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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 GLUT1. 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 NH»-
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. 14).

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 GLUTI. 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 NMY51. 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) CO- in air.
Rabbit GLUT1-HA, rat GLUT4-HA, rabbit GLUT1-DsRed, human
LATI1-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,
GLUTI-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 NazVO,, 1% (wt/vol) Triton X-100, 5 pM ZnCly, 2 mM
phenylmethylsulfonyl fluoride (PMSF), 10 pg/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).

HelLa 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
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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 g) 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 g in 200 pl) 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-[*Hlglucose 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 CaCly, 1.25 MgSO., 10 NaHPO., 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 pl 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]L-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 MgSQ,, 25
HEPES-Tris, 1.2 KHzPOy4, 5.6 glucose, pH 7.4) was used. After a
1-min incubation with 20 uwM (final concentration) [*“C]r-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 WM
(Wako), and a proteasome inhibitor, MG-132, 10 uM (Sigma Al-
drich), were added to HeLa cells, and their effects on GLUTI
degradation were also examined.

Immunostaining. Hel.a 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 c¢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 GLUTI1. 4F2hc and GLUTI1 coex-
pressing yeast proliferated in the selective plate (Fig. 1C) and
exhibited robust B-galactosidase activity (Fig. 1D), indicating
an interaction between 4F2hc and GLUT1 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. 2A).

bait : GLUT1 | I prey : mouse heart muscle cDNA library

LexA VP16

[{=]

8 ° & c o 8 b o
52 e g e g
> i o T o >.
< 3 2 E > =
5 7 % 3 %, 3

[ o []

- 'g ge o 8 2 c _ng

2 0 N 3& 79 SN

= 1 -gu_ om o W ow

Q £ oY =% gy &%

—_ 0 - I 0 = o i 0 - &
= D 0O 05 D5 93 548
[C) 2z oz 2z o2

<+ OF <+ OF%F

blot:LexA
-Leu-Trp

-Leu-Trp-His-Ade

nucleus

Fig. 1. Using the split-ubiquitin yeast two-hybrid system, 4F2hc was newly identified as a membrane protein interacting with glucose transporter 1 (GLUTI1).
A: split-ubiquitin yeast-two hybrid system. Full-length GLUT1 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 NHo-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
GLUT1-Cub-LexA-VP16 was incubated on a selective plate for 72 h. D: color development in a 3-galactosidase assay.
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Fig. 2. 4F2hc associates with GLUT1 and shows colocalization with GLUT1. A: human embryonic kidney 293 (HEK293) cells were cotransfected with
3FLAG-4F2hc, GLUTI1-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 (fop) 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 LAT1-DsRed. D: immunostaining

HA-tagged GLUT1 but not GLUT4 was detected in the FLAG-
tagged 4F2hc immunoprecipitate. Next, we examined the as-
sociation between endogenous GLUT1 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, LATT1 in the anti-4F2hc antibody immunopre-
cipitate, was also confirmed in both HelLa 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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images, obtained using GLUT1 and CD98-specific antibodies in HeLa cells.

GLUT1 apparently exhibited significant colocalization with
4F2hc at the plasma membrane and intracellular sites (Fig. 2C).
In addition, endogenous GLUT1 and 4F2hc in HeLa 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. 3A). 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, lef?).
Importantly, 4F2hc siRNA treatment also markedly reduced
GLUT1 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

C1051

(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
GLUTI1 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. 4F).

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
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are expressed as means = SE (n = 4). *P < 0.05; **P < 0.01, compared with controls.
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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, GLUT1 degradation was con-
firmed to be abolished by chloroquine, an agent suppressing
lysosomal degradation (Fig. SE) (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
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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
GLUT!1 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],
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 LATI or
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Fig. 5. 4F2hc is involved in GLUT! 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 Hela cells (C) or suppressed in HepG2 cells (D) for 24 h. Then, cycloheximide (CHX) was added and the GLUTI1
expression level was measured by Western blotting, at the indicated time. Graphs at botfom 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 GLUTI degradation was observed in the
presence of chloroquine or MG-132. Representative data from five independent experiments are shown.

LAT? 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 GLUTI 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
LAT]I, 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 GLUTI

