficking components that regulate the
exocytosis of GSVs.
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MATERIALS AND METHODS

Detailed methods are presented in Supplemental Information.

Cell culture, transfection, imunoblotting, immunofluorescence and protein-protein
interaction assays

These assays were carried out exactly as described before [13, 14]. All Odyssey images
were processed using Image J software (NIH) and assembled for presentation using
Photoshop and Illustrator software (Adobe).

Assay for measuring cell surface GLUT4

The efficacy of GLUT4 translocation to the PM was analyzed by carrying out cell-surface
immunofluorescence staining under non-permeabilizing conditions on cells expressing the
extensively characterized GLUT4 chimera, HA-GLUT4-GFP [15].

Proximity Ligation Assay (PLA)

In situ interaction of endogenous GIV with either HA-GLUT4-GFP or Exo70-HA was
detected using a proximity ligation assay kit Duolink (Olink Biosciences).

Data Analysis and Statistics

All experiments were repeated at least three times, and results were presented either as one
representative experiment or as average + SD or SEM. Statistical significance was assessed
with two-tailed Student’s t test.

RESULTS

Activation of Gai by GIV-GEF is required for GLUT4 exocytosis

Because exocytosis of GLUT4 is enhanced by both the activation of G proteins [7] and the
PI3K-Akt pathway [1], we asked if GIV and its GEF function regulates GLUT4 exocytosis
and glucose uptake in response to insulin. We monitored insulin-triggered GLUT4
translocation to the PM using the well-characterized HA-GLUT4-GFP chimera in HeLa
cells by confocal fluorescence microscopy, a reliable model system that has been widely
used to study the trafficking of GLUT4 containing vesicles (GSVs; detected by GFP) [15].
In starved cells, GSVs are visualized in the cytosol, and insulin stimulation triggers their
redistribution to the PM, where the exocytosed pool of the GLUT4 chimera is measured by
indirect immunofluorescence of the HA tag (Figure 1A). Depletion of GIV (by ~80-85%;
Figure 1B-C) reduced the efficiency of GLUT4 exocytosis ~3-fold, a defect that was rescued
by stably expressed siRNA-resistant wild type GIV (GIV-WT), but not the GEF-deficient
F1685A mutant of GIV (GIV-FA) which can neither bind, nor activate Gai [9] (Figure 1D).
These findings indicate that GIV is required for GLUT4 exocytosis and that its GEF domain
is essential.

Next we asked if phosphoinhibition of GIV’s GEF at Ser1689 by PKCO [12] also inhibits
GLUT4 exocytosis. Compared to controls, cells expressing the constitutively
phosphoinhibited S1689D mutant of GIV (GIV-SD) were inefficient in GLUT4 exocytosis

Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 December 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez-Sanchez et al.

Page 4

(Figure 1D), thereby pinpointing the inhibitory action of PKC6 on GIV-GEF as a key event
that inhibits insulin-triggered exocytosis of this transporter. These findings are consistent
with the fact that insulin-stimulated glucose uptake, as determined by a well-established
fluorometric assay [16] was also impaired in both HeLa cells depleted of GIV or those
expressing the GEF-deficient mutants (GIV-FA and GIV-SD) compared to control cells
expressing GIV-WT [3]. Taken together, findings indicate that GIV’s GEF function is
required for efficient GLUT4 exocytosis and glucose uptake and that its phosphoinhibition
by PKCO impairs both.

To translate the above findings into insulin-resistance models and interrogate the GIV-GEF-
dependent pathway for its pathophysiologic relevance, next we switched to L6 rat skeletal
myotubes. Our rationale for this choice was guided by the fact that although both adipocytes
and skeletal muscles are sites for IR, full-length GIV is expressed more abundantly in
skeletal muscles than in mature adipocytes [17]. Findings in L6 myotubes concurred with
those in HeL a cells, in that GIV was essential for insulin-triggered GLUT4 exocytosis
because GIV-depleted myotubes (~80% depletion; Figure 1E) impaired exocytosis of
GLUT4 by 70%; Figure 1F; S1).

