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Figure 9. Wfs!/ mRNA signals and protein immunoreactivity in the normal mouse brain.
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Figure 10. Wfsl protein immunoreactivity in the normal mouse suprachiasmatic nucleus

(SCN), optic chiasm (OX), and optic tract (OT).
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TABLE 1. Primary Antibodies Used in This Study

Catalog
Antibody Manufacturcr No. Lot No. Antibody isotype Clone Dilution Antigen Specificity
Mousc Wfsl This Study Rabbit scrum §:5000- Amino acids 1-179 representing A single band of ~100 kDa in
1:10000 N-terminus  Wfsl  protein  of  cxtracts from the mousc brain and
mousc erigin optic nerve, ~100 kDa and ~70 kDa
bands in cxtracts from the mousc
retina. Antigen block of
immunolabeling. Figs. | and 2D
Calbindin-D-28K Sigma-Aldrich. C9848 113K4867  Mousc 1gG, Clonc  CB-  1:500 Purificd bovine kidney A single 28-kDa band*I. Staining
St. Louis, MO 958§ catbindin-D-28K pattcrn identical to published data®*2
Gou Chemicon. MAB3073 24040782  Mousc 1gG, Clonc 2A 1:250 Purificd bovine brain Go«t A single protcin band of 39-42
Temecula, CA kDa*|. Staining pattern identical to
published data*2
Choline Chemicon ABI#4P 24030848  Goat scrum 1:100 Choline acctyltransferase from  Staining  pattern  identical  to
Acctyltransferase human placenta published data*3
Tubulin. gL Chemicon MABI637 25010305 Mouse 1gG, Clone TU-20 1:50 A synthetic peptide A single protein band of 50 kDa in
isoform corresponding to amino acids  extracts from the porcine brain*4
443-450  (ESESQGPK)  of
human class 1l f-tubulin
conjugated to keyhole limpet
hemocyanin (KLIH). a carrier for
haptens
Bm-3a Santa Cruz  sc-8429 L1106  Mouse lgGy, Clonc 14A6 1:50 Amino acids 1-109 rcpresenting  Staining  patten  identical o
Biotechnology. N-terminus  Bm-3a protein of  published data®s
Santa Cruz. CA mousc origin
Glutamine BD Biosciences 610517 01915 Mousc [gGs, Clonc 6 1:500 Sheep glutamine synthetase (1- A single protein band of 45 kDa in
Synthctase Phanmingen. San 373: Full Length) extracts from the rat brain*6
Dicgo. CA
Gtial Fibrillary  Chemicon ABSE04 23080114 Rabbit scrum 1:1000 Purificd bovine GFAP A single protein band of S1 &Da in
Acidic Protcin extracts from the mouse brain*7
(GFAP)
GFAP Chaeimicon MAB360 25040157 Mousc IgG, Clone GAS 1:1000 Purificd  GFAP  from porcine A single protein band of $1 kDa in
spinal cord cxtracts from a human glioma ccll
linc*&. Staining pattemn (Fig. 8B8)
identical to that of the anti-GFAP
rabbit scrum (Fig. 6A)
Oligodendrocytes Chemicon MAB1580 25040064  Mousc 1gG, Clone NS-1 1:100000 Rat olfactory bulb Staining  pattern  identical  to
(RIP] published data®9
Mouse CDlib BD Biosciences 550282 01651 Rat (DA) 1gGy, Clone M1/70 1:30 C57BL/10 mouse splenic T cells  Staining  pattern  identical — to

(Mac-1 «cchain)

Phammingen

and concanavalin - A-activated

CS7BL/ 10 splenocytes

published data*10

*1: Manufacturer's technical information; Gargini et al., 2007
*2: Haverkamp and Wissle, 2000
*3: Jeon et al., 1998; Haverkamp and Wissle, 2000; Kang et al., 2004

*4: Manufacturer's technical information; Draberova et al., 1998

*5: Xiang et al., 1995
*6: Manufacturer's technical information

*7: Jalil et al., 2005

*8: Manufacturer's technical information; Debus et al., 1983
*9: Saari et al., 1997; Morcos and Chan-Ling, 2000
*10: Retina: Dréger, 1983; Optic nerve: Reichert and Rotshenker, 1996; Neufeld, 1999.
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TABLE 2. Distribution of Wfs1 Immunoreactivity in the Normal Mouse Retina

Retinal cells

Photoreceptor

Outer plexiform layer
Horizontal cells
Bipolar cells
Amacrine cells

Inner plexiform layer
Ganglion cells
Displaced amacrine cells
Miiller cells
Astrocytes

Microglia

+ 4+ + o+ o+ o+

+, present; —, not present.
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TABLE 3. Distribution of Wfs1 Immunoreactivity in the Normal Mouse Optic Nerve

Optic nerve cells

Astrocytes +
Oligodendrocytes -
Microglia -

+, present; —, not present.