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 GLUT! 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
GLUT! 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, GLUT]1 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 GLUT1 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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Wolfram syndrome 1 gene (WFS7) product localizes
to secretory granules and determines granule
acidification in pancreatic 3-cells
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Wolfram syndrome is an autosomal recessive disorder characterized by juvenile-onset insulin-dependent
diabetes mellitus and optic atrophy. The gene responsible for the syndrome (WFS7) encodes an endoplasmic
reticulum (ER) resident transmembrane protein. The Wfs7-null mouse exhibits progressive insulin deficiency
causing diabetes. Previous work suggested that the function of the WFS1 protein is connected to unfolded
protein response and to intracellular Ca®>* homeostasis. However, its precise molecular function in pancrea-
tic B-celis remains elusive. In our present study, immunofluorescent and electron-microscopic analyses
revealed that WFS1 localizes not only to ER but also to secretory granules in pancreatic p-cells.
Intragranular acidification was assessed by measuring intracellular fluorescence intensity raised by the acid-
otrophic agent, 3-[2,4-dinitroanilino]-3’-amino-N-methyldipropyramine. Compared with wild-type B-cells,
there was a 32% reduction in the intensity in WFS1-deficient p-cells, indicating the impairment of granular
acidification. This phenotype may, at least partly, account for the evidence that Wfs1-null islets have impaired
proinsulin processing, resulting in an increased circulating proinsulin level. Morphometric analysis using
electron microscopy evidenced that the density of secretory granules attached to the plasma membrane
was significantly reduced in Wfs7-null B-cells relative to that in wild-type p-cells. This may be relevant to
the recent finding that granular acidification is required for the priming of secretory granules preceding exo-
cytosis and may partly explain the fact that glucose-induced insulin secretion is profoundly impaired in
young prediabetic Wfs7-null mice. These results thus provide new insights into the molecular mechanisms
of p-cell dysfunction in patients with Wolfram syndrome.

INTRODUCTION

Diabetes mellitus is a heterogeneous disorder characterized by
glucose intolerance that affects over 170 million people world-
wide (1). The disease arises from a combination of absolute
(type 1) or relative (type 2) insulin deficiency with variable
peripheral insulin resistance. The failure of insulin supply is
implicated to result from both impaired B-cell function and
decreased B-cell mass (2—4).

Wolfram syndrome (OMIM 222300) is an autosomal reces-
sive disorder with severe neurodegeneration. Affected individ-
uals present with juvenile-onset insulin-dependent diabetes
mellitus and optic atrophy (5). Postmortem studies of the pan-
creas from patients with Wolfram syndrome have revealed a
selective B-cell loss (6). The gene responsible for the disorder,
WFSI1, encodes a novel transmembrane protein (7,8). The
WFSI protein, also called Wolframin, consists of 890 amino
acids and is predicted to have nine membrane-spanning
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domains. This protein is known to be embedded in the endo-
plasmic reticulum (ER) membrane (9). Mice with a disrupted
Wfsl gene exhibit a selective B-cell loss. This phenotype has
been thought to result from the activation of ER stress,
impaired cell cycle progression and apoptosis (10—14). In
addition, insulin secretion from the isolated islets of
Wfs1-null mice was shown to be impaired (15). An early
study has shown that WFS1 might serve directly as a divalent
ion channel or, alternatively, as a regulator of existing channel
activity (16). Later, it was demonstrated that WFS1 positively
modulates the Ca®" level in ER by increasing the rate of Ca®™
uptake (10). However, the lack of distinct domains in WES]
makes it difficult to understand its precise physiological func-
tion in pancreatic B-cells.

Secretory granules are acidified through a proton gradient,
established and maintained by coordinated action between
H*-pumping vacuolar-type ATPase (V-ATPase) (17) and
CIC-3, a chloride ion channel (18). The low pH of late
secretory granules is necessary for proinsulin processing, and
in addition, for the priming of the granules preceding exocyto-
sis (18).

In this study, WFS1 was found to localize not only in ER
but also in dense-core secretory granules in pancreatic
B-cells. Wfsl-null mice exhibited severely impaired insulin
secretion in response to glucose. These observations prompted
us to investigate the functional significance of the
granule-resident WFS1 protein, including its role in the acid-
ification of insulin secretory granules, as an additional physio-
logical function of WFSI.

RESULTS
WFS1 protein localizes to insulin secretory granules
Previous studies have shown that the majority of

