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4F2hc stabilizes GLUTI protein and increases glucose transport activity
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Nishimura F, Kurihara H, Katagiri H, Oka Y, Asano T. 4F2hc stabilizes
GLUT! protein and increases glucose transport activity. Am J Physiol Cell
Physiol 300: C1047-C1054, 2011. First published January 26, 2011;
doi:10.1152/ajpcell.00416.2010—Glucose transporter 1 (GLUTI1) is
widely distributed throughout various tissues and contributes to insu-
lin-independent basal glucose uptake. Using a split-ubiquitin mem-
brane yeast two-hybrid system, we newly identified 4F2 heavy chain
(4F2hc) as a membrane protein interacting with GLUT1. Though
4F2hc reportedly forms heterodimeric complexes between amino acid
transporters, such as LAT1 and LAT2, and regulates amino acid
uptake, we investigated the effects of 4F2hc on GLUT1 expression
and the associated glucose uptake. First, FLAG-tagged 4F2hc and
hemagglutinin-tagged GLUT1 were overexpressed in human embry-
onic kidney 293 cells and their association was confirmed by coim-
munoprecipitation. The green fluorescent protein-tagged 4F2hc and
DsRed-tagged GLUT1 showed significant, but incomplete, colocal-
ization at the plasma membrane. In addition, an endogenous associ-
ation between GLUT1 and 4F2hc was demonstrated using mouse
brain tissue and Hela cells. Interestingly, overexpression of 4F2hc
increased the amount of GLUTI protein in Hel.a and HepG2 cells
with increased glucose uptake. In contrast, small interfering RNA
(siRNA)-mediated 4F2hc gene suppression markedly reduced GLUT1
protein in both cell types, with reduced glucose uptake. While GLUT1
mRNA levels were not affected by overexpression or gene silencing
of 4F2hc, GLUT1 degradation after the addition of cycloheximide
was significantly suppressed by 4F2hc overexpression and increased
by 4F2hc siRNA treatment. Taken together, these observations indi-
cate that 4F2hc is likely to be involved in GLUT1 stabilization and to
contribute to the regulation of not only amino acid but also glucose
metabolism.

4F2 heavy chain; glucose transporter 1; glucose uptake

GLUCOSE IS A MAJOR SOURCE of energy for nearly all living
organisms, and the system for its efficient transport into cells is
highly conserved from simple bacteria to mammalian cells.
The facilitative glucose transporters (GLUTSs) constitute an
energy-independent system that transports p-glucose down a
concentration gradient. GLUT1, the first GLUT identified, was
purified from the red blood cell membrane and has a structure
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consisting of 12 transmembrane domains that delineate six
extracellular loops (26). Since the discovery of GLUTI1, an-
other 13 GLUT isoforms, which are involved in glucose or
fructose transport, have been identified in mammals. Among
the isoforms identified to date, GLUT1 is widely distributed
throughout nearly all tissues and is generally present in the
plasma membrane regardless of whether stimulation is deliv-
ered. In addition, since it possesses a high affinity for p-glu-
cose, GLUTI is regarded as contributing mainly to basal
glucose uptake.

Elevated GLUT1 expression has been shown in many can-
cers (3, 37). Oncogenes such as Ras and Src have been shown
to upregulate GLUT1 expression (4, 9). In addition, hypoxia-
inducible factor 1, c-Myc, Akt, and estrogen have been shown
to induce GLUT1 expression (11, 36). In contrast, the mech-
anism regulating the intrinsic activity or stability of GLUT
remains largely unknown.

In this study, on the basis of the hypothesis that certain
protein(s) bind to and alter the function of GLUTI1, we at-
tempted to identify a protein binding with GLUT proteins.
Since the conventional yeast two-hybrid system is not suitable
for detecting interactions between membrane proteins, we
employed the newly developed split-ubiquitin membrane yeast
two-hybrid system, which allows the interactions between an
integral membrane protein and its partner(s) to be detected
(38). Interestingly, screening using GLUT1 as bait yielded the
cDNA encoding the heavy chain (hc) of 4F2, 4F2hc (CD98).
4F2hc reportedly forms a complex with LAT1 or LAT2, and
this heterodimer (LAT1/4F2hc) functions as an amino acid
transporter at the plasma membrane (14, 31, 33, 35). Herein,
we show that 4F2hc also associates with GLUT1 and contrib-
utes to GLUT]1 stability, leading to increased glucose transport
activity into cells.

MATERIALS AND METHODS

Anti-4F2hc antibody was generated by immunization of rabbits
with the glutathione S-transferase-fused COOH-terminal 103 amino
acids of human 4F2hc. Anti-FLAG tag and anti-hemagglutinin (HA)
tag antibodies were purchased from Sigma-Aldrich (St. Louis, MO).
Anti-GLUT]1 antibody was from Fabgennix (Mississauga, ON, Can-
ada). Anti-LAT1, anti-4F2hc (mouse), anti-insulin RB, and anti-LexA
antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-rabbit and anti-mouse horseradish peroxidase-conjugated anti-
bodies were obtained from GE Healthcare (Buckinghamshire, UK).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
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serum were purchased from Invitrogen (Carlsbad, CA). 3FLAG-
4F2hc cDNA was provided by Yoshikatsu Kanai. All other reagents
were of analytical grade.

Split-ubiquitin membrane yeast two-hybrid screening system.
DUALmembrane kit 3 (Dualsystems Biotech), the split-ubiquitin
membrane yeast two-hybrid system, was used to identify the protein
associating with GLUT]I. Briefly, in this system, the bait is fused to
the COOH-terminal half of ubiquitin (Cub) and the artificial transcrip-
tion factor LexA-VP16. The prey is fused to the mutated NHy-
terminal half of ubiquitin (NubG). If the bait and prey interact, split
ubiquitins are reconstituted and recognized by ubiquitin-specific pro-
teases. Then, the artificial transcription factor consisting of Cub and
LexA-VP16 is released and moves to the nucleus, leading to reporter
gene activation (Fig. 1A).

Rabbit GLUT1 cDNA was inserted into the expression vector
pBT3-STE to generate the fusion bait with the split ubiquitin and an
artificial transcriptional factor (Cub-LexA-VP16) to the COOH ter-
minus of GLUTI1. Mouse heart cDNA library, inserted into a
pDL2xN-SUC/pDL2xN-STE vector, was purchased from Dualsys-
tems Biotech, and then screened. Bait and the mouse heart cDNA
library were transformed into yeast strain NMYS51. The HIS3 reporter
construct was assayed by growth on SD-Trp-Leu-His-Ade drop-out
plates supplemented with 2.5 mM 3-amino-1,2,4-triazole (Wako).
Qualitative assessment of the lacZ reporter was conducted using filter
lift galactosidase assays (8).

Cell culture, expression vectors, adenovirus generation, and small
interfering RNA transfections. HepG2 hepatoma cells, HeLa cells, and
human embryonic kidney (HEK293) cells were grown in DMEM
containing 10% fetal calf serum at 37°C in 5% (vol/vol) COs in air.
Rabbit GLUT1-HA, rat GLUT4-HA, rabbit GLUT1-DsRed, human
LAT1-DsRed, green fluorescent protein (GFP)-human 4F2hc, and
human 4F2hc were inserted into cloning sites in the mammalian
expression vector pcDNA3 (Invitrogen), as reported previously (34).
Transfection of these expression vectors was performed by the lipo-
fection method using FuGENE 6 (Roche Applied Science, Indianap-
olis, IN). Recombinant adenovirus, encoding mouse 4F2hc, was
generated according to the instruction manual of the Adenovirus Dual
Expression Kit (TaKaRa Bio). Adenovirus encoding LacZ served as a
control.

The small interfering RNA (siRNA) against 4F2hc was purchased
from Invitrogen (Stealth/siRNA duplex oligoribonucleotides), and the
transfection of this siRNA was performed using Lipofectamine
RNAIMAX (Invitrogen).

Immunoprecipitation and immunoblotting. Whole cell extracts
were prepared from HEK293 cells overexpressing 3FLAG-4F2hc,
GLUTI1-HA, or GLUT4-HA in lysis buffer [50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 10% (wt/vol) glycerol, 100 mM NaF, 10 mM EGTA,
1 mM NasVOs, 1% (wt/vol) Triton X-100, 5 pM ZnCl,, 2 mM
phenylmethylsulfonyl fluoride (PMSF), 10 wg/ml aprotinin, and 1
pg/ml leupeptin]. Cell extracts were incubated for 4 h at 4°C with the
HA antibody and then for 1 h with 30 pl of protein G-Sepharose
beads. The pellets were washed five times with 1 ml of lysis buffer,
resuspended in Laemmli sample buffer, and subjected to SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE).

