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Fig. 1. Immunchistochemical staining for cholesteatoma matrix. (A)
Immunochistochemical staining with anti-ErbB-2 antibody. The ker-
atinocytes of all layers are stained as a brownish precipitate local-
ized on the plasma membrane. (B) fmmunchistochemical staining
with anti-Ki-67 antibody. The nuclei of the keratinocytes of the
basal, lower spinous and occasionally granutar layer are stained as
a brownish precipitate. (C) immunohistochemical staining with anti-
ssDNA antibody. The nuckei of the keratinocytes of al fayers are
stained as a brownish precipitate. (All specimens counterstained
with Mayer hematoxylin; original magnification X200
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Fig. 2. Immunohistocherical staining for retroauricular skin. (A} Im-
munchistochemical staining with anti-ErbB-2 antibody. The keratino-
cytes of the basal and occasionally lower spinous layer are stained as
a brownish precipitate localized in the cytoplasm in a vesicular pattemn.
(B} immunchistochermical staining with anti-Ki-67 antibody. The nuclei
of the keratinocytes of the basal and occasionally lower spinous layer
are stained as a brownish precipitate. (C) immunohistochemical stain-
ing with anti-ssDNA antibody. The nuclel of the keratinocytes of all
layers are stained as a brownish precipitate. (All specimens counter-
stained with Mayer hematoxylin; originat magnification x200.)
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Fig. 3. Summary of the immunoreactivity of anti-ErbB-2, Ki-67, and
ssDNA antibody. The labeling indices of three antibodies are com-
pared between cholesteatoma matrix and retroauricular skin. Bars
indicate standard deviations. The labeling indices of three antibod-
ies in cholesteatoma matrix were significantly greater (P < .01) than
those in retroauricular skin.

ated as compared with normal skin and have a greater
potential of proliferation.

Single-stranded DNA modification in the nucleoso-
mal linker region is considered a critical early step in
apoptosis. A polyclonal antibody against ssDNA has been
used to detect apoptotic cell death immunohistochemically
in epithelial cells. In the eurrent study, we showed the
immunoreactivity of anti-ssDNA antibody in the keratin-
ocytes of all cell layers in cholesteatoma. Although similar
immunostaining pattern was observed in the retroauricu-
lar skin keratinocytes, the labeling index of anti-ssDNA
antibody was significantly greater in cholesteatoma than
in retroauricular skin. These findings sugpest that termi-
nal differentiation, apoptosis, is accelerated in cholestea-
toma. From these findings, we could deduce the following
notion that ErbB-2 protein ecould modulate terminal differ-
entiation, that is, apoptosis in the keratinocytes in cholestea-
toma and proliferation in the keratinocytes in retroauricular
skin. Overexpression of ErbB-2 might play a crucial role in
the pathogenesis of cholesteatoma by the accumulation of
keratin debris as a result of enhancing apoptosis.

Although this study is a descriptive study and does
not prove a mechanism to explain the difference of the
effect of ErbB-2 overexpression on proliferation and apo-
ptosis in cholesteatoma and normal skin, some speculative
eonclusions could be drawn from the result. It is known
that keratinocytes produce cytokines'® that induce chemo-
taxis of mononuelear leukocytes.’® It can be considered
that the close cell-to-tell interaction between infiltrating
leukocytes and keratinocytes causes damage to the kera-
tinocytes, and that the subsequent release of ligands of the
ErbB family receptor, cytokines, and growth factors by
damaged keratinocytes along with inflammatory leuko-
cytes may change the amplification and the structure of
ErbB family receptor, thus modifying control of prolifera-
tion and apoptosis in cholesteatoma.

To elucidate more exactly the role of ErbB-2 protein
in the pathogenesis of human middle ear cholesteatoma, it
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is necessary to clarify the difference between normal skin
and cholesteatoma about the coexpression pattern of the
ErbB family receptor.

CONCLUSIONS

Using immunchistochemical staining, the current
study demonstrated that ErbB-2 protein was overex-
pressed in all cell layers and that the distribution of
ErbB-2 agreed with that of ssDNA in cholesteatoma ma-
trix. We also showed that the distribution of ErbB-2 pro-
tein agreed with that of Ki-67 in retreauricular skin.
These results suggest that ErbB-2 protein ¢ould modulate
terminal differentiation, that is, apoptosis, in the keratin-
ocytes of all layers in eholesteatoma and cell proliferation
in the keratinocytes of the basal and occasmnally lower
spinous layer in normal skin.
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Disruption of the WFS17 gene in mice
causes progressive B-cell loss and impaired
stimulus—secretion coupling in insulin secretion
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Wolfram syndrome, an autosomal recessive disorder characterized by juvenile-onset diabetes mellitus
and optic atrophy, is caused by mutations in the WFS1 gene. In order to gain insight into the pathophysiology
of this disease, we disrupted the wfs? gene in mice. The mutant mice developed glucose intolerance or overt
- diabetes due to insufficient insulin secretion in vivo. Islets isolated from mutant mice exhibited a decrease in
insulin secretion in response to glucose. The defective insulin secretion was accompanied by reduced cel-
tular calcium responses to the secretagogue. Immunohistochemical analyses with morphometry and
measurement of whole-pancreas insulin content demonstrated progressive p-cell loss in mutant mice,
while the a-cell, which barely expresses WFS1 protein, was preserved. Furthermore, isolated islets from
mutant mice exhibited increased apoptosis, as assessed by DNA fragment formation, at high concentration
of glucose or with exposure to endoplasmic reticulum-stress inducers. These results strongly suggest that
WFS1 protein plays an important role in both stimulus—secretion coupling for insulin exocytosis and main-
tenance of p-cell mass, deterioration of which leads to impaired glucose homeostasis. These WFS1 mutant
mice provide a valuable tool for understanding better the pathophysiclogy of Wolfram syndrome as well as
WFS1 function.