WEFS1-immunoreactive cells were insulin-producing B-cells
(16,19) in pancreatic islets. However, the precise intracellular
localization of WFS1 in B-cells has not been examined,
whereas this protein is thought to localize predominantly in
ER in WFSI-overexpressing heterologous cells (7,9,11,20).
We thus attempted to detail its intracellular localization to
obtain a clue to understand further physiological roles of
WFS1 in pancreatic 3-cells. Immunohistochemical analysis
of pancreatic sections from wild-type (W7) animals using
anti-WFS1 antibodies and antibodies against markers for
either ER or secretory granules was performed. As shown in
Figure 1A-C, only a little part of the immunoreactive area
for WFS1 protein (red) appeared to merge with that for
Grp78, an ER marker (green). Surprisingly, there appeared
to be better co-localization of WFSI protein with chromogra-
nin A (green), a marker of secretory granules (Fig. 1D-F). To
further substantiate the localization of WFS1 protein to the
secretory  granule, immunoelectron microscopy using
anti-WFS1 antibodies was performed. B-Cells could be distin-
guished from «- and d-cells by the appearance of the secretory
granules. B-Cell granules have a white halo, which is not
apparent in a- and 3-granules. As described previously (19),
immunoreactivity for WFS1 protein was observed in B-cells
but not in a-cells (Fig. 1G). As shown in Figure 1H, there
appeared to be the accumulation of immunoreactivity not
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only in ER but also in dense-core granules in Wt B-cells.
High magnification more clearly showed accumulation of
immunoreactivity in the periphery of electron-dense-core
granules accompanied by a halo in Wr B-cells (Fig. 1I). Con-
sistently, no immunoreactivity for WFS1 was observed in
WEFS1-deficient B-cells (Fig. 1J). These results clearly demon-
strate that WFS1 localizes not only in ER but also in secretory
granules in pancreatic -cells. The intracellular distribution of
WEFSI in pancreatic B-cells was assessed by immunogold elec-
tron microscopic analysis (Fig. IK—M). We quantified the
labeling by counting gold particles per B-cell area and found
~40% more immunogold particles in secretory granules rela-
tive to those in ER (Fig. 1M). No particles were found in mito-
chondria. From these immunohistological observations at the
tissue and ultrastructural levels, we concluded that WFS1 pre-
ferentially localizes in dense-core granules in pancreatic
B-cells.

WE'S1 deficiency impairs intragranular acidification

Of interest to the function of WFSI, despite a lack of distinct
domains in WFS], it has nine membrane-spanning domains,
enabling us to expect that this protein may function as an
ion-channel regulator. We hypothesized that WFS1 in insulin
granules might play a role in the regulation of acidification of
insulin granules. To test this hypothesis, granular acidification
was examined by incubating mechanically dispersed islet
cells with the acidotrophic agent 3-[2,4-dinitroanilino]-
3’-amino-N-methyldipropyramine (DAMP) (21,22). Insulin-
producing cells were selected by co-staining for insulin. Indirect
immunofluorescence intensity, raised by DAMP accumulation,
in the whole cell with the exception of the nucleus was
measured. The number of lysosomes in B-cells is negligible
compared with insulin granules (estimated as 48 and 11 000
per B-cell, respectively) (17) and, therefore, will not
significantly contribute to the fluorescent signal. Indirect immu-
nofluorescence intensity for DAMP (green) in insulin immuno-
reactive cells from WfsI ™'~ mice appeared to be weaker than
that in insulin immunoreactive cells from Wt mice (Fig. 2A—
I). Wfs1~'~ B-cells had significantly reduced immunofluores-
cence intensity to an average of 68% of the average intensity
of Wt B-cells (Fig. 2J). Wt B-cells incubated with bafilomycin
Al, a V-ATPase inhibitor, exhibited an even larger reduction
in intensity. These observations were replicated when granular
acidification was assessed using LysoTracker, another acido-
trophic probe (Fig. 2K). Hence, these results strongly suggest
that WFS1 plays a role in maintenance of acidification in dense-
core granules of pancreatic B-cells.

Islets from WFS1-deficient mice have impaired insulin
processing

Processing of proinsulin into mature insulin requires cleavage
by the prohormone convertase enzymes, PC1/3 and PC2 (23—
25). These enzymes have an acidic optimum pH (23), and the
conversion of proinsulin to insulin is strictly dependent on a
low pH (24,26). We thus hypothesized that proinsulin conver-
sion to insulin might be affected by impaired intragranular
acidification in WFS1-deficient B-cells. To test this hypoth-
esis, the amounts of insulin and proinsulin in isolated islets
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Figure 1. Localization of WFSI to secretory granules (SG) in pancreatic B-cells. (A-F) Immunofluorescence analysis of pancreatic islets of Wt mice using
antibodies to WFS1 (B and E, red) and antibodies to either GRP78 (A, green) or chromogranin A (D, green). Scale bars represent 10 pm. Immunoelectron
microscopy of WES] with the DAB method, performed on pancreatic sections from W&/ =/~ and Wt mice (G-J). (G) Representative electron micrograph
showing the localization of WFS1 in B-cells but not in a-cells. Scale bar represents 1 pm. Red arrow heads indicate WFS1 immunoreactivity. (H) Representative
areas of B-cell from Wt mice. Scale bars represent 500 nm. (I) High magnification of representative dense-core secretory granules in 3-cell from Wt mice. Scale
bar represents 200 nm. (J) Representative area of B-cell from Wfs! =/~ mice. Scale bars represent 500 nm. (K and L) Distribution of WFS1 in pancreatic 3-cells.
The distribution of WFS1 is shown by immunogold labeling (red arrow heads indicate examples). Bar: 200 nm. (M) Gold particle frequency in ER and SG per
B-cell area (36 wm? x 24 sections). SG, secretory granule; ER, endoplasmic reticulum; mt, mitochondria.