HeLa cells were preincubated with 2.5 mM DSP (Thermo Scien-
tific) for 30 min. Male mice, 9 wk of age, were obtained from the
Nippon Bio-Supply Center (Tokyo, Japan). All animal studies were
conducted according to the Japanese guidelines for the care and use of
experimental animals, and the experimental protocols were approved
by the Committee of Research Facilities for Laboratory Animal
Science, Natural Science Center for Basic Research and Development
(N-BARD), University of Hiroshima. For preparation of the mem-
brane fraction, HeLa cells and mouse whole brains were homogenized
with homogenizing buffer (0.25 M sucrose, 10 mM Tris, 1 mM
EDTA). After filtration through a nylon membrane, the lysates were
centrifuged at 600 g for 10 min, and the supernatant was centrifuged
at 3,000 g for 10 min. Then, the supernatant was centrifuged at 30,000

AJP-Cell Physiol « VOL 300

4F2hc ASSOCIATES WITH AND STABILIZES GLUT1

g for 30 min, and the pellet was resuspended in 10 mM Tris, 1 mM
EDTA, at pH 7.4.

The 4F2hc antibody (90 wg) or control IgG (90 pg) was covalently
coupled to 20 pl of IPeX beads (Gene Bio-Application) and stabilized
for 30 min at room temperature. Then, the solubilized membrane
fraction (200 pg in 200 wl) was incubated with 5 pl of anti-4F2hc-
coupled or anti-IgG-coupled beads for 4 h at 4°C. The beads were
extensively washed, and the immunoprecipitated proteins were eluted
in Laemmli buffer and resolved by SDS-PAGE.

Western blot analysis was carried out as described previously (34).
In brief, equal amounts of protein lysates were separated by SDS-
PAGE and electrophoretically transferred to polyvinylidene difluoride
membranes in a transfer buffer consisting of 20 mM Tris-HCI, 150
mM glycine, and 20% methanol. The membranes were blocked with
3% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20 and
incubated with specific antibodies, followed by incubation with horse-
radish peroxidase-conjugated secondary antibodies. The antigen-anti-
body interactions were visualized by incubation with ECL chemilu-
minescence reagent (GE Healthcare).

Measurement of 2-deoxyglucose and leucine uptakes. The 2-deoxy-
p-[*H]glucose uptake assay was performed as described previously
(2). HeLa or HepG2 cells were incubated in serum-free DMEM for 2
h, rapidly washed at 37°C with KRP buffer (in mM: 128 NaCl, 4.7
KCl, 1.25 CaCl,, 1.25 MgSQOy, 10 NaHPO4,, pH 7.4), and 450 pl of
KRP buffer were then added to each well. The measurements of
2-deoxyglucose uptake were initiated by addition of 50 ul of 2-deoxy-
p-[1, 2-*H]glucose, so that each well contained 0.4 pCi and 0.1 mM
2-deoxyglucose. After a 5-min incubation at 37°C, 1 ml of ice-cold
phosphate-buffered saline (PBS) containing 10 mM glucose and 0.3
mM phloretin was added, and the cells were rapidly washed three
times with ice-cold PBS containing 10 mM glucose and subsequently
solubilized by adding SDS (final concentration, 0.05%). Aliquots of
the solubilized extract were assayed for radioactivity using a liquid
scintillation counter.

The ['“C]r-leucine uptake experiments were performed by essen-
tially the same method as those of 2-deoxy-p-[*H]glucose uptake,
with a few modifications (18). Instead of KRP buffer, Na*-free uptake
solution (in mM: 125 choline Cl, 4.8 KCl, 1.3 CaCl,, 1.2 MgSO,, 25
HEPES-Tris, 1.2 KH;PO4, 5.6 glucose, pH 7.4) was used. After a
1-min incubation with 20 M (final concentration) ['“C]L-leucine, the
uptake reaction was terminated by removing the uptake solution
followed by washing four times with ice-cold uptake solution.

GLUTI degradation assay. To observe GLUT1 degradation, 10
pg/ul cycloheximide, an inhibitor of protein synthesis, was added as
indicated in RESULTS and figure legends. The GLUT1 expression level
was measured by immunoblotting at the indicated time after the
addition of cycloheximide. A lysosome inhibitor, chloroquine, 20 uM
(Wako), and a proteasome inhibitor, MG-132, 10 pM (Sigma Al-
drich), were added to HeLla cells, and their effects on GLUTI1
degradation were also examined.

Immunostaining. HeLa cells were fixed with 4% paraformaldehyde
for 10 min, rinsed with PBS, and then exposed to 0.2% Triton X-100
in PBS for 5 min. The cells were subsequently incubated for 1 h at
room temperature with anti-GLUT1 rabbit antibody (1:100) and
anti-4F2hc mouse antibody (1:50). After being washed with PBS five
times, FITC-labeled anti-rabbit IgG (1:100) and Cy3-labeled anti-
mouse IgG (1:100) were added as the secondary antibodies. Immu-
nofluorescence was visualized with a laser-scanning confocal imaging
system.

RNA analysis. RNA extractions were carried out using TRIzol
followed by purification over a QIAEASY RNA column. Reverse
transcription and quantitative PCR were carried out as already de-
scribed. Amplifications of GLUT1 and GAPDH ¢DNAs were per-
formed using the Opticon Monitor (version 3; Bio-Rad). Cycling
conditions comprised a 3-min denaturation step at 95°C, followed by
40 cycles of denaturation (95°C for 15 s), annealing (60°C for 30 s),
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and extension (72°C for 30 s). After amplification, melting curve
analysis was performed. Each sample was amplified in triplicate.

The primer sets for human (h)GLUT1 were TCACTGTGCTC-
CTGGTTCTG and CCTGTGCTCCTGAGAGATCC (233 bp) and for
hGAPDH were ACCACAGTCCATGCCATCAC and TCCACCAC-
CCTGTTGCTGTA (451 bp).

Statistical analysis. Results are expressed as means = SE, and
statistical comparisons among groups were carried out using Student’s
t-test, unless otherwise indicated.

RESULTS

Identification of 4F2hc, as a novel membrane protein inter-
acting with GLUTI, by the split-ubiquitin membrane yeast
two-hybrid system. As bait, full-length GLUT1 was fused to
the COOH-terminal half of ubiquitin (Cub) and artificial tran-

C1049

scription factors. Expression of the bait in yeast was confirmed
by immunoblotting against LexA (Fig. 1B). A mouse heart
muscle cDNA library, fused to the mutated NH,-terminal half
of ubiquitin (NubG), was screened with the above-mentioned
GLUT1 cDNA construct. After the exclusion of nonspecific
positive clones, we newly identified 4F2hc as a membrane
protein interacting with GLUTI. 4F2hc and GLUTI coex-
pressing yeast proliferated in the selective plate (Fig. 1C) and
exhibited robust B-galactosidase activity (Fig. 1D), indicating
an interaction between 4F2hc and GLUT]I in yeast.

4F2hc associates and colocalizes with GLUTI. First, FLAG-
tagged 4F2hc and either HA-tagged GLUT1 or HA-tagged
GLUT4 were overexpressed in HEK293 cells and their asso-
ciations were examined by coimmunoprecipitation (Fig. 24).
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Fig. 1. Using the split-ubiquitin yeast two-hybrid system, 4F2hc was newly identified as a membrane protein interacting with glucose transporter 1 (GLUT1).
A: split-ubiquitin yeast-two hybrid system. Full-length GLUTI is fused to the COOH-terminal half of ubiquitin (Cub) and the artificial transcription factor
LexA-VP16. Mouse heart muscle cDNA library is fused to the mutated NH»-terminal half of ubiquitin (NubG). B: expression of GLUT1 as bait in yeast. Yeast
was subjected to protein extraction before separation of proteins by SDS-PAGE. C: yeast coexpressed with Nub-4F2hc and either Alg5-Cub-LexA-VP16 or
GLUTI1-Cub-LexA-VP16 was incubated on a selective plate for 72 h. D: color development in a B-galactosidase assay.
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Fig. 2. 4F2hc associates with GLUT! and shows colocalization with GLUT1. A: human embryonic kidney 293 (HEK293) cells were cotransfected with
3FLAG-4F2he, GLUT1-hemagglutinin (HA), and GLUT4-HA expression plasmids. After 48 h, lysates were subjected to immunoprecipitation (IP) and
immunoblotting. B: 4F2hc antibody was immobilized onto agarose beads (IPeX kit; Gene Bio-Application). The membrane fraction of HeLa cells (top) or mouse
brain tissue (bottom) was added to the beads and immunoprecipitated. C: fluorescence images of HeLa cells cotransfected with green fluorescent protein
(GFP)-4F2hc and either GLUT1-DsRed or LATI-DsRed. D: immunostaining images, obtained using GLUT1 and CD98-specific antibodies in Hela cells.