- 67 -
— 383 —



Kawano et al. / The Journal of Comparative Neurology
In press

TABLE 4. Distribution of Wfsl Immunoreactivity in the Normal Mouse Vision-Related
Brain Structures

Viston-related brain structures

Optic chiasm —
Optic tract -

Suprachiasmatic nucleus +
Lateral geniculate nucleus -
Pretectum -
Superior colliculus +
Medial terminal nucleus -
Primary visual cortex +
Secondary visual cortex +

+, present; —, not present.

- 68 -
— 384 —



Taguchi et al. Identification of Glypican3 as a novel GLUT4 binding protein.
Biochem Biophys Res Comm. In press

Identification of Glypican3 as a novel GLUT4 binding protein

Akihiko Taguchi®, Masahiro Emoto?, Shigeru Okuya®, Naofumi Fukuda®, Yoshitaka
Nakamori®, Mutsuko Miyazaki®, Sachiko Miyamoto®, Katsuya Tanabe®, Hiroyuki
Aburatani®, Yoshitomo Oka®, Yukio Tanizawa®
Division of Endocrinology, Metabolism, Hematological Sciences and Therapeutics,
Department of Bio-Signal Analysis Yamaguchi University Graduate School of Medicine
®Genome Science Division, Research Center for Advanced Science and Technology,

University of Tokyo, Tokyo, Japan
°Division of Molecular Metabolism and Diabetes, Tohoku University Graduate School of

Medicine, Sendai 980-8575, Japan

*Corresponding author. Fax: +81-836-22-2342.
E-mail address: okuya@yamaguchi-u.ac.jp (S. Okuya)

-page 1-

— 38—



Taguchi et al. Identification of Glypican3 as a novel GLUT4 binding protein.
Biochem Biophys Res Comm. In press

Abstract

Insulin stimulates glucose uptake in fat and muscle primarily by stimulating
the translocation of vesicles containing facilitative glucose transporters, GLUT4,
from intracellular compartments to the plasma membrane. Although cell surface
externalization of GLUT4 is critical for glucose transport, the mechanism
regulating cell surface GLUT4 remains unknown. Using a yeast two-hybrid
screening system, we have screened GLUT4-binding proteins, and identified a
novel glycosyl phosphatidyl inositol (GPI)-linked proteoglycan, Glypican3 (GPC3).
We confirmed their interaction using immunoprecipitation and a GST pull-down
assay. We also revealed that GPC3 and GLUT4 to co-localized at the plasma
membrane, using immunofluorescent microscopy. Furthermore, we observed
that glucose uptake in GPC3-overexpressing adipocytes was increased by 30%
as compared to control cells. These findings suggest that GPC3 may play roles

in glucose transport through GLUT4.

Keywords: GLUT4; 3T3-L1 adipocytes; GPC3
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Insulin stimulation of glucose uptake into skeletal muscle and adipose tissue
is achieved via the translocation of intracellular-sequestered GLUT4 protein to
the cell surface membrane [1; 2]. On the plasma membrane, GLUT4 proteins,
responding to insulin stimulation, remain externalized for a certain period of time
and facilitate glucose transport. Although cell surface externalization of GLUT4 is
critical for glucose transport, the mechanism regulating cell surface GLUT4
remains largely unknown. We speculated that it would require a protein capable
of interacting with the glucose transporter.

Over the past decade, several GLUT4-binding proteins, such as mUbc9 [3],
TUG [4], DAXX [5], L-3-hydroxyacyl-CoA dehydrogenase [6] and carboxyl
esterase [7], have been identified using the C-terminus region of GLUT4 as bait
in either a two-hybrid system or an immobilized GST fusion protein pull-down
experimer_wt. For example, mUbc9 was demonstrated to regulate transporter
degradation [3], whereas TUG was shown to modulate GLUT4 distribution [4].
However, the functions of other GLUT4 binding proteins are not fully understood.
We speculated that a change in the three-dimensional structure of the GLUT4
partial sequence has made it difficult to identify and analyze functional GLUT4
binding proteins. Thus, we used full length GLUT4 for screening, and thereby
identified GPC3 as a GLUT4 binding protein.