from mice at 12 weeks of age were examined by western blot.
As shown in Fig. 3A, there was a significant reduction in the
abundance of mature insulin relative to GAPDH, a control for
protein loading, in Wfs! =/~ islets compared with that in Wt
mice (Fig. 3B), whereas the proinsulin level was not altered
(Fig. 3C). There was a consistent parallel increase in the proin-
sulin to insulin ratio in WfsI ™'~ islets relative to that in Wt

islets (Fig. 3D), indicating that the lack of WFS1 causes
impaired insulin processing. In accordance with this obser-
vation, the plasma proinsulin level after 6h fasting was
higher in WFS1-deficient mice than in Wt mice (Table 1).
Expression levels of prohormone convertases were further
examined. As shown in Figure 3E, there was a significant
reduction in the PC1/3 level in Wfsl™'~ islets relative to
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Figure 2. Disturbed intragranular acidification in WFS1-deficient $-cells. Dis-
persed islet cells from W/s! ™'~ and Wt mice were incubated with either 3 pm
DAMP or 25 nm LysoTracker for 1 h or 30 min, respectively, and were then
fixed. (A-I) Representative photographs of DAMP-incubated islet cells
stained with antibodies to DNP (green) and insulin (red). Treatment of Wt
islet cells with bafilomycin Al was a control of disturbed intragranular acid-
ification. (J) Mean fluorescence intensity of DNP per area of each
insulin-immunoreactive cell was measured. The results were obtained from
76 randomly selected Wfsl ™'~ B-cells and 65 Wt B-cells from nine different
animals of each genotype. Relative intensity was expressed as the mean +
SEM. ***P < 0.001. (K) Relative mean fluorescence intensity of LysoTracker
per area of each insulin-immunoreactive cell was calculated in a total of 167
Wt B-cells and 170 Wfsl ™'~ B-cells from six different animals of each geno-
type and graphically expressed as the mean + SEM. ***P < 0.001.

that in Wr islets, whereas the PC2 level was not altered
(Fig. 3F and G). In WfsI haploinsufficiency (WfsI™' ™)
islets, no appreciable changes were observed in either

Human Molecular Genetics, 2011, Vol. 20, No. 7 1277

proinsulin processing or PC1/3 expression (data not shown).
To further examine the mechanism linking the lack of
WFSI to the reduced PC1/3 level, immunoprecipitation analy-
sis using anti-WFS1 antibody was performed. However, a
direct interaction of WFS1 with PC1/3 was not proved (data
not shown).

WES1 plays a role in regulation of insulin secretion in vivo

It has been documented that islets isolated from Wfs/ '~ mice
exhibited a decrease in insulin secretion in response to glucose
(15). We further examined the effect of lack of WFS1 on in
vivo insulin secretion in response to glucose at 12 weeks of
age. At this age, the non-fasting blood glucose level of
Wfs1~'~ mice was similar to that of W mice (Fig. 4A).
Glucose tolerance tests were then conducted. Blood glucose
levels after overnight fasting were indistinguishable between
the mutant mice and the W¢ mice. The blood glucose level
at 60 min after intraperitoneal glucose injection in
WES1-deficient mice was slightly but significantly increased
relative to that in Wt mice (Fig. 4B). Insulin secretory response
to glucose was then assessed. Whereas there was no significant
change in the insulin level after overnight fasting, serum
insulin levels at 2 and 15 min after glucose challenge were
markedly reduced in Wfs! ™'~ mice compared with those in
Wt mice. The reduced insulin levels in Wfs] =/~ mice persisted
until 30 min after glucose injection (Fig. 4C).

The effect of WFS1 deficiency on the B-cell mass at this age
was examined. As shown in Figure 4D, insulin-positive cells
still appeared to be maintained in 12-week-old WFS1-deficient
mice. The insulin-immunoreactive area in WFSI-deficient
mice was indistinguishable from that in Wr mice (Fig. 4E).
Consistently, whole pancreatic insulin content was maintained
in WFSI1-deficient mice compared with that in W: mice
(Fig. 4F). These results indicate that WFS1-deficient mice
have severely impaired insulin secretion in response to
glucose, when abundance of B-cells is still maintained,
before progressive B-cell loss becomes apparent.

WEFS1 deficiency results in reduction in plasma
membrane-attached secretory granules in pancreatic
B-cells