HA-tagged GLUT1 but not GLUT4 was detected in the FLAG-
tagged 4F2hc immunoprecipitate. Next, we examined the as-
sociation between endogenous GLUTI and 4F2hc in Hela
cells and mouse brain, employing coimmunoprecipitation (Fig.
2B). GLUT1 was detected by the anti-4F2hc antibody, but not
control IgG, in membrane fraction immunoprecipitates. The
positive control, LAT1 in the anti-4F2hc antibody immunopre-
cipitate, was also confirmed in both HeLa cells and mouse
brain.

Then, GFP-tagged 4F2hc and DsRed-tagged GLUT1 were
transfected into HeLa cells, and colocalization of GLUT1 or
LAT1 with 4F2hc was investigated. Considerable amounts of
these GFP-tagged proteins appeared to be aggregated near
nuclei and within intracellular vesicles, but LAT1 as well as
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GLUT1 apparently exhibited significant colocalization with
4F2hc at the plasma membrane and intracellular sites (Fig. 2C).
In addition, endogenous GLUT1 and 4F2hc in HeL a cells were
coimmunostained with anti-GLUT1 and anti-4F2hc antibodies
(Fig. 2D). Although these staining data do not convincingly
demonstrate an association between GLUT1 and 4F2hc, their
colocalization at the plasma membrane raises this possibility.

Overexpression of 4F2hc increases glucose uptake. Since
4F2hc is likely to interact with GLUT1, the effect of 4F2hc on
glucose transport activity was examined. 4F2hc reportedly
regulates the functions of amino acid transporters, and in-
creased 4F2hc expression enhances amino acid uptake. First,
4F2hc was overexpressed in Hela cells, and the uptakes of
2-deoxyglucose and leucine were measured. Overexpression of
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4F2hc increased glucose uptake in an expression level-depen-
dent manner, by up to 55%, and leucine uptake was similarly
increased (Fig. 3B). Interestingly, 4F2hc overexpression also
increased the amount of GLUT1 protein (Fig. 34). Since the
transfection efficiency of the 4F2hc encoding plasmid in
HepG2 cells was not sufficient, we employed adenovirus-
mediated 4F2hc overexpression for HepG2 cells. Overexpres-
sion of 4F2hc by adenovirus in HepG2 cells also increased
glucose uptake and the amount of GLUT1 protein (Fig. 3, C
and D).

Knockdown of 4F2hc decreases glucose uptake and GLUTI
expression level. To further investigate the role of 4F2hc in
glucose uptake, we performed loss of function analyses. Treat-
ment with 4F2hc siRNA but not control siRNA reduced the
4F2hc protein expression level by ~90% (Fig. 4, A and C, left).
Importantly, 4F2hc siRNA treatment also markedly reduced
GLUT]1 protein in both Hel.a and HepG?2 cells (right graphs of
Fig. 4, A and C), with reduced glucose uptake (left graphs of
Fig. 4, B and D). The altered transport activities of glucose
caused by 4F2hc overexpression or siRNA treatment are gen-
erally very similar to those of leucine (right graphs of Fig. 3,
B and C, and Fig. 4, B and D). To exclude the possibility of
off-target effects of the siRNA knockdown experiments, we
reintroduced a siRNA-resistant version of 4F2hc (siRNA is
human; overexpressed 4F2hc is mouse). Reconstitution of
mouse 4F2hc reversed the siRNA-mediated GLUT1 reduction

A
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(Supplemental Fig. S1A; Supplemental Material for this article
is available online at the Journal website). In contrast, suppres-
sion of 4F2hc did not affect the expression of insulin R
(Supplemental Fig. S1B).

Enhanced green fluorescent protein (EGFP)-conjugated
GLUT! ligand, which has a receptor-binding domain in com-
mon with human T cell leukemia virus envelope glycoprotein,
allows the amount of GLUT1 localized at the plasma mem-
brane to be monitored by fluorescence staining (23, 24). Using
this EGFP-conjugated ligand, we assessed the GLUT1 amount
at the plasma membrane under conditions of either 4F2hc
overexpression or knockdown in Hela cells. The siRNA-
mediated gene silencing of 4F2hc resulted in a reduction of the
cell surface GLUT1 expression level, while 4F2hc overexpres-
sion produced an increase (Fig. 4E).

4F2hc is involved in GLUTI stabilization and prevents
GLUTI from undergoing lysosomal degradation. To explore
the mechanism underlying 4F2hc-related alterations in GLUT1
expression, we examined the mRNA levels of GLUT1 at 24 h
and 48 h after the initiation of 4F2hc overexpression or 4F2hc
siRNA transfection. Neither overexpression nor knockdown of
4F2hc significantly affected the mRNA levels of GLUT1 (Fig. 5,
A and B). Since these observations indicate that 4F2hc does not
regulate the transcriptional level of GLUT1, we considered the
possibility that 4F2hc enhances GLUT]1 stability and thereby
increases glucose transport activity.
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Fig. 3. Overexpression of 4F2hc increases glucose uptake. A-D: 4F2hc was overexpressed in HeLa (A and B) or HepG2 (C and D) cells for 48 h, and GLUT1
expression levels were measured by Western blotting and quantified (A and C). HepG2 cells were infected with LacZ adenovirus [50 multiplicity of infection
(MOD)] or 4F2hc¢ adenovirus (50 or 100 MOI). The uptakes of *H-2-deoxyglucose (2DOG; 5 min) and '*C-leucine (1 min) were also measured (B and D). Data
are expressed as means = SE (n = 4). *P < 0.05; **P < 0.01, compared with controls.
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The uptakes of *H-2-deoxyglucose (5 min) and '“C-leucine (1 min) were also

measured (B and D). E: 4F2hc or GLUT1 was overexpressed or small interfering RNA against 4F2hc (si4dF2hc) was transfected into HeLa cells for 24 h.
Enhanced GFP (EGFP)-conjugated GLUT1 ligand (AbCys, Paris, France) was added, and after a 30-min incubation, cell surface GLUT1 was observed by
fluorescent microscopy. RNAIi, RNA interference. Data are expressed as means = SE (n = 4). *P < 0.05; *#*P < 0.01; ***P < 0.001, compared with negative

controls.

The mechanism by which GLUT1 is degraded has not been
elucidated in detail, but it has been shown that the lysosomal
pathway contributes to GLUT1 degradation (30). GLUT1 deg-
radation was investigated at the indicated period after addition
‘of cycloheximide, an inhibitor of protein synthesis. Overex-
pression of 4F2hc significantly suppressed the GLUT1 degra-
dation rate (Fig. 5C). On the other hand, the siRNA-mediated
reduction in 4F2hc markedly increased the GLUT1 degrada-
tion rate, as compared with treatment with control siRNA (Fig.
5D). As previously reported, GLUT! degradation was con-
firmed to be abolished by chloroquine, an agent suppressing
lysosomal degradation (Fig. 5E) (32). In fact, it was shown that
the proteasome blocker MG-132 did not stabilize GLUTI,
which is consistent with previous reports (32). Taken together,
our results strongly suggest that 4F2hc stabilizes GLUT1 by
protecting it from lysosomal degradation.

DISCUSSION

In the present study, we newly demonstrated 4F2hc to be a
protein interacting with GLUT1. 4F2hc, a membrane protein
consisting of 529 amino acids and containing a single mem-
brane-spanning domain, was initially identified as a lympho-
cyte activation antigen (13). 4F2hc reportedly forms a het-
erodimeric complex with specific light chain subunits of amino
acid transporters such as LAT1 and LAT2 (14, 31, 33, 35). The
heterodimer consisting of LAT1 or LAT2 and 4F2hc moves to
the cell surface and exerts both neutral and basic amino acid

transporter activity (25, 27). A previous study using deletion
mutants revealed the domain of LAT1 indispensable for the
association with 4F2hc to be the most NH,-terminal transmem-
brane domain, and that a disulfide bridge connects their extra-
cellular domains (5). A similar structure has been reported for
the lactate transporter, which consists of 12 membrane-span-
ning monocarboxylate transporter 1 (MCT1) or MCT4 and a
single membrane-spanning CD147 (20).