GPC3 is one of the heparan sulfate proteoglycans that are anchored to the
cell membrane by a glycosyl-phosphatidylinositol protein [8]. This family of
proteins was shown to be related to morphogenesis and GPC3 was originally

reported to be a negative regulator of cell proliferation as well as the progression
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of malignant tumors [9; 10; 11; 12; 13]. Herein, we report GPC3 as a newly
identified GLUT4 binding protein. This is the first report describing a protein that

acts directly on GLUT4 molecules at the plasma membrane.

MATERIALS AND METHODS

Antibodies. Mouse monoclonal GPC3 antibody was provided by Dr. Hiroyuki
Aburatani (University of Tokyo, Japan). The following antibodies were used: anti-
GLUT4 rabbit and goat, anti-GST (Santa Cruz Biotechnology, CA); anti-FLAG
(M2) (Sigma); anti-Myc (9E10) (Convance, CA) and fluorescent-conjugated and
Horseradish peroxidase-conjugated secondary antibodies (Jackson Immuno-
Research Laboratories).

Constructs. Mouse GPC3 cDNA was purchased from Open Biosystems
(Huntsville, AL). Wild-type GPC3 was subcloned into a pGEX-6P1 (GE
Healthcare Biosciences) vector. FLAG-tagged GPC3 and 4xMyc-tagged GLUT4-
eGFP was subcloned into a pcDNA3 (Invitrogen) vector. All chemically
synthesized and PCR-derived DNA sequences were verified by DNA sequencing.

Preparation of recombinant adenovirus vectors. Recombinant adenovirus
encoding eGFP or FLAG-tagged GPC3 was constructed using the AdEasy
adenovirus vector system according to the manufacturer's instructions
(Stratagene). All amplified viruses were stored at -80°C. 3T3-L1 adipocytes were
infected with recombinant adenovirus vectors encoding eGFP and FLAG-tagged

GPC3 at a multiplicity of infection (m.o.i.) of 50.
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Cell culture. 3T3-L1 fibroblasts were grown in DMEM with 10% fetal bovine
serum (FBS) at 37°C. The cells (3-5 days post-confluent) were differentiated into
adipocytes by incubation in the same DMEM containing 0.5 mM
isobutylmethylxanthine, 0.25 yM dexamethasone, and 4 ug/ml insulin for 3 days,
and then grown in DMEM with 10% FBS for an additional 3-6 days. Human
hepatocellular carcinoma cell line HepG2 cells were cultured in Eagle's Minimum
Essential Medium (EMEM) with 10% FBS in at 37°C.

Primary culture of mouse hepatocytes. Mouse hepatocytes were prepared
from 5-month male C57BL/6J mice as described previously [14]. Isolated cells
were seeded onto coverslips and allowed to recover for 24h.

Yeast two-hybrid screening. The MATCHMAKER LexA Two-hybrid System
(Clontech) was used for identification of GLUT4 binding proteins. As bait for
screening, the vector pLexA-GLUT4 expressing a fusion protein composed of
full-length rat GLUT4 linked to the DNA-binding domain was constructed. A rat
adipocyte cDNA library already cloned into the pB42AD vector was obtained from
Origene Technologies (Rockville, MD). Approximately 300 colonies showed
activation of the yeast reporter gene, and 15 colonies showing dependence on
the LexA-GLUT4 fusion protein for activation of the reporter gene were selected.
Plasmids from positive clones were subsequently isolated from the yeast,
transferred to E. coli, and sequenced. Full-length cDNA was obtained by 5’RACE
(Rapid Amplification of cDNA End) using a kit (Clontech) and the GenBank/NCBI

databases were screened for similar sequences using BLAST Search.
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In vitro GST pull-down assay. GST fusion proteins of full-length GPC3 and
GST alone were purified according to the manufacturer's instructions. GLUT4
protein was generated from Myc-tagged GLUT4-eGFP (four-Myc epitope-tags in
the first exofacial loop and eGFP in the C-terminus) transfected 293 cells and
further purified using anti-Myc antibody. These GST fusion proteins and purified
4xMyc-tagged GLUT4-eGFP were mixed in PBS and incubated at 4°C for 4h.
The proteins were then pulled down with glutathione-sepharose beads (GE
Healthcare Biosciences).