INTRODUCTION

Wolfram syndrome (OMIM 222300) is a rare autosomal reces-
sive disorder characterized by juvenile-onset non-autoimmune
diabetes mellitus, optic atrophy, sensorineural deafness and
diabetes insipidus (1). In addition, psychiatric illnesses such
as depression and impulsive behavior are frequently observed
in affected individuals (2). The nuclear gene responsible for
this syndrome was identified by us (3) and others {4), and desig-
nated WFS! (3). More than 100 mutations of the WFS! gene
have been identified to date in Wolfram syndrome patients.
Most are inactivating mutations, suggesting loss of func-
tion to be responsible for the disease phenotype (5). WFSI

mutations underlie not only autosomal recessive Wolfram
syndrome but also autosomal dominant low-frequency sensori-
neural hearing loss (LFSNHL). Heterozygous, non-inactivating
WFS1 mutations were recently found in families with LFSNHL.
linked to chromosome 4p16 (DFNA6/14/38) (OMIM 600965)
(6,7). The observation that the first-degree relatives of Wolfram
syndrome patients have increased frequencies of diabetes
mellitus and certain psychiatric disorders suggests sequence
variants of the WFS! gene predispose these individuals to
such conditions (2,8). Indeed, several WFS1 sequence variants
have been shown to be significantly associated with more
common forms of diabetes mellitas (9,10) as well as with
suicidal and impulsive behavior (11).
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The WFS! protein, also called wolframin (4), consists of
890 amino acids and was predicted to have nine or ten mem-
brane spanning domains (3,4). Proteins with sequence simi-
larity are now found in public databases of other organisms,
Drosophila melanogaster (CGA4917), Anopheles gambiae
(EBIP3764) and Fugu rubripes (SINFRUP82345), but little
is known about their functions, suggesting WFS] protein to
belong to a novel family. The WFS1 protein is expressed in
various tissues but at higher levels in the brain, heart, lung
and pancreas (3,4). We showed the WFS1 protein to be loca-
lized predominantly in the endoplasmic reticulum (ER) and
suggested a possible role of this protein in membrane traffick-
ing, protein processing and/or regulation of cellular calcium
homeostasis (12). A recent study showed this protein to
contain nine transmembrane domains and to be embedded in
the ER membrane with the amino-terminus in the cytosol
and the carboxy-terminus in the ER lumen (13). ER dysfunc-

tion is known to cause apoptosis, which underlies a number of -

genetic disorders (14,15), possibly including a subset of dia-
betes (15). Since severe atrophic changes have been reported
in the brain and in pancreatic islets of subjects with
Wolfram syndrome {16,17), it is reasonable to speculate that
WFS1 protein plays an essential role in the survival of neur-
onal cells and islet B-cel]s

In this study, to gain insight into the pathophysmlogy of
Wolfram syndrome, we disrupted the wfsI gene in mice. The
mice developed glucose intolerance or overt diabetes, depend-
ing on their genetic background’ Our results' demonstrate that
the “imipaired “glucose: homeostasis in these mice. results from
insufficient insulin secretion due to defects in both stimulus—
secretion coupling and maintenance of B-cell mass.

RESULTS
Targeted disruption of the WFS1 gene

We first studied wfsl protein expression in the pancreas, as
this was essential to understand the diabetic phenotype in
mice with a disrupted wfs] gene. Mouse pancreas sections
were stained using an antibody raised against the 290 amino
acid amino-terminus peptide of murine WFS1 {(a-mWFS1-
N) and those against islet hormones (Fig. 1A-L). Importantly,
the WFS1 protein is strongly expressed in B-cells, and the
majority of o, 3 and F-cells are essentially devoid of wisl
protein immunoreactivity. Double-staining of dispersed islet
cells with these antibodies showed >80% of insulin-positive
cells to be stained with anti-WFS1 antibody, while few cells
express both WFS1 protein and one of the following: gluca-
gon, somatostatin or pancreatic polypeptide (Fig. IM—P).