Given that GLUT1 has a similar structure, i.e., 12 putative
membrane-spanning domains, similar to those of LAT1/2 and
MCT1/4, we considered an association of 4F2hc with GLUT1
to be likely. We thus carried out experiments to assess this
possibility. Indeed, the association between GLUT1 and 4F2hc
was confirmed not only by coimmunoprecipitation of the
overexpressed proteins, but also endogenously in Hela cells
and mouse brain, although it is unclear what percentage of
GLUTT1 is present as a heterodimer form with 4F2hc. While
4F2hc has a disulfide bridge between LAT1 with a cysteine on
the extracellular side immediately after the transmembrane
domain (5), this cysteine residue is not conserved in GLUT]I,
indicating that the association between GLUT1 and 4F2hc is
not mediated by such a disulfide bond, but rather is simply
noncovalent. Since the disulfide bridge connecting the extra-
cellular domains of LAT1/2 and 4F2hc is not reportedly
essential for association, the association between GLUT1 and
4F2hc without a disulfide bridge is not surprising (6, 27).
However, in contrast to the essential role of 4F2hc in LAT1 or
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Fig. 5. 4F2hc is involved in GLUT1 stabilization and protects GLUT1 from lysosomal degradation. A and B: 4F2hc was overexpressed (A) or suppressed (B)
in HeLa cells, and GLUT1 mRNA levels were measured by the real-time PCR method, at the indicated time (n = 6). NS, not significant; AU, arbitrary units.
C and D: 4F2hc was overexpressed in Hel.a cells (C) or suppressed in HepG2 cells (D) for 24 h. Then, cycloheximide (CHX) was added and the GLUT1
expression level was measured by Western blotting, at the indicated time. Graphs at bortom show GLUT1 level, expressed as the percentage of that at 0-h. *P <
0.05 relative to cells with only CHX. E: 4F2hc was overexpressed in HeLa cells for 24 h. Then, CHX was added and GLUT1 degradation was observed in the
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LAT?2 transport activity, GLUT1 can transport p-glucose with-
out forming a complex with 4F2hc, an observation supported
by previous reports showing the reconstitution of purified
GLUT] to an artificially constructed lectin membrane, as well
as GLUT1 overexpression experiments in oocytes (15, 16, 17).
Although we can speculate that heterodimeric complex forma-
tion with 4F2hc affects the kinetics of GLUT1 glucose trans-
port activity to some degree, we were not able to clarify this
issue herein because of difficulty measuring the percentages of
GLUT1 alone and GLUT1/4F2hc forms.

On the other hand, it was clearly demonstrated that 4F2hc
increases the amount of GLUT1 not only in whole cells but
also at the plasma membrane. GLUT1 has been regarded as
being involved in basal glucose uptake, and cells with high
proliferative activity generally have high GLUT1 contents as
shown in many cancers, fetal tissues, and the placenta (1, 22).
We examined whether the 4F2hc expression level regulates not
only amino acid transport activity via an association with
LAT1, but also glucose transport activity via that with GLUT1.
We found that 4F2hc overexpression increased not only leu-
cine but also glucose uptake, while siRNA-mediated gene
suppression of 4F2hc decreased these uptakes in Hela and
HepG?2 cells (Figs. 3 and 4).

GLUT1 expression is elevated in highly proliferative cells.
Oncogenes such as Ras and Src reportedly raise GLUT1
expression at the transcriptional level (4, 9). However, taking
our results into consideration, the rate of GLUT1 degradation
is also involved in regulation of the GLUTI1 amount, and
4F2hc protects GLUT1 from lysosomal degradation. In addi-
tion, 4F2hc expression is also reportedly elevated in many
cancers, suggesting its activity to correlate with cell prolifera-
tion and continuous growth (10, 19, 21, 28, 29). Thus, such
growth-promoting stimuli not only increase GLUT1 synthesis
at the transcriptional level, but also decrease the degradation of
GLUT1 via upregulated 4F2hc. Previous reports described
posttranscriptional modifications of GLUTI, such as monou-
biquitinylation or sentrin conjugation, and their significance.
These modifications reportedly regulate GLUT1 protein stabil-
ity and cell function (7, 12). Thus, GLUT1 stability appears to
also be important for determining both basal glucose uptake
and cell proliferation. Taken together, these observations may
support the hypothesis that increased expression of 4F2hc leads
to an increased GLUT1 protein amount via suppression of
GLUT1 degradation, resulting in the increased basal glucose
uptake necessary for the progression of malignancy. In fact, the
expression levels of both GLUT1 and 4F2hc are reportedly
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elevated in many cancers and correlate with tumor progression
(10, 28, 39). Further study is necessary to test our hypothesis.
In summary, our observations indicate that 4F2hc is likely to be
involved in GLUT] stabilization and to contribute to the regula-
tion of not only amino acid but also glucose metabolism, both of
which contribute to the incorporation of nutrients into highly
proliferative cells. In this regard, the inhibition of 4F2hc may be
regarded as a novel potential target for anticancer drugs.
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A small portion of Type 2 diabetes mellitus (T2DM) is familial, but the majority occurs as sporadic disease. Although causative
genes are found in some rare forms, the genetic basis for sporadic T2DM is largely unknown. We searched for a copy number
abnormality in 100 early-onset Japanese T2DM patients (onset age <35 years) by whole-genome screening with a copy number
variation BeadChip. Within the 1.3-Mb subtelomeric region on chromosome 4p16.3, we found copy number losses in early-onset
T2DM (13 of 100 T2DM versus one of 100 controls). This region surrounds a genome gap, which is rich in multiple low copy
repeats. Subsequent region-targeted high-density custom-made oligonucleotide microarray experiments verified the copy number
losses and delineated structural changes in the 1.3-Mb region. The results suggested that copy number losses of the genes in the
deleted region around the genome gap in 4p16.3 may play significant roles in the etiology of T2DM.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a common metabolic
disease, affecting nearly 300 million individuals worldwide.
T2DM affects over 10% of adult individuals over 40 years
of age in Japan. The continuous increase in the number of
patients is a major public health problem worldwide. Loci
for rare monogenic forms of diabetes, such as maturity-onset
diabetes of the young [1], mitochondrial diabetes [2, 3], and
Wolfram syndrome [4], have been elucidated in a limited
proportion of patients. However, the etiology of sporadic
T2DM remains largely unknown. Accumulating epidemio-
logical evidence [5-8] suggests that genetic factors play an
important role in the susceptibility to sporadic T2DM, in
addition to environmental factors such as obesity, aging, and
exercise.

To search for susceptibility gene(s) for sporadic T2DM,
genome-wide association studies (GWASs) using single nu-

cleotide polymorphism (SNP) markers have been per-
formed. These GWASs and replication studies have found
multiple loci, TCF7L2 [9], KCNQI [10, 11], and others
[12-18], that are associated with susceptibility to T2DM.
However, the overall contribution of these SNPs to sporadic
T2DM is relatively low; their odds ratio being in the range
of 1.1-1.4 [9, 11]. In addition, these associations have not
necessarily been replicated in subsequent studies [12—18].
Copy number variations (CNVs) or structural variations,
such as deletion or gain of a genomic region, are increas-
ingly recognized as important interindividual genetic vari-
ations across the human genome. CNVs account for more
nucleotide variation between two individuals than do SNPs
[19-21]. Repetitive, multicopy regions, such as segmental
duplications and low copy repeats associated with CNV,
are regarded as “rearrangement hotspots,” and CNV regions
are predisposed to the generation of deletion/duplication
events [22]. Such repeat-rich regions were recently found to
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Figure 1: Genomic region harboring copy number loss of 1.3-Mb 4p16.3 subtelomeric region in 13 early-onset T2DM patients. Data
measured by deCODE/Illumina CNV370K chip were analyzed by the PennCNV program. Genome structure of the 13 patients are
aligned as horizontal bars from genome position 550,000 (left) to position 1,850,000 (right). Hatched region at position 1,423,147—
1,478,646 represents genome gap-177 region. Dark solid horizontal bars represent extent of copy number loss in each T2DM patient.
Gray regions between the dark bars represent intervals where copy number loss could not be inferred due to poor probe coverage. Upper
map shows ideogram of chromosome 4 and the positions of putative genes in 4p16.3 region described in Database of Genomic Variants
(http://projects.tcag.ca/variation/). Position is given relative to NCBI Build 35 for the chromosome 4.
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show 13-fold enrichment of CNVs over the average genomic
coverage in a reference assembly [23]. Therefore, CNVs or
structural variations are recognized as significant contribu-
tors to human genetic disease and disease susceptibility [24].