Immunoprecipitation and immunoblotting. Cells were lysed in lysis buffer [20
mM HEPES (pH 7.2), 100 mM NaCl, 1mM EDTA, 25 mM NaF, 1 mM sodium
vanadate, 1 mM benzamidine, 5 pg/ml leupeptin, 5 ug/ml aprotinin, 1 mM PMSF,
1mM DTT] and the protein concentration was measured with BCA protein assay
reagent (Pierce, Rockford, IL). For immunoprecipitation, the cell lysate was pre-
incubated with protein-G Sepharose at 4°C for 30 min to remove nonspecific
bound proteins. Then, samples were incubated with primary antibody at 4°C for
8-12h followed by incubation with protein-G Sepharose. Lysates and
immunoprecipitates were resolved by SDS-PAGE and transferred to a
polyvinylidene diflucride (PVDF) membrane (GE Healthcare Biosciences). The
membranes were incubated with appropriate antibodies.

Immunofluorescence microscopy. 3T3-L1 adipocytes, HepG2 cells, and
primary hepatocytes were seeded onto coverslips and allowed to recover for 24-
48h. 3T3-L1 adipocytes were serum-starved for 4h in DMEM, followed by

incubation with or without 100 nM of insulin for 15 min at 37°C. Then, all of the
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cells were fixed with 3.7% formaldehyde in PBS and permeabilized with buffer A
(0.5% Triton X-100, 1% FBS in PBS) for 15min, and finally incubated for 2h with
primary antibodies at room temperature. The cells were washed and incubated
with an appropriate secondary antibody, or rhodamine conjugated wheat germ
agglutinin (molecular probes, inc.) as a counter staining of cell membrane and
Golgi system. The coverslips were washed thoroughly and mounted on glass
slides. Immunostained cells were observed at room temperature with a laser-
scanning confocal microscope (LSM5 PASCAL; Carl Zeiss Inc).

Plasma membrane sheet assay. Cell surface protein was assayed using
plasma membrane lawns as described previously [15]. The cells were
subsequently swollen using hypotonic buffer and sonicated to generate a lawn of
plasma membrane fragments. The membranes were immunostained with anti-
GPC3 and anti-GLUT4 antibody. These cells were observed by laser confocal
microscopy.

2-deoxy-glucose uptake. Differentiated adipocytes were prepared in 24-well
plates. Cells were infected with the recombinant adenoviruses. Two days
thereafter, the cells were serum-starved for 2 h at 37°C in Krebs-Ringer
phosphate buffer (130 mM NaCl, 5 mM KCI, 1.3 mM CaCl,, 1.3 mM MgSQy, and
10 mM Naz;HPQg4, pH 7.4). The cells were then stimulated with or without 100 nM
of insulin for 15 min, and deoxy-glucose uptake was determined by 2-deoxy-D-

[2,6 *H] glucose incorporation.
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RESULTS AND DISCUSSION

Identification of GLUT4 binding proteins

Regulation of glucose uptake in muscle and adipose tissues by insulin is
important for proper maintenance of blood glucose. This hormone stimulates
translocation of the GLUT4 glucose transporter from the intracellular membrane
to the cell surface. After translocation to the plasma membrane, GLUT4 remains
on the cell surface temporarily and facilitates glucose transport. However, the
mechanism regulating cell surface GLUT4 is still largely unknown. We
hypothesized that it requires protein-protein interactions at the plasma membrane.
We used the yeast two-hybrid screening system to identify proteins that interact
physically with full length GLUT4. As bait, we used full-length rat GLUT4 cDNA
and, as prey, a rat adipose tissue cDNA library. After the first screening, we
obtained more than 300 colonies. After a second screening, 15 colonies
remained positive. Ultimately, nine colonies were left. Full length cDNAs were
obtained by 5’RACE. One of them was 100% identical to GPC3 [16], which was
originally cloned as OCI-5, a GPI anchored membrane protein [17]. Since we
also obtained mUbc9 3], which was previously identified using the same method,
our experimental procedure was thought to have worked correctly. The GPC3
sequence obtained with the yeast two-hybrid system was comprised of the
residues from 521 to 597. In order to confirm the interaction between GLUT4
and GPC3, we employed the yeast two-hybrid system again; using full-length

GLUT4 cDNA and full-length GPC3 cDNA as the bait and prey, respectively. We
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confirmed the LacZ signal indicating a direct interaction between GPC3 and
GLUT4 (Fig. 1A). Next, we determined GPC3 protein expression using Western
blot analysis. As shown in Fig. 1B, we detected high molecular weight form
corresponding to the glycosylated GPC3 and bands corresponding to the non-
glycosylated GPC3 core protein and its cleavage product of in 3T3-L1 adipocytes

as in HepG2 cells. These data were consistent with the previous reports [11; 13].