To further examine the effects of WFSI1 deficiency, the mor-
phological characteristics of dense-core granules were
studied by an electron microscopic analysis of pancreatic sec-
tions from randomly fed 12-week-old mice. There were no
apparent differences in the appearance of electron-dense-core
granules between WfsI-null and Wt B-cells, whereas mild dila-
tation of ER was shown in some WFS1-deficient B-cells, as
described previously (11,14) (Fig. 5A). There was no signifi-
cant difference in granule size assessed by measuring
granule diameter (Fig. 5B). Granule density (granule number
per cytosolic area) was not affected in WFS1-deficient
B-cells (Fig. 5C), either. On the other hand, the density of
insulin granules docking to the plasma membrane appeared
to be decreased. In fact, the number of insulin granules
directly attached to the plasma membrane per cytosolic area
(Fig. SE) and per granule density (Fig. 5F) was significantly
reduced in Wfsl '~ B-cells compared with that in Wz
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Figure 3. Impaired insulin processing in WFS1-deficient B-cells. Islets were isolated from 12-week-old Wfs/ ~/~ and Wt mice. (A) Western blot analysis with
antibodies to insulin and GAPDH. Representative results of multiple independent experiments are presented. Densities of mature insulin and proinsulin were
measured and normalized to GAPDH. The results for insulin versus GAPDH (B), proinsulin versus GAPDH (C) and relative proinsulin/insulin ratio (D) are
graphically illustrated as the mean + SEM. *P < 0.05. (E) Western blot analysis with anti-PC1, anti-PC2 and anti-GAPDH antibodies. Representative
results from four independent experiments are presented. (F and G) Densities of PC1 and PC2 were measured and normalized to GAPDH. Mean protein

levels 4+ SEM are summarized in the graph. *P < 0.05.

B-cells. These results suggest that WFS1 function somehow
determines the intracellular distribution of secretory granules,
especially the docking of insulin granules to the plasma mem-
brane. This defect may underlie, at least in part, the impair-
ment of glucose-stimulated insulin secretion and hence may
play a role in the regulation of the insulin secretory pathway.

DISCUSSION

The combination of B-cell dysfunction and B-cell loss results
in progressive insulin deficiency in Wfs/-null mice. WFS1 has
been thought to be connected with unfolded protein response
and intracellular Ca®" homeostasis. The present study pro-
vides additional insights into the physiological role of WFSI
in pancreatic B-cells. The following observations were docu-
mented: (i) WFS1 protein localizes in secretory granules in
pancreatic B-cells; (ii) lack of WFS1 results in disturbed intra-
granular acidification; (iii) WFSI1 deficiency causes impaired
conversion of proinsulin to insulin accompanied by a
decreased PC1/3 protein level, (4) WFS1-deficient B-cells
have a reduced number of dense-core vesicles attached to
the plasma membrane, possibly providing cellular evidence
correlated with impaired insulin secretion. Taken together,
these findings provide additional insights into the mechanisms
of B-cell dysfunction in Wolfram syndrome.

In our present study, histological analysis at the tissue level
and the ultrastructural level revealed that WFS1 was expressed
not only in ER but also in dense-core granules in mouse pan-
creatic B-cells. In addition, immunogold particles against
WFS1 were detected rather more abundantly in dense-core
granules than in ER, indicating that WFS1 in dense-core gran-
ules as well as in ER could be required for sufficient B-cell
function. In this regard, WFS1-deficient B-cells exhibited

disturbed intragranular acidification. Because a number of
membrane proteins in dense-core granules participate in
important processes, such as vesicle trafficking or generation
of intragranular acidification, impaired intragranular acidifica-
tion is likely to result from the defect of WFS1 in dense-core
granules. Intragranular acidification depends on the simul-
taneous operation of the V-type HT-ATPase and the CIC-3
Cl™ channel on the insulin granule membrane (18). Although
the present study did not address how WES1 contributes to the
maintenance of intragranular acidification, the function of
WEFS1 in insulin granules could be connected with the regu-
lation of these channel activities.

Impaired proinsulin processing was documented in
WFS|1-deficient islets. Granted the impaired vesicular acidifi-
cation, this is an expected and confirmatory result because
acidic pH in insulin granules is required for sufficient endo-
peptidase activities of PC1/3 and PC2, and hence efficient
proinsulin processing (23). In addition, we observed that the
PC1/3 level but not the PC2 level was decreased in
WFS1-deficient islets. The reduced PC1/3 level may contrib-
ute to a further reduction in endopeptidase activity of PC1/3.
However, a direct link between lack of WFS1 and reduced
PC1/3 level has not been proved. Exact mechanisms by
which WFS1 deficiency causes reduced PC1/3 levels are
unclear at this stage. Both PC1/3 and PC2 are expressed
in the B-cells, whereas only PC2 is predominantly expressed
in a-cells (27). If B-cells were selectively lost, decrease in
PC1/3 protein would be apparent compared with PC2
in total islets. However, this is not the case because B-cell
mass is not decreased at this age (Fig. 4D-F).