In the search for susceptibility gene(s) for T2DM genes,
we recruited a panel of 100 early-onset Japanese T2DM
patients (onset age <35 years) and 100 controls, and per-
formed CNV analysis in the whole genome using the
deCODE-Illumina CNV370K BeadChip which focuses on
the CNV-rich region of the human genome, followed by vali-
dation and characterization using an Agilent region-targeted
high-density custom-made oligonucleotide tiling microar-
ray. We found frequent copy number losses within the 1.3-
Mb subtelomeric region in a substantial portion of early-
onset Japanese T2DM patients. This region surrounds the ge-
nome gap in 4pl6.3, which is rich in multiple low copy
repeats.

2. Materials and Methods

2.1. Subjects. We considered that the early onset of T2DM
reflects the presence of more genetic factors rather than
environmental factors. Therefore, we adopted young-onset
diabetic patients as case subjects. We studied 100 unrelated
Japanese T2DM patients who developed T2DM before
35 years of age. They were recruited at Tohoku Univer-
sity Hospital and affiliated hospitals and medical clinics.
Diabetes was diagnosed using the WHO criteria. Type 1
diabetes mellitus was excluded judged from clinical features
and existence of anti-GAD (glutamic acid decarboxylase)
antibodies or anti-IA-2 (insulinoma-associated antigen-2)
antibodies. Patients with diabetes mellitus due to hepatic
disease, pancreatic disease, other endocrinological disease,
or mitochondrial DNA mutation, or drug-induced diabetes
were excluded, judged from laboratory data and clinical
history.

We also studied 100 nondiabetic control subjects, using
the following criteria: 60 or more years of age, no prior
diagnosis of diabetes mellitus, HbA1c less than 6.4% (where
HbAlc (%) was estimated as an NGSP (National Gly-
cohemoglobin Standardization Program) equivalent value
(%) calculated by the formula HbAlc (%) = HbAlc (JDS:
Japan Diabetes Society value) (%) + 0.4%, considering the
relational expression of HbAlc (JDS) (%) measured by
the previous Japanese standard substance and measurement
methods for HbAlc (NGSP) [25] and no family history
of T2DM within third-degree relatives, in order to exclude
subjects who were more likely to develop diabetes later.

Clinical features available from 100 early-onset T2DM
patients and 100 controls are shown in (see Table S1 in
Supplementary Material available online at doi: 10.1155/
2011/498460). In addition, clinical features of the 13 early-
onset T2DM patients with copy number losses in 4p16.3 are
shown separately in Supplementary Table S2 and Supple-
mentary Table S3 in comparison with the rest of 100 early-
onset T2DM patients without copy number loss (n = 87).

Genetic analysis of human subjects was approved by the
ethics committee of Tohoku University Graduate School of

Medicine. Appropriate informed consent was obtained from
all the subjects examined.

2.2. Screening with Whole-Genome CNV BeadChip. We
screened the whole genome by CNV analysis using the
deCODE-Illumina CNV370K BeadChip (Illumina Infinium
system, deCODE genetics, Inc., Iceland), which, in addition
to Hap300 SNP marker contents, has CNV probes designed
to target the CNV-rich region of the whole genome. The
CNV part of the platform consists of probes covering CNV-
rich regions of the genome, such as megasatellites (tan-
dem repeats >500bp), duplicons (region flanked by highly
homologous segmental duplication >1kb), unSNPable re-
gions (>15kb gaps in HapMap SNP map, and 5-15kb gaps
with >2SNPs with Hardy-Weinberg failure), and CNVs reg-
istered in the Database of Genomic Variants. The CNV part
of probe content consists of 15,559 CNV segments covering
190 Mb, or 6% of the human genome. The platform has been
tested in 4000 Icelandic and HapMap samples.

Data analysis of the deCODE-Illumina CNV chip was
carried out using DosageMiner software developed by
deCODE genetics, and loss/gain analysis consisted of the fol-
lowing four steps; (1) intensity normalization and GC con-
tent correction, (2) removal of batch effects using principal
component analysis, (3) calling of clusters using a Gaussian
mixture model, and (4) determination of CNV type using
graphical constraints. In brief, CNVs were identified when
CNV events stood out in the data, as all sample intensities
for CNV probes should be increased or decreased relative
to neighboring probes that are not in a CNV region.
To determine deviations in signal intensity we started by
normalizing the intensities. The normalized intensities for
each color channel were determined by an equation and
fit formula developed by deCODE genetics. A stretch with
occurrence of more than one marker showing abnormality
in the copy number in a consecutive stretch in the genome
is considered more likely to be evidence of deletion or gain
[26]. We display Supplementary Table to present raw data,
that is, log, ratio measured at each probe for every individual.
Raw data at screening step via deCODE/Illumina beads chip
for all probes on chromosome 4p is shown in Supplementary
Table 4.

2.3. High-Density Custom-Made Oligonucleotide Tiling Mi-
croarray Analysis. DNA samples from 13 early-onset T2DM
patients and 15 control individuals were subjected to Agi-
lent’s high-density custom-made oligonucleotide tiling mi-
croarray analysis based on an array comparative genomic
hybridization (aCGH) assay. We fabricated a custom-de-
signed microarray targeted to a 1.3-Mb genome region in
the subtelomere at 4pl16.3 (Chr. 4: 550,000-1,850,000
(NCBI Build 36.1, hg18)) according to previously described
methods [27, 28]. In brief, we used the Agilent website
(http://earray.chem.agilent.com/earray/) to select and design
our custom tiling array; the array consisted of probes 60-mer
in size (Agilent Technologies, Santa Clara, CA).
Tiling-aCGH experiments were performed essentially
as described previously [29]. In brief, test and reference
(NA19000, a Japanese male from HapMap project) genomic
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FiGURE 2: Detailed structure of copy number loss of 1.3-Mb 4p16.3 subtelomeric region resolved by high-density tiling microarray. Log,
ratio (y-axis) was plotted using moving average along the genome position (x-axis). Four representative early-onset T2DM patients are
shown as Figures 2(a), 2(b), 2(c), and 2(d), patient 1, 2, 3, and 4, respectively. For comparison, log, ratio of the region of two healthy normal
individuals is also displayed as Figures 2(e) and 2(f). Dark line represents copy number plot along the genome. Two light lines indicate
normal range of average log, ratios for probes among normal individuals. Dotted line shows median of average log, ratio among normal
individuals. Copy number losses are displayed as gray vertical bar. We defined two copy number classes, that is, “unchanged copy number”
and “copy number loss.” “Unchanged copy number” was defined when the log, ratio stays within the mean # 1SD distribution among

the normal population. “Copy number loss” was called when the downward-deviation of log, ratios exceeded a threshold of 1 SD from the
median probe ratio.

DNAs (250 ng per sample) were fluorescently labeled with
Cy5 (test) and Cy3 (reference) with a ULS Labeling Kit (Agi-
lent Technologies).

For each sample, respective labeling reactions were mixed
and then separated prior to hybridizing to each of the arrays.
Labeled test and reference DNAs were combined, denatured,
preannealed with Cot-1 DNA (Invitrogen) and blocking

agent, and then hybridized to the arrays for 24 hr in a ro-
tating oven at 65°C and 20rpm (Agilent Technologies).
After hybridization and washes, the arrays were scanned at
3 ym resolution with an Agilent G2505C scanner. Images
were analyzed with Feature Extraction Software 10.7.3.1
(Agilent Technologies), with the CGH_107_Sep09 protocol
for background subtraction and normalization. Detection
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Ficure 3: The extent of copy number losses within 1.3-Mb 4p16.3 subtelomeric region in 13 early-onset T2DM patients revealed
by high-density oligonucleotide tiling microarray. Dark horizontal bars represent extent of copy number loss region in each patient
revealed by Agilent custom tiling array. Genome structure of the 13 patients is aligned as horizontal bars from genome position 550,000
(left) to position 1,850,000 (right). Hatched region at position 1,423,147-1,478,646 represents genome gap-177 region. Gray regions
represent proximal ends of stretch where copy number status was not inferred due to presence of multiple low copy repeats. Upper
map shows ideogram of chromosome 4 and the positions of putative genes in 4p16.3 region described in Database of Genomic Variants
(http://projects.tcag.ca/variation/). Position is given relative to NCBI Build 35 for the chromosome 4.
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of abnormal copy number, losses, and gains, in a complex
multicopy variable region by high-density tiling array was
accessed by deviation of probe log, ratios that exceeded
a threshold of 1 SD from the median probe ratio, according
to procedures described previously [29-31]. We defined two
copy number classes, that is, “unchanged copy number” and
“copy number loss.” “Unchanged copy number” was defined
when the log, ratio stays within the mean =+ 1 SD distribution
among the normal population. “Copy number loss” was
called when the downward-deviation of log, ratios exceeded
a threshold of 1 SD from the median probe ratio. Raw data,
that is, logyratio measured at each probe for every individual
obtained by high-density custom-made tilling array analysis
is shown in Supplementary Table S5.