GIV associates with GSVs

Because exocytosis of GLUT4 requires the recruitment of signaling proteins, like Akt and
exocyst complexes onto GCVs and rapid remodeling of cortical actin [18], next we asked if
GV, a bona-fide Akt enhancer [11] and an actin remodeler [19] also associates with GSVs.
Immunofluorescence studies showed partial colocalization between active GIV [identified
using anti-pY1764-Gl1V, a site phosphorylated by InsRf [11]] and GLUT4 at the PM
exclusively after insulin stimulation (arrowheads, Figure S2). Immunoisolation of GSVs (in
the absence of detergent) from cells transfected with HA-GLUT4-GFP showed that GIV
associates with GSVs exclusively after insulin stimulation (Figure 2A). To confirm if GIV
and GSVs interact at the PM, we performed proximity ligation assays (PLA) [20] to detect
in situ GIV-GCV complexes in Cos7 cells transfected with HA-GLUT4-GFP. PLA signals
were detected between HA-GLUT4-GFP and endogenous total GIV (Figure 2B) or active
GIV[pY1764] (Figure 2C-D) in the cell periphery exclusively after ligand stimulation
indicating that they interact [i.e., the maximum distance between the two is < 30-40 nm
[20]]. These results demonstrate that GIV can associates with GSVs in a ligand-dependent
manner.

GIV directly and constitutively binds exocyst complex subunit Exo-70

As to how GIV may associate with GSVs and assist in their exocytosis, we noted that a
high-throughput mass spectrometry study [21] identified GIV as one of the unconfirmed
interacting partners of exocyst complex protein, which are key players mediating exocytosis
of GCVs [22]. Immunofluorescence studies revealed that upon insulin stimulation active
GIV[pY1764] colocalized at the PM with most exocyst components tested, e.g., Sec3,
Exo70, Exo84 and Sec8 (Figure 3A). PLA studies in Cos7 cells transfected with HA-Exo70
revealed that active GIV interacts with Exo70 (Figure 3B; S3A-B), a core subunit that is
critical for the functional assembly of the exocyst complex [22]. This interaction was
constitutive because PLA signals were equal in serum-starved cells after insulin stimulation
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and at steady-state. These results indicated that GIV may associate with exocyts complex,
and perhaps Exo-70 subunit specifically, and that such interaction is constitutive (i.e.,
independent of ligand stimulation).

Next we asked if GIV specifically binds the Exo-70 subunit of exocyst complex. Pulldown
assays using either Cos7 lysates as the source of GIV and bacterially expressed and purified
GST-tagged Exo-70 subunit showed that full length GIV can indeed bind Exo-70 (Figure
3C). Pulldown assays using recombinant GIV-CT and Exo-70 proteins confirmed that GIV’s
C-terminus (aa 1660-1870) binds Exo70, demonstrating that the GIV:Exo-70 interaction we
observe is direct, and that the C-terminal ~210 aa are sufficient for such interaction (Figure
3D).

GIV and its GEF function is required for the localization of Exo-70 to the plasma membrane

Because protein-protein interactions affect protein targeting/localization, next we asked if
impaired glucose uptake we observed in the absence of GIV or a functional GEF motif in
GIV [3] is also accompanied by defects in insulin-triggered association of Exo70 with the
PM. To study this, we carried out immunofluorescence studies to monitor the relocation of
HA-tagged Exo-70 from cytosol to the PM in Cos7 cells responding to insulin. These studies
revealed that insulin stimulation of cells that are depleted of GIV or those that express the
phosphoinhibited GIV-SD mutant, which are defective in GLUT4 exocytosis (Figure 1C-D)
and glucose uptake [3], also have inefficient translocation of HA-Exo70 from the cytosol to
the PM compared to controls (Figure 3A-C; S4). These results indicate that modulation of
insulin signals by GIV’s GEF function [3] also affects the ligand-dependent association of
Exo70 with the PM. Based on these results we propose that constitutive GIV-Exo70
complexes remain in cytosol in starved cells and associate with GCVs at the PM exclusively
after insulin stimulation (see legend and working model; Figure 3D). Thus, GIV functionally
interacts with several key downstream components of rapid insulin response (Akt, actin,
GSVs, Exo70) and GIV’s GEF function is required for ensuring efficiency at various steps
of GLUT4 exocytosis and glucose uptake in response to insulin.