Secretory granules in B-cells can be divided into the readily
releasable pool (RRP) and the reserve pool (28-30). The
process in which granules proceed from the reserve pool
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Table 1. Serum insulin and proinsulin level of 12—16-week-old mice after a 6 h fast
Genotype Blood glucose (mg/dl) Serum insulin (ng/ml) Serum proinsulin (ng/ml) Proinsulin/insulin (%) Number
Wt 185 (£9) 0.34 (£0.03) 0.026 (+0.005) 4.6 (£0.8) 9
wfsl '~ 182 (£ 11) 0.47 (£0.05) 0.050 (£ 0.006)* 7.0 (£1.0) 9

*P < 0.01 by one-factor Student’s t-test compared with wt mice.

into the RRP is referred to as mobilization and involves
priming by ATP hydrolysis. A recent study demonstrated
that acidification of the secretory granules is necessary for
the priming of the granules preceding excytosis
(18,22,31,32). We observed that the number of dense-core
granules attached to the plasma membrane was reduced in
B-cells of Wfs/-null mice, in association with impaired granu-
lar acidification. Docking and priming precede the Ca®*-
evoked exocytic granular fusion events, and thus this obser-
vation may explain, at least in part, the impaired
glucose-stimulated insulin secretion, another pathologic
feature of B-cells, in Wfs/-null mice.

What is the molecular function of WFS1 protein? Current
information on this fundamental question is very limited. As
mentioned earlier, WFS1 protein may be a channel/transporter
or its functional regulator (10,16). Calcium, protons or chlor-
ide channels are candidates in ER and in the insulin secretory
granules for regulation of ER calcium homeostasis or
secretory granule acidification. It was also reported that
WEFS1 protein bound to the sodium-—potassium ATPase bl
subunit (33) and calmodulin (34), although the functional sig-
nificance of binding to these target molecules is unknown.
Very recently, WFS1 was reported to negatively regulate acti-
vating transcription factor 6o through the ubiquitin—protea-
some pathway (35). According to this finding, WFS1 may
regulate target protein function, by modulating their turnover.
Clearly, WFST can regulate multiple cellular functions and play
a different role in each compartment in pancreatic B-cells.

In conclusion, previous studies have shown that WFS1 is an
ER transmembrane protein that is implicated in cellular Ca®**
homeostasis and unfolded protein response in B-cells. Our
present study has demonstrated that the WFS1 protein is
also localized to the secretory granules in mouse pancreatic
B-cells and suggested its functional significance. The current
study provides new insights into WFS1 protein function and
the pathophysiology of Wolfram syndrome.

MATERIALS AND METHODS
Animal production and metabolic phenotype analysis

Generation and genotyping of Wfsl ™'~ mice have been
described previously (15). We maintained Wfs/™/~ mice on
a C57BL/6J background. For the glucose tolerance test, mice
were subjected to overnight fasting followed by intraperitoneal
glucose injection (2.0 g/kg). Blood glucose was measured at 0,
15, 30 and 60 min after injection using an automatic blood
glucose meter, Antsense III (Horiba, Kyoto Japan). Blood
samples were collected at 0, 2, 5, 15 and 30 min after injec-
tion. Insulin levels were measured by an enzyme-linked
immunosorbent assay (ELISA) kit using a rat insulin standard

(Morinaga, Yokohama, Japan) or the mouse insulin ELISA kit
(ALPCO, Salem, NH, USA). Proinsulin was measured by the
mouse proinsulin ELISA kit (ALPCO). All the experiments
were carried out in male mice and were approved by the
Animal Ethics Committee of Yamaguchi University School
of Medicine.

Immunofluorescent staining of pancreatic islets

Pancreata were isolated from 12-week-old Wfs/ ™'~ mice. Iso-
lated pancreata were fixed overnight in 4% paraformaldehyde
at room temperature. Tissue was then routinely processed for
paraffin embedding, and 3-pm sections were cut and mounted
on glass slides. The sections were immunostained with anti-
bodies to insulin (Dako Cytomation, CA, USA), Glucagon
(Santa Cruz, CA, USA), GRP78 (BD Biosciences, San Jose,
CA, USA) and chromogranin A (Santa Cruz). The antibody
raised against the 290 amino acid mouse WFS1-N-terminus
has been described previously (9). Cy3- or fluorescein
isothiocyanate-conjugated (FITC) secondary antibodies
(Jackson Immunoresearch, West Grove, PA, USA) were
used for fluorescence microscopy. Images were acquired on
a confocal microscope (LSM 510, Carl Zeiss).