3. Results

In searching for CNVs associated with early-onset T2DM,
we screened the whole genome by CNV analysis using
the deCODE-Illumina CNV370K BeadChip in 100 early-
onset Japanese T2DM patients and 100 controls. We found
four CNVs that fulfilled our screening criteria: (1) reliable
CNV (size over 50-Kb, consisting of over 50 consecutive
probes), (2) the association being statistically significant by
Fisher’s exact test which was accompanied by Bonferroni’s
correction. Four candidate CNV that fulfilled the criteria;
that is, CNV on 4p16.3 (P = 6.75 x 1072 by Fisher’s exact
test, P < .05 after Bonferroni’s correction), CNV on 16p13.3
(P = 3.44 x 107* by Fisher’s exact test, P < .05 after
Bonferroni’s correction), CNV on 16q24.3 (P = 9.65 x 107>
by Fisher’s exact test, P < .05 after Bonferroni’s correction),
and CNV on 19p 13.3 (P = 1.61 X 10~* by Fisher’s exact test,
P < .05 after Bonferroni’s correction). Of these CNVs listed,
the CNV on 4pl16.3 was intriguingly found to be located
right on the genome gap-177 region on 4p subtelomere. At
this candidate CNV on 4p16.3, 13 out of 100 T2DM patients
displayed CN-loss around this CNV marker, compared with
1 out of 100 control samples. Because of its unique overlap
with genome gap structure, we focused on this CNV region
for further analysis.

Figure 1 shows the pattern of alterations in copy number
loss observed among the 100 early-onset Japanese 2DM
patients. Thirteen patients displayed copy number losses
around the gap in the 4p16.3 subtelomere whereas only one
of 100 control samples showed copy number losses in this
region. The association was statistically significant by Fisher’s
exact test (P = 6.75 x 1073, OR = 14.7, 95% confidence
interval 3.02-72.3). We observed two copy number classes,
that is, “unchanged copy number” and “copy number loss”
at 1.3-Mb region of chromosome 4pl6.3 in our diabetic
or control populations. The latter was found frequently
observed among early-onset T2DM patients at the 4p16.3
subtelomere. The position, length, or pattern of deletion
between one copy number loss in control and 13 copy num-
ber losses in T2DM patients were not apparently distinct,
although the case number is too small to draw meaningful
conclusion.

To verify the CNV BeadChip results, we analyzed copy
number changes along the 1.3-Mb region in the subtelomere
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surrounding the genome gap of 4p16.3 using a high-density
custom-made oligonucleotide tiling microarray. We used
peripheral blood DNA of the 13 early-onset T2DM patients,
identified, and 15 control healthy individuals. Again, we
found frequent copy number losses in regions around the
genome gap in all the 13 early-onset T2DM patients, whereas
none of 15 healthy individuals showed copy number losses.

Figure 2 shows detailed structure of copy number losses
in four representative early-onset Japanese T2DM patients
with copy number losses, in the 1.3-Mb region in the
subtelomere (patients 1, 2, 3, 4; in Figures 2(a), 2(b), 2(c),
and 2(d), resp.). Individual copy number plots using moving
average (y-axis) versus distance along the chromosome (x-
axis) are shown. As a comparison, copy number plots
of healthy individuals who did not exhibit copy number
alterations in the region are also shown (Figures 2(e) and
2()).

Figure 3 shows genomic copy number losses in all the 13
early-onset T2DM patients. High-density tiling custom-
made microarray showed segmental losses in the subtelom-
eric region of 4p16.3 in all the 13 patients. Genomic copy
number losses in these patients were clustered around a gap
region in the 4p16.3 subtelomeric region.

4. Discussion

Our initial genome-wide screening with deCODE-Illumina
CNV370K BeadChip for association with early-onset T2DM
revealed losses in the subtelomeric region of 4p16.3. Sub-
sequent high-density custom-made oligonucleotide tiling
microarray verified copy number losses in this region.

It is worthy to note that most patients with copy number
losses were treated with insulin injection. Urine C-peptide
reactivity was not significantly different between the two
groups, and only few patients underwent glucagon challenge
test, thus, the data are too limited to infer the function of
insulin secretion. We did not observe significant differences
between two groups as to age of onset, body mass index,
postprandial plasma glucose levels, or HbAlc levels. Fasting
immunoreactive insulin levels were examined in 5 patients
with copy number losses and 14 patients without copy
number loss. HOMA-R in the former patients was 6.1 =
6.8 (mean = SD) and that in the latter patients was
5.5 + 6.0 (mean = SD); these values were not significantly
different. Incidence of dyslipidemia, hypertension, diabetic
retinopathy, nephropathy, or neuropathy was not different
between the two groups (Supplementary Tables S2, S3).
Further investigation of a large panel of patients would be
necessary to clarify any clinical differences that might be
present between the two groups.

The current map of CNV in the human genome reported
in the existing databases is far from complete [32]. Increasing
numbers of CNVs have recently been identified around
repetitive sequences such as segmental duplications or low
copy repeats. In fact, these repeat-rich regions were found
to be 13-fold enriched in CNV over the average genomic
coverage in the reference assembly [23]. Probes for conven-
tional genome-wide SNP genotyping platforms are likely to
be underrepresented; that is, only 25% and 40% of CNV are
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TaBLE 1: Putative genes located within 1.3-Mb region in 4p16.3 subtelomere.

Cytogenetic

Start End locati Symbol Description Model evidence
ocation
Phosphodiesterase 6B, cGMP-specific, rod, beta
609,373 654,571 4pl6.3 PDE6B (congenital stationary night blindness 3, Best RefSeq
autosomal dominant)

656,225 658,122 4p16.3 ATPSI f;;lye r)‘f;fgﬁ:gransl"m‘“g’ mitochondrial O . pefseq
661,711 665,817 4pl6.3 MYL5 Mpyosin, light chain 5, regulatory Best RefSeq
665,618 672,973 4p16.3 MFSD7 Major facilitator superfamily domain containing7 mRNA
689,573 754,428 4p16.3 PCGF3 Polycomb group ring finger 3 Best RefSeq
719,829 721,544 4pl6.3 LOC100128084 Hypothetical protein LOC100128084 mRNA
764,588 765,632 4ple.3 LOC100129917  Hypothetical protein LOC100129917 mRNA
768,745 809,945 4pl6.3 CPLX1 Complexin 1 mRNA
833,065 916,174 4pl6.3 GAK Cyclin G associated kinase mRNA
916,262 942,444 4pl16.3 TMEM175 Transmembrane protein 175 Best RefSeq
942,675 957,344 4ple6.3 DGKQ Diacylglycerol kinase, theta 110kDa Best RefSeq
962,861 977,224 4p16.3 SLC26A1 i?elﬁgfimr family 26 (sulfate transporter), Best RefSeq
970,785 988,317 4pl6.3 IDUA Iduronidase, alpha-1- mRNA
995,610 1,010,686 4pl6.3 FGFRL1 Fibroblast growth factor receptor-like 1 Best RefSeq
1,044,654 1,045,386 4pl16.3 LOC100132787  Hypothetical protein LOC100132787 mRNA
1,055,269 1,097,350 4p16.3 RNF212 Ring finger protein 212 Best RefSeq
1,116,050 1,129,814 4plé6.3 LOC100133135  Hypothetical protein LOC100133135 Protein
1,135,541 1,135,957 4p16.3 FLJ35816 FLJ35816 protein Protein
1,149,293 1,149,712 4p16.3 LOC100131106  Hypothetical protein LOC100131106 Protein
1,150,723 1,156,597 4pl6.3 SPON2 Spondin 2, extracellular matrix protein Best RefSeq
1,184,431 1,185,198 4pl6.3 LOC100130872  Hypothetical protein LOC100130872 mRNA
1,195,228 1,232,908 4pl6.3 CTBP1 C-terminal binding protein 1 Best RefSeq
1,234,177 1,236,616 4p16.3 C4orf42 Chromosome 4 open reading frame 42 Best RefSeq
1,273,672 1,323,925 4pl6.3 MAEA Macrophage erythroblast attacher Best RefSeq
1,331,104 1,371,732 4pl6.3 KIAA1530 KIAA1530 mRNA
1,375,340 1,379,782 4pl16.3 CRIPAK Cysteine-rich PAK1 inhibitor mRNA
1,380,072 1,392,453 4pl6.3 NKX1-1 NK1 homeobox 1 Protein
1,484,196 1,519,086 4ple6.3 LOC100133199  Similar to RE32881p mRNA
1,611,605 1,655,516 4pl6.3 FAMS53A Family with sequence similarity 53, member A Best RefSeq
1,664,325 1,683,828 4pl16.3 SLBP Stem-loop (histone) binding protein Best RefSeq
1,687,477 1,692,882 4pl6.3 TMEM129 Transmembrane protein 129 Best RefSeq
1,693,062 1,716,696 4p16.3 TACC3 gzrtl;fﬁgmmg’ acidic coiled-coil containing Best RefSeq
1,765421 1,780,396  4pl6.3 FGFR3 f;?ﬂzlﬁgjgg;:;";h ﬂi‘;ﬁ;’tro‘:ﬁfﬁfg;i afism) Best RefSeq
1,784,558 1,827,772 4p16.3 LETM1 Leucine zipper-EF-hand containing Best RefSeq