DISCUSSION

The fundamental discovery in this work is that GIV and its GEF function plays a major role
in linking signaling to membrane trafficking events, which ultimately coordinate efficient
glucose uptake in response to insulin. Previous work [3] has established that physiologic
insulin response is triggered by activation of GIV by tyrosine phosphorylation, GIV’s GEF
function is turned “on” and Gai is activated, metabolic insulin signaling is initiated through
the InsR/IRS1/PI3K/Akt signaling axis, culminating in efficient uptake of glucose. In
patients with IR, circulating free fatty-acids trigger the accumulation of diacyl glycerol
(DAG) and activation of PKCB in skeletal muscle, which in turn phosphorylates GIV’s GEF
motif at S1689 and selectively turns “off” the GEF function. Consequently, Gai remains
inactive and a majority of the key elements of metabolic insulin signaling are suppressed,
thereby inhibiting glucose uptake and resultant hyperglycemia. By reporting novel
interactions of GIV in this work we have now provided a more complete picture as to how
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GIV-dependent insulin signaling events are relayed to the exocytic machinery via that
ultimately coordinates GSV exocytosis and glucose uptake.

GIV’s GEF function integrates both trafficking and signaling components within the insulin
response cascade

We previously demonstrated [3] that activation of Gai by GIV impacts many tiers within the
insulin cascade and that phosphoinhibition of GIV’s GEF function antagonizes them all. At
the level of the receptor, activation of Gai via GIV’s GEF motif is required for maximal
autophosphorylation and activation of InsRp and recruitment and phosphoactivation of its
major substrate, IRS1, two upstream events in insulin signaling. At the immediate post-
receptor level, we demonstrated that GIV directly and constitutively binds IRS1 [3] and
enhances the recruitment of IRS1 to the ligand-activated receptors at the PM, triggers robust
tyrosine phosphorylation at Y632 and Y941 on IRS1 and enhances the formation of IRS1-
p85a(PI3K) complexes. All of these are key events implicated in metabolic insulin signaling
via IRS1. Further downstream, the PI3K-Akt signaling pathway was maximally enhanced
and the Rab-GAP AS160 was maximally phosphoinhibited only in the presence of an intact
GIV-GEF. These downstream events are known to coordinately trigger docking of GSVs at
the PM via activation of Rab proteins and their subsequent tethering to the PM in response
to insulin [23]. Here we report two new interactions of GIV that may help GIV integrate
signaling with membrane trafficking during GSV exocytosis. First, we found that GIV
associates with GSVs, much like other proteins, e.g., Akt and AS160 that are also known to
localize to that compartment and regulate GSV exocytosis [reviewed in [18, 24]]. Such
association is not surprising because GSVSs represent a specialized recycling endosomal
system [25], and GIV has previously been shown to be associated with recycling endosomes
[26]. Second, we demonstrate that GIV’s C-terminus directly binds the Exo-70 subunit and
regulates its recruitment to the PM after insulin stimulation. Previous work has established
that Exo-70 is recruited to the PM via activation of the small G protein TC10 [22] and that
its primary role is to help tether GSVs to the PM for subsequent SNARE-mediated fusion
[27]. 1t is possible that GIV’s ability to associate with GSVs and with Exo-70 serves to
tether GSVs to the exocyst complexes at the PM. Because the actin cytoskeleton has also
been described as a tether for GSVs [28], it is possible that the previously characterized role
of GIV as a remodeler of the cortical actin cytoskeleton further aids in GSV exocytosis [13,
19]. We conclude that GIV interacts with and enhances key signaling and membrane
trafficking events within the insulin response cascade, and in doing so, it exemplifies a
molecular basis for the observed engagement between these events during insulin-triggered
glucose uptake into cells.