Evaluation of intragranular acidification

Islets were mechanically dissociated as previously described
(15) to obtain dispersed islet cells. Cells were allowed to
adhere on polylysine-coated plastic slides (Lab-Tek Cham-
bered Coverglass, Nalge Nunc International, NY, USA) in
RPMI medium, followed by 1h pre-incubation with or
without 100 nm bafilomycin Al (Calbiochem) prior to
DAMP and LysoTracker treatment. For DAMP staining,
3 um DAMP (Invitrogen, OR, USA) was subsequently added
to the medium for 1h, and then dispersed islet cells were
fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS; pH 7.4). Anti-DNP-KLH secondary antibody
(Molecular Probes, West Grove, PA, USA) was used for fluor-
escence microscopy. For LysoTracker (Molecular Probes)
staining, 25 nm LysoTracker was added to the medium for
30 min. Then dispersed islet cells were fixed with 4% parafor-
maldehyde in PBS (pH 7.4). To recognize insulin-containing
cells, after fixation, cells were stained with anti-insulin anti-
bodies and visualized with FITC secondary antibodies. Fluor-
escent images were acquired with a confocal microscope,
LSM 510 (Carl Zeiss). To measure fluorescence intensity
derived from either DMAP or LysoTracker, a number of
insulin-positive cells were randomly selected from both geno-
types. The fluorescence intensity of each whole cell with the
exception of the nucleus was measured and was later quanti-
fied using ImageJ 1.38 x (36).
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Figure 4. WFS1 deficiency results in glucose intolerance with severely impaired glucose-induced insulin release. (A) Non-fasting blood glucose levels in
12-week-old male mice (Wi, n = 11; Wfsl =/~ n=11). Intraperitoneal glucose tolerance tests were performed on overnight-fasted male Wt and Wjsl n
mice at 12 weeks of age after intraperitoneal injection of D-glucose (2 g/kg) (B and C). (B) Glucose levels at the indicated time intervals. *P < 0.05; **P <
0.01 (Wt, n = 6; Wfsl ~/=, n = 6). (C) Plasma insulin levels at indicated time points after glucose injection (W?, n = 10; WfsI =/~ n= 10). Random pancreatic
sections from the entire pancreas of 12-week-old mice of the indicated genotypes were stained with antibodies to insulin and then counterstained with hematox-
ylin (D and E). (D) Representative photographs of indicated genotypes are shown. Scale bar represents 300 pm. (E) Insulin-immunoreactive area was measured.
Results are expressed as % of total pancreatic area containing insulin-immunoreactive cells (7%, n = 3; WjsI =/~ n=3). (F) Insulin content extracted from
whole pancreas of Wt and Wisl™'~ mice (Wi, n=15; W5l T n=12).

Measurement of B-cell area routinely processed for paraffin embedding, and 3 pm sections

were cut and mounted on glass slides. The sections were
All animals were anesthetized with sodium pentobarbital de-paraffinized and re-hydrated, then immunostained with
(65 mg/kg, intraperitoneally) and perfused intracardially with  antibodies to insulin (Dako) bound to biotin-conjugated
4% paraformaldehyde. Isolated pancreatic tissues were then secondary antibodies with 3,3'-diaminobenzidine
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Figure 5. WFS1-deficient 3- cells have reduced the number of dense-core secretory granules attached to the plasma membrane. Morphomemc analyses of insulin
granules in B-cells from Wfs/ ™'~ and Wt rmce For each genotype, 20 randomly selected B-cells from two 12-week-old male mice were analyzed. (A) Electron
m1crographs of B-cell sections from Wfs/ ™'~ and Wt mice. Scale bar represents 1 um. (B) Average granule diameter and (C) granule number per cytosol area
(wm?). (D) Electron micrographs of insulin granules attached to the plasma membrane. Scale bars indicate 500 nm. (E) Average number of attached granules per
cytosol area (wm?) and (F) the attached granules to total granules ratio are summarized as the mean + SEM in the graph. *P < 0.05.
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tetrahydrochloride and hematoxylin. The [-cell area was
determined after analysis of a number of random sections
from three mice in each genotype and analyzed with Imagel
1.38x.

Isolation of islets from mice

Islets from 12-week-old C57BL/6J male mice, WfsI '~ and
Wfs1™/~/C5TBL/6] background male mice were isolated by
ductal collagenase digestion of the pancreas (15) followed
by filtering and washing through a 70-mm Nylon cell strainer
(BD Biosciences). Isolated islets were then maintained in
RPMI medium containing 11 mm glucose, 10% FBS, 200 U/
ml of penicillin and 200 mg/ml of streptomycin in humidified
5% CO, and 95% air at 37°C. All experiments on isolated
islets were carried out 15 h after isolation.

Preparation of total cell extract

Isolated islets were washed twice in ice-cold PBS and lysed in
ice-cold cell lysis buffer consisting of 50 mm HEPES (pH 7.5),
1% (v/v) Triton X-100, 2 mM activated sodium orthovanadate,
100 mmM sodium fluoride, 10 mm sodium pyrophosphate, 4 mm
EDTA, 1 mm phenylmethylsulfonyl fluoride, 1 pg/ml of leu-
peptin and 1 pg/ml of aprotinin, then passed through a
syringe with a 21 gauge needle 10 times, and particulate
material was removed by centrifugation (10 000g for
10 min at 4°C). The supernatant was collected. Protein con-
centrations were determined using the BCA protein assay
(Thermo Scientific, Rockford, IL, USA).