transmembrane protein 1

covered by the HumanHap300 and HumanHap550 platform,
respectively [23]. These recent findings may partly explain
why earlier genome-wide association studies for CNVs in the
T2DM population failed to detect CNV loci being strongly
associated with T2DM [20, 21, 33, 34].

We found copy number losses among early-onset
Japanese T2DM patients in a region surrounding a genome

gap (gap-177) in the subtelomere of chromosome 4p16.3.
The physical map of the human genome still contains a sig-
nificant number of genome gaps; over 300 gaps still remain in
the human draft genome sequence [35] that are considered
inaccessible by most existing genotyping and sequencing
technologies [36]. These gap regions are estimated to har-
bor ~1000 genes, which comprise approximately 5% of
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the human genome (~200Mb). In particular, they are
abundant in subtelomeres and pericentromeric regions of
chromosomes [37, 38]. Some of these gaps are thought to
be susceptible sites for mediating meiotic recombination and
are also susceptibility sites for break points for deletions
[39, 40].

Many CNVs were recently identified in repeat-rich re-
gions [41], which are predisposed to the generation of de-
letion/duplication events [22]. It is intriguing to note that
the locus-specific mutation rates for CNV or structural
rearrangements were estimated to be between 107 and 107%:
two to four orders of magnitude greater than nucleotide-
specific rates for base substitutions or point mutations [19].

The deleted CNV region found in the present study and
its flanking region contained 34 genes (Table 1). Gene(s) in
this region may predispose to T2DM.

Genes involved in the glucose-induced insulin secretion
cascade of pancreatic beta-cells are located in the region, such
as ATP5I (ATP synthase, H* transporting, mitochondrial Fo
complex, subunit E) [42, 43], CPLX1 (complexin 1) [44, 45],
GAK (cyclin G associated kinase) in association with CDK5
(cyclin-dependent protein kinases 5) [46-50], and CRIPAK
(cysteine-rich PAK1 inhibitor), which is a negative regulator
of PAK1 (p21 protein (Cdc42/Rac-) activated kinase 1) [51,
52].

FGFR3 (fibroblast growth factor receptor 3) and FGFRL1
(fibroblast growth factor receptor-like 1) are suggested to be
involved in pancreatic development and differentiation [53—
56]. TACC3 (transforming, acidic coiled-coil containing pro-
tein 3) may be involved in embryonic development including
the pancreas [57, 58].

CTBP1 (C-terminal binding protein 1) and MAEA (ma-
crophage erythroblast attacher) have effects on adipose tissue
functions [59, 60], which may lead to insulin resistance.
NKX1-1(NK1 homeobox 1) may cause insulin resistance
with a function in the maintenance of energy homeostasis
[61].

Recently, through whole-genome screening of a copy
number variation using a CNV BeadChip and real-time
quantitative polymerase chain reaction (qPCR), Kato et al.
identified a segmental copy number gain within the 40-kb
region on 10p15.3 subtelomere in patients of sporadic amy-
otrophic lateral sclerosis (SALS) [62]. They demonstrated the
copy number gain in 46 out of 83 SALS patients, as compared
with 10 out of 99 controls. The copy number gain region
they identified is rather small (40-kb) and harbored two
genes encoding isopentenyl diphosphate isomerase 1 (IDI1)
and IDI2. Thus, they suggested the copy number gain
in the region of these genes may play a significant role
in the pathogenesis of SALS. The present study share a
similar genome abnormality in that we found frequent copy
number alterations in subtelomere region among sporadic
adult-onset disease of unknown cause. The copy number
alterations we identified here in early-onset T2DM were
copy number losses on different chromosome subtelomere
(4p16.3) and the size is rather large (up to 1.3-Mb). In
our case, we suspect that multiple genes in the region may
be involved in diabetes pathogenesis through impairments
caused by copy number losses.
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5. Conclusion

These results suggested that copy number losses of the candi-
date genes in the deleted region surrounding the genome gap
in 4p16.3 may play significant roles in the etiology of T2DM.
Further functional study, as well as investigation of 4p16.3
loss in a large panel of early-onset T2DM patients in different
ethnic populations and geographical regions, is warranted.
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Associates with Insulin Receptor Substrate-1 and Enhances
Insulin Actions and Adipogenesis™
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Peptidyl-prolyl cis/trans isomerase NIMA-interacting 1 (Pin1)
is a unique enzyme that associates with the pSer/Thr-Pro motif
and catalyzes cis-trans isomerization. We identified Pinl in the
immunoprecipitates of overexpressed IRS-1 with myc and FLAG
tags in mouse livers and confirmed the association between IRS-1
and Pinl by not only overexpression experiments but also endog-
enously in the mouse liver. The analysis using deletion- and point-
mutated Pinl and IRS-1 constructs revealed the WW domain
located in the N terminus of Pinl and Ser-434 in the SAIN (Shcand
IRS-1 NPXY binding) domain of IRS-1 to be involved in their asso-
ciation. Subsequently, we investigated the role of Pinl in IRS-1
mediation of insulin signaling. The overexpression of Pinl in
Hep@G2 cells markedly enhanced insulin-induced IRS-1 phosphor-
ylation and its downstream events: phosphatidylinositol 3-kinase
binding with IRS-1 and Akt phosphorylation. In contrast, the treat-
ment of HepG2 cells with Pin1 siRNA or the Pinl inhibitor Juglone
suppressed these events. In good agreement with these in vitro
data, Pinl knock-out mice exhibited impaired insulin signaling
with glucose intolerance, whereas adenoviral gene transfer of Pin1
into the ob/ob mouse liver mostly normalized insulin signaling and
restored glucose tolerance. In addition, it was also demonstrated
that Pinl plays a critical role in adipose differentiation, making
Pinl knock-out mice resistant to diet-induced obesity. Impor-
tantly, Pinl expression was shown to be up-regulated in accord-
ance with nutrient conditions such as food intake or a high-fat diet.
Taken together, these observations indicate that Pinl binds to
IRS-1 and thereby markedly enhances insulin action, essential for
adipogenesis.

EIThe on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1-7.
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Peptidyl-prolyl cis/trans isomerases constitute a special class
of enzymes that function not by modifying other peptides cova-
lently but only by producing conformational changes (1-4).
Pinl, one of the peptidyl-prolyl cis/trans isomerase isoforms
that is distinct from the two major classes of isomerases, the
cyclophilins and the FK506-binding proteins (5, 6), was initially
cloned as a NIMA kinase interacting protein (7) and specifically
recognizes a proline bond preceded by a phosphorylated serine
or threonine residue (phospho-Ser/Thr-Pro motif) with a WW
domain at its N terminus (8, 9). Then, its C-terminal PPlase
domain was shown to catalyze cis-trans isomerization of the
target peptidyl-prolyl bonds and thereby modify the actions of
target proteins (8, 9). Since its discovery, numerous proteins
have been identified as Pin1 substrates (8, 10), implicating it in
the regulation of many biological processes. For example, Pinl
inhibits the phosphorylation of Cdc¢25 and controls the replica-
tion checkpoint in the cell cycle (11, 12). Pin1 also stabilizes the
tumor suppressor p53 and is abundantly expressed in some
malignant tumors, suggesting involvement in malignant trans-
formation (13, 14). On the other hand, Pin1 is also expressed at
high levels in most neurons (15, 16). Although much remains to
be clarified regarding the role of Pinl in neurons, it reportedly
protects against neurodegeneration via several independent
mechanisms (15, 16), as supported by the fact that Pin1 knock-
out (KO) mice exhibit abnormal central nervous function (15,
16). In addition, the enzymatic function of Pinl is reportedly
inactivated by oxidative stress modification occurring in the
early stages of Alzheimer disease, implicating Pinl in brain
function (16, 17). Therefore, Pinl has been implicated in the
pathogenesis of two major disorders; cancer and Alzheimer dis-
ease (9, 10).