In conclusion, we have defined activation of Gai by GIV’s GEF function as a central node
that coordinately enhances the physiologic insulin response by coordinating signaling events
with membrane trafficking events. Because the GIV-node also serves as the point of
convergence for the antagonistic actions of fatty acids and insulin sensitizers [3], selective
modulation of this node emerges as a promising and precise strategy to regulate metabolic
insulin response and glucose uptake in tissues responsive to insulin.
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Highlights

e  GIV-GEF is essential for insulin-triggered exocytosis of GLUT4-storage
vesicles

» GIV associates with GLUT4-storage vesicles exclusively after insulin
stimulation.

e GIV directly binds Exo-70 and enhances its recruitment to the plasma
membrane.

e GIV couples signaling and trafficking and coordinates metabolic insulin
response.
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Figure 1. GIV’s GEF function is essential for GLUT4 exocytosis
(A) Starved or insulin-stimulated HeLa cells expressing HA-GLUT4-GFP were fixed,

stained with HA mAb and analyzed by confocal microscopy. Exocytosed GLUT4 at the PM
(arrowheads) was detected by surface labeling with HA (red), whereas total GLUT4 was
detected by GFP signal. Bar = 10 pm. (B) Top: Lysates of HelLa cells treated either with
control (Scr) or with GIV siRNA were analyzed for GIV and tubulin by immunoblotting
(1B). Bottom: Bar graph displays efficiency of GIV depletion. (C) Control (Scr) and GIV-
depleted (GIV siRNA) HelLa cells were analyzed for insulin-triggered exocytosis of HA-
GLUT4-GFP by confocal microcoscopy as in A. Bar graph displays % cells with exocytosed
GLUTA4. Error bars represent mean £ S.D. n = 3. (D) HeLa cells stably expressing SiRNA-
resistant GIV-WT, GIV-FA or GIV-SD were depleted of endogenous GIV by siRNA, serum
starved and subsequently analyzed for exocytosis of HA-GLUT4-GFP after insulin
stimulation as in A. Bar graph displays % cells with exocytosed GLUTA4. Error bars
represent mean = S.D. n = 3. (E) Top: Lysates of L6 cells treated either with control (Scr) or
with GIV siRNA were analyzed for GIV and tubulin by immunoblotting (IB). Bottom: Bar
graph displays efficiency of GIV depletion. (F) Control (Scr) and GIV-depleted (GIV
SiRNA) L6 cells were analyzed for insulin-triggered exocytosis of HA-GLUT4-GFP by
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confocal microcoscopy as in A. Bar graph displays % cells with exocytosed GLUTA4. Error
bars represent mean £ S.D. n=3.
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Figure 2. GIV associates with GSVs
(A) Full length GIV is detected in immunoisolated GSVs exclusively after insulin

stimulation. Immunoisolation of GSVs was carried out on homogenates (no detergent) of
serum starved or insulin treated HelLa cells expressing HA-GLUT4-GFP using a mix of anti-
HA and anti-GFP antibodies. Homogenates and immunoisolates were analyzed for GIV and
HA-GLUT4-GFP by immunoblotting (I1B). (B) GIV interacts with GSVs after insulin
stimulation. Serum starved HeLa cells expressing HA-GLUT4-GFP were stimulated or not
with insulin prior to fixation. Fixed cells were analyzed for interaction with GIV upon
insulin stimulation by in situ PLA using rabbit GIV-CT and mouse anti-GFP. GFP signal
shows GLUT4 vesicles. Red dots = interaction. Scale bar = 10 pm. (C) Serum starved and
insulin stimulated HeL a cells expressing HA-GLUT4-GFP were analyzed for interaction
between active GIV (pYGIV) and GSVs by in situ PLA using rabbit anti-pY1764-GIV and
mouse anti-HA. GFP signal shows GLUT4 vesicles. Red dots = interaction. Bar = 10 pm.
(D) HelLa cells incubated only with secondary antibodies during PLA do not show any false
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positive signals. HeLa cells expressing HA-GLUT4-GFP were incubated with anti-mouse
and anti-rabbit secondary PLA antibodies as negative control. GFP signal shows GLUT4
vesicles in the cell periphery. Unlike Figure 2B-C, no red signal is seen. Scale bar = 7.5 pm.
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Figure 3. GIV colocalizes with the exocyst complex and directly binds the subunit Exo-70
(A) Tyrosine phosphorylated GIV colocalizes with several subunits of the exocyst complex.