For immunoprecipitation, mouse insulinoma MING6 cells
were cultured in 100 mm diameter culture dishes until 80%
confluence and lysed in ice-cold RIPA buffer consisting of
20 mm HEPES (pH 7.2), 100 mm NaCl, 25 mm NaF, 1 mm
sodium vanadate, 1 mm benzamidine, 5 pwg/ml of leupeptin,
5 pg/ml of aprotinin, 1 mmM phenylmethylsulfonyl fluoride,
1 mm dithiothreitol and 0.5% NP-40 in the presence of 1 mm
EDTA and centrifuged for 15 min at 15 000g. Immunoprecipi-
tation was performed using anti-WFS1 antibody and protein A
Sepharose. After washing, immune complexes were directly
eluted from the Sepharose using RIPA buffer.

Western blot analysis

Proteins were resolved on 4-20 or 15-25% gradient poly-
acrylamide gels (Cosmo Bio Tokyo), blotted onto a PVDF
membrane (Amersham Plc, Buckinghamshire, UK) and incu-
bated overnight at 4°C in Tris-buffered saline containing a
1:500-1000 dilution of antibodies as listed below. The mem-
brane was then incubated at 4°C for 60 min in Tris-buffered
saline with a 1:5000 dilution of anti-rabbit IgG or anti-mouse
IgG horseradish peroxidase—conjugated secondary antibody
(Jackson Immunoresearch). Antibodies used were anti-WFS1
(9), anti-insulin/proinsulin (Dako), anti-PC2 (Gene Tex),
anti-PC1/3 (Abcam, Cambridge, UK) and anti-mGAPDH
(Sigma, St Louis, MO, USA). Immune complexes were
revealed using an ECL Western Blot Detection kit (Amersham
Plc) and the images were acquired by exposure onto medical
X-ray film (Konica Minolta). Band intensities in the blots

were later quantified using Image] 1.38x (36), and
mGAPDH bands were used to adjust for loading differences.

Electron microscopy

Conventional electron microscopy was performed as described
previously (14). In brief, isolated pancreases were routinely
processed. Ultrathin sections were doubly stained with
uranyl acetate and lead citrate, and then observed under an
electron microscope (Tecnai™ G? Spirit, FEI Company).
The diameter and the density of secretory granules were ana-
lyzed and quantified using ImageJ] 1.38x (30).

Immunoelectron microscopy

All animals were anesthetized with sodium pentobarbital
(65 mg/kg, intraperitoneally) and perfused intracardially with
ice-cold saline, followed by 0.5% glutaraldehyde and 4% par-
aformaldehyde in 0.1 m phosphate buffer (PB; pH 7.4). Pan-
creata were removed and soaked in 0.1 M PB containing
30% sucrose until they sank, and then frozen in powdered
dry ice. Pancreatic sections were cut at a thickness of 60 pm
using a cryostat. The free-floating sections were pre-incubated
for 2h with 20% normal goat serum (NGS) in PBS and
bleached for 1 h with 50% methanol and 1.5% hydrogen per-
oxide at 4°C. After washing with PBS containing 0.05% NGS
and 0.3% Triton X-100, the sections were incubated with
anti-WFS1 diluted 1:200 in PBS containing 1% NGS for 2
days at 20°C. Then, the sections were incubated for 2h at
20°C with biotinylated secondary antibody (Dako Cytomation,
Glostrup, Denmark; diluted 1:500) in PBS containing 1%
NGS, followed by incubation with a mixture of horseradish
peroxidase and rabbit anti-horseradish peroxidase antibody
complexes (PAP; Dako Cytomation) and peroxidase-
conjugated streptavidin (Dako Cytomation, diluted 1:500) in
PBS (PAP-BAP method) for 2 h at 20°C. Subsequently, they
were washed in 0.05 M Tris—HCI buffer and colored by a
nickel-enhanced DAB reaction. The sections were post-fixed
for 1 h with 1% OsO, in 0.1 m PB, block-stained for 1h
with 2% uranyl acetate in distilled water, dehydrated with a
graded series of ethanol rinses, infiltrated with propylene
oxide and finally embedded in epoxy resin. Ultrathin sections
were collected on copper grids and observed under a Tecnai™
G? Spirit (FEI Company) electron microscope, operated at
120 kV with 2 min of lead staining. For immune-gold-electron
microscopy, the pre-embedded immunogold method was used.
Cryosections (60 um) were incubated with anti-WFS1 diluted
1:100 in PBS containing 1% NGS for 5 days at 20°C, followed
by incubation with secondary antibodies conjugated with col-
loidal gold (10 nm diameter, BB International, diluted 1:20).
Quantification of the distribution of gold particles on secretory
granules and ER was performed in representative sections of a
number of cells (n = 24).

Statistical analysis

Data were obtained from at least three independent exper-
iments and presented as mean + SEM. The significance of
variations was analyzed by one-factor Student’s #-test with a
significance level of 0.05 (95% confidence interval).
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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.