Very recently, we reported that Pinl expression is higher in
the fed than in the fasted state and that Pinl associates with
CRTC2, a co-activator of CREB (cAMP-response element-
binding protein), and suppresses CRE (cAMP-response ele-
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ment) transcriptional activity (18). Suppressed CRE activity
leads to reduced PEPCK expression and gluconeogenesis. In
this study we newly identified Pinl to be a positive regulator of
insulin signaling via enhanced insulin-induced insulin receptor
substrate-1 (IRS-1)® phosphorylation. In addition, Pin1 expres-
sion was revealed to be markedly increased by high-fat diet
feeding. Because a high-fat diet is one of the most common
causes of obesity, we also performed experiments to ascertain
the effects of Pinl on adipogenesis in this study. Herein, we
present evidence that Pinl plays a critical role in energy incor-
poration into the body by enhancing insulin signaling and
adipogenesis. Our findings raise the possibility of Pinl being a
promising target molecule for treating diabetes mellitus.

EXPERIMENTAL PROCEDURES

Materials—Affinity-purified antibodies against IRS-1, IRS-2,
phosphorylated tyrosine (4G10), and Akt/protein kinase B were
prepared as previously described (19). Anti-Pinl antibody was
generated by immunizing rabbits with the peptide QMQKPFE-
DASFATRTGEMSGPVFTDSGIHIITRTE (amino acids 129—
163 of human Pinl). Anti-FLAG tag antibody was purchased
from Sigma, and antibodies against the p85 subunit of phospha-
tidylinositol 3-kinase, phospho-Ser-473 and phospho-Thr-308
of Akt, and anti-actin were from Cell Signaling Technology
(Danvers, MA).

Cell Culture—Sf9 cells were grown in TC100 (Invitrogen)
medium containing 10% fetal bovine serum (FBS) at 27 °C.
HepG2 hepatoma cells and human preadipocyte were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
FBS at 37 °C in 5% (v/v) CO, in air. Mouse 3T3-L1 fibroblasts
were maintained in DMEM containing 10% donor calf serum in
an atmosphere of 10% CO, at 37 °C. Two days after the fibro-
blasts had reached confluence, differentiation was induced by
treating the cells with DMEM containing 4 ug/ml dexametha-
sone, 200 nM insulin, 0.5 mmol/liter 3-isobutyl-1-methylxan-
thine, and 10% FBS for 48 h as described previously. Cells were
fed DMEM supplemented with 10% FBS every other day and
used as mature 3T3-L1 adipocytes at day 8 after the induction
of differentiation.

Animals—Pinl KO mice were generated as previously
described (20), and Pin1*/* and Pinl ™/~ mice were obtained
by breeding Pin1*/~ mice. The genotype was determined by
PCR and Pin1*/~ mice were separated for breeding. Twelve-
week-old Pin1*/* and Pin1 ™/~ mice were fed a standard diet or
high-fat diet (HFD) for 4 weeks. The nutrient composition of
the standard diet was 54.4% carbohydrate, 23.6% protein, 5.3%
fat with a vitamin and mineral mixture, whereas that of the
HED was 7.5% carbohydrate, 24.5% protein, 60% fat with a vita-
min and mineral mixture. In other experiments, 12-16-week-
old Pin1™*/* and Pin1 ™/~ mice were used.

Preparation of Adenoviruses Expressing MEF-tagged IRS Pro-
tein, Pinl, and GFP—The myc-TEV (tobacco etch virus)-FLAG
(MEF) tag cassette was generated by DNA synthesis and
inserted into cloning sites in the mammalian expression vec-

3 The abbreviations used are: IRS-1, insulin receptor substrate-1; HFD, high-fat
diet; SAIN, Shc and IRS-1 NPXY binding; PPAR, peroxisome proliferator-
activated receptor; MEF, myc-TEV (tobacco etch virus)-Flag.
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tor pcDNA3 (Invitrogen) and termed pcDNA3-MEF, as
reported previously (19). To create the N-terminal MEF-
tagged IRS-1 construct, human IRS-1 ¢cDNA was inserted
into pcDNA3-MEF. Then the coding portion of MEF-tagged
IRS-1 was isolated from pcDNA3-MEF-IRS-1. Similarly, the
coding regions of MEF-tagged IRS-2 and S434A IRS-1 were
prepared. Recombinant adenovirus expressing MEF-tagged
IRS-1, MEF-tagged S434A IRS-1, MEF-tagged IRS-2, human
Pinl with a C-terminal HA tag, GFP-tagged Pinl, and GFP
were generated, and the adenovirus encoding LacZ served as
a control. The recombinant adenoviruses expressing human
Pinl with a C-terminal HA tag and LacZ were used for
adenoviral gene transfer into ob/ob mice.

Purification of MEF-tagged IRS-1-containing Complexes
from Mouse Livers—Recombinant adenovirus expressing MEF-
tagged IRS-1 was purified and concentrated using cesium chlo-
ride ultracentrifugation. Adenovirus encoding LacZ served as a
control. Male C57B6 mice, 9 weeks of age, obtained from Nip-
pon Bio-Supply Center (Tokyo, Japan), were injected via the tail
vein with adenovirus at a dose of 2.5 X 107 plaque-forming
units/g of body wt. Four days later, mouse livers were removed
and lysed in lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl,
10% (w/v) glycerol, 100 mm NaF, 10 mm EGTA, 1 mm NagVO,,
1% (w/v) Triton X-100, 5 um ZnCl,, 2 mm PMSF, 10 pg/ml
aprotinin, and 1 pug/ml leupeptin). Lysates were centrifuged at
100,000 X g for 20 min at 4 °C. Supernatants were passed
through a 5-pum filter, incubated with 150 ul of Sepharose beads
for 60 min at 4 °C, and then passed through a 0.65-um filter.
The filtrated supernatant was mixed with 150 ul of anti-myc-
conjugated Sepharose beads for the first immunoprecipitation.
After incubation for 90 min at 4 °C, the beads were washed 5
times with 1.5 ml of TNTG buffer (20 mm Tris-HCl, pH 7.5, 150
mm NaCl, 10% (w/v) glycerol, and 0.1% (w/v) Triton X-100),
twice with buffer A (20 mm Tris-HCl, pH 7.5, 150 mm NaCl, and
0.1% (w/v) Triton X-100), and finally once with TNT buffer (50
mM Tris-HC], pH 8.0, 150 mm NaCl, and 0.1% (w/v) Triton
X-100). The washed beads were incubated with 15 units of
tobacco etch virus protease (Invitrogen) in 150 ul of TNT
buffer to release bound materials from the beads. After incuba-
tion for 60 min at room temperature, supernatants were
pooled, and the beads were washed twice with 75 ul of buffer A.
The resulting supernatants were combined and incubated with
25 ul of FLAG-Sepharose beads for the second immunoprecipi-
tation. After a 60-min incubation at room temperature, the
beads were washed 3 times with 500 wl of buffer A, and proteins
bound to the FLAG beads were dissociated by incubation
with 1 mm synthetic FLAG peptides in buffer A for 120 min
at 4 °C. Approximately 3 pg of protein (0.01% of starting
materials) were routinely recovered by this procedure. The
samples were electrophoresed and subjected to SDS-PAGE
and immunoblotting.

Immunoprecipitation and Immunoblotting—The cells were
solubilized with Laemmli buffer (0.2 m Tris-HCI, 4% SDS,
10% glycerol, 5% 2-mercaptoethanol, 0.1% bromphenol
blue). Equal amounts of protein from whole cell lysates were
resolved by SDS-PAGE. Then the proteins were transferred
to polyvinylidene difluoride membranes (Millipore, Bil-
lerica, MA) using an electroblotting apparatus (Mighty Small
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