Serum starved Cos7 cells expressing various subunits of the exocyst complex, as indicated
were stimulated with insulin, fixed and subsequently stained for pY1764-GIV (red), HA
(green) and DAPI/DNA (blue). Bar = 10 pm. (B) Cos7 cells expressing Exo70-HA were
grown in 10% FBS (steady-state; right) and analyzed for interaction between GIV and
Exo-70 by in situ PLA using rabbit anti-pY1764-GIV and mouse anti-HA. Red dots =
interaction. Bar = 10 ym. (C-D) Pulldown assays were carried out using either Cos7 cell
lysates (C) or recombinant His-GIV-CT (aa 1660-1870) (D) as source of GIV and GST or
GST-Exo70 immobilized on glutathione beads. Inputs and bound proteins were analyzed by
immunoblotting (IB) for GIV (left) or for His (His-GIV-CT, right). Equal loading of GST
proteins was confirmed by Ponceau S stain.
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Figure 4. GIV and its GEF function are required for the relocation of Exo-70 to the PM
(A) Control (si Control) or GIV-depleted (si GIV) expressing Exo-70-HA were serum

starved and subsequently stimulated with insulin for 10 min prior to fixation. Fixed cells
were stained with HA (green; shown here in grayscale). Arrowheads = PM. Bar = 10 um.
(B) Bar graph displays the % cells in A in which Exo-70 was translocated to the PM. p =
0.0001. (C) Cos7 cells coexpressing Exo-70-HA and either GIV-WT-FLAG or GIV-SD-
FLAG were serum starved and insulin-stimulated and then stained with HA (green; shown
here in grayscale). FLAG (red) and DNA/DAPI (blue) are displayed in Figure S4.
Arrowheads = PM. Bar = 10 pm. (D) Schematic summarizing our proposed model for how
GV interacts with several key upstream and downstream components of rapid insulin
response (Akt, actin, GCVs, exo70) that are essential for efficient GLUT4 exocytosis and
glucose uptake in response to insulin. Previous work [3] has shown that physiologic insulin
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response (pathways indicated in green on the right) requires insulin triggered formation of
InsR-GIV complexes, followed by tyrosine phosphorylation of GIV (pY1764), and
subsequent activation of Gai via GIV’s GEF function. Consequently, metabolic insulin
signaling is enhanced through the InsR/IRS1/PI3K/Akt pathway, which culminates in
phosphoinhibition of RabGAP AS160. Findings in this work indicate that GIV associates
constitutively with Exo-70 subunit of the exocyst complex, and that it associates also with
GSVs exclusively after ligand stimulation. In doing so, GIV anatomically couples the
signaling components (InsR, IRS1, Akt and P13K) to the membrane trafficking components
(AS160, GSVs, the exocyst complex) that regulate GSV exocytosis for rapid uptake of
glucose. In IR (pathways shown in red on the left), circulating free fatty-acids trigger the
accumulation of diacyl glycerol (DAG) and PKC®H is activated. PKCO phosphorylates GIV at
S1689 and turns “off” its GEF function. Consequently, Gai remains inactive and the InsR/
IRS1/PI3K/Akt/AS160 signaling cascade is suppressed, Exo-70 fails to translocate to the
PM, and GSV exocytosis and glucose uptake are impaired.
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