Intracellular localization of GPC3

The intracellular localization of GPC3 was observed in adipocytes by laser
confocal microscopy. First, we determined GPC3 protein by immunofluorescent
microscopy using our specific antibody against GPC3 in HepG2 cells and primary
hepatocytes as a positive or negative control, respectively (Fig. 2A)._As shown in
Fig. 2B, most of the GPC3 was at the plasma membrane, as reported for other
cell lines [17]. As expected, we observed co-localization of GLUT4 and GPC3
after insulin stimulation (Fig 2B). Next, in order to confirm plasma membrane
integrity, we prepared plasma membrane sheets from 3T3-L1 adipocytes, stained
with anti-GPC3 and anti-GLUT4 antibodies, and then observed GPC3 expression
by confocal microscopy (Fig. 2C). We observed that GLUT4 translocated to the
plasma membrane in response to insulin stimulation. GPC3 localized at the
plasma membrane on under both conditions, and merged more clearly with
GLUT4 after insulin stimulation.
The results shown in Fig. 1A and Fig. 2 suggest that GPC3 interacted with

GLUT4 at the plasma membrane.
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Interaction between GLUT4 and GPC3

In order to reconfirm the interaction between GPC3 and GLUT4, we
conducted two other experiments; immunoprecipitation and a GST pull-down
assay. First, we examined endogenous protein-protein interactions employing
immunoprecipitation experiments. We prepared the total lysates of insulin-treated
3T3-L1 adipocytes. These lysates were immunoprecipitated with anti-GLUT4
antibody, and blotted with anti-GPC3 antibody. In adipocytes, we detected the
interaction between GLUT4 and non-glycosylated GPC3 core protein (Fig 3A).
We also confirmed these interactions by immunoprecipitation with anti-GPC3
antibody (Fig. 3B). Second, we assessed the direct interaction between GLUT4
and GPC3 using the GST pull-down assay. We generated GST-GPC3 protein
and GST alone using a bacterial system, and then purified these proteins with
glutathione sepharose beads. GLUT4 protein was purified from 293 cells
transfected with 4xMyc-tagged-GLUT4-eGFP. These fusion proteins were mixed
in PBS, and incubated for several hours. The proteins were then pulled down
with glutathione sepharose beads. We confirmed the GLUT4 signal in the GST-
GPC3 precipitate lane, indicating a direct GLUT4 and GPC3 interaction in vitro

(Fig. 3C).

Overexpression of GPC3 increased insulin stimulated glucose uptake
Since GPC3 was proved to GLUT4 at the plasma membrane, we examined

whether GPC3 might regulate glucose uptake through GLUT4. We measured
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basal and insulin stimulated glucose uptake in 3T3-L1 adipocytes which
transiently overexpressed GPC3 following transfection with adenovirus vectors.
Overexpression of GPC3 increased insulin induced glucose uptake (Fig. 4).
These data suggested that GPC3 overexpression to enhance insulin-stimulated
glucose uptake via cell surface GLUT4.

Simpson-Golabi-Behmel syndrome (SGBS) is a rare, complex congenital
syndrome with affected individuals having loss of function mutations in the GPC3
gene. Although many researchers reported that the patients have general feature
of overgrowth and cancer development, little is known about the clinical
characteristics on glucose metabolism [18; 19; 20; 21]. It was reported that some
infants had hypoglycemia due to hyperplasia of islets of Langerhans rather than
modification of insulin action in peripheral tissues [22]. More detailed analysis for
the peripheral insulin action, especially on the adipose tissue would clarify the
physiological role of GPC3 on glucose metabolism.

In conclusion, we identified a novel GLUT4 binding protein GPC3, using a
yeast two-hybrid screening system. We also demonstrated GPC3 and GLUT4 to
co-localized at the plasma membrane in response to insulin. Furthermore,
overexpression of GPC3 increased insulin stimulated glucose uptake in cultured

adipocytes. GPC3 may play a role in insulin stimulated glucose uptake.
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