In order to study the pathophysiology of Wolfram syn-
drome, we sought to inactivate the wfs! gene by inserting a
neomycin-resistance gene into the second exon of the wfs/
gene which contains the initial ATG codon (Fig. 2A and B).
When analyzed using an antibody against a-mWFSI-N,
WFS1 protein bands of 95 kDa were abolished in whole-
brain lysates from mutant mice (Fig. 2C). In addition, WFS]
protein staining was detected in neither pancreatic islets
(Fig. 2D and E) nor the hippocampus (Fig. 2F and G)
in mutant animals. It was subsequently recognized that our
disruption strategy resulted in altered splicing transcripts in

mutant animals. Reverse transcription-polymerase chain reac-
tion on brain, heart and islet mRNA revealed existence of a
wfs] mRNA that lacks exon 2 in mutant animals (data not
shown). Such an altered mRNA was not detected in wild-
type tissues. The mutant transcript could generate amino-
terminus-truncated WFS1 protein resulting from initiation of
translation from one of the internal methionines. There exist
methionine residues at 81, 184, 230 and 299, as well as
further downstream, in murine WFS1 protein. We constructed
a cDNA encoding WFS1 protein lacking the first 80 amino
acids (WFS1-del80) and expressed it in COS7 cells. The
WFS1-del80 protein was recognized by the antibody
o-mWFS1-N (data not shown), while no bands were detected
in brain lysates from mutant animals (Fig. 2C), indicating that
WFS1-del80 is not expressed in mutant mice and that mutant
proteins, if present, would be WFS1 protein lacking the
first 183 amino acids or with larger truncations. We speculate
that such truncated WFS1 proteins do not have normal func-
tions  since human substitution mutations at alanine 126,
alanine 133 or glutamate 169 and a deletion mutation that
lacks both lysine 178 and alanine 179 residues cause
Wolfram syndrome {5). Therefore, we conclude that WFS1
function is lost, or at least severely impaired, in mice with a
disrupted wfs] genc.

Mice homozygous for the mutated wfs] gene constitute the
expected 25% of oﬂ"spnng born to heterozygous mutant
parents, and are normal in appearance, growth and fertility.
We did not see ataxic posturc or gait disturbance. In addition, :

there were no differences in urine osmolality between wildw: .

type and mutant mice. In the following experiments: only
male mice were used because an earlier study indicated
females to have a milder phenotype. Since juvenile-onset
diabetes mellitus is the most prominent feature of Wolfram
syndrome, we have focused on this issue herein. Detailed
studies on other aspects of this syndrome, including optic
atrophy, hearing disorders, diabetes insipidus or psychiatric
illness, are currently underway.

Impaired glucose homeostasis in mutant mice

Blood glucose levels in these mice were studied in non-fasted
states. Initially, using mice on the [(1295v x B6) x B6]F2
hybrid background, we found that blood glucose levels of
mutant mice started to rise at around 16 weeks of age and
>60% of mice (8 out of 13) had overt diabetes by 36 weeks
(Fig. 3A). Since the heterogeneous contribution of B6 and
129Sv strains in the mixed background mice could cause a
large variance in data, making interpretation difficuit, we
sought to generate mutant animals on a nearly homogenous
genetic background. For this purpose, male mice with a dis-
rupted wfs] gene were backcrossed for five successive gene-
rations with female mice of the B6 strain, which is
frequently used for diabetes and obesity research. On the B6
background, no apparent increase in blood glucose levels
was observed even at 36 weeks in mice homozygous for
disrupted wfs] alleles (Fig. 3B). However, impaired glucose
homeostasis was evident in mice on the B6 background
when they were subjected to oral glucose tolerance test
(Fig. 3C). Blood glucose levels at 15 and 30 min were signifi-
cantly higher in mutant than in wild-type mice at 17 weeks of
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Figure 1. B-Cell specific expression of WFSI protein in the pancreas. (A L) Paraffin embedded mouse pancreatic sections were immunostained with antibodies
against WFS1 protein (green) (A—D) and islet hormones (red): insulin (E), glucagon (F), somatestatin (G), or pancreatic polypeptide (H). A and E are the same
section, and the two are merged in 1. Similarly, J, K, L are merged versions of B and F, C and G, D and H, respectively. Bars = 10 pum, Ins, insulin; Glu,
glucagon; Sms, somatostatin; PP, pancreatic polypeptide. (M—P) Dispersed islet cells were stained with anti-WFS}) antibody (green) together with those
against islet hormones (red): insulin (M), glucagon (N), somatostatin (O) or pancreatic polypeptide (P). Bars = 10 pm.

age. These data indicated that disruption of the wfs! locus
induced impaired glucose homeostasis in mice, as is seen in
human Wolfram syndrome. _

In order to investigate the pathophysiology of impaired
glucose homeostasis in mutant mice, plasma immunoreactive
insulin (IRI) levels in response to a glucose load were evalu-
ated. Although plasma insulin levels after a 6 h fast were com-
parable between wild-type and mutant animals at 17 weeks of
age (Fig. 3D), hormone responses were markedly blunted in
WFS1-deficient mice. We also studied non-fasting plasma
insulin levels in these mice. Plasma insulin levels in mutant
mice were similar to that in wild-type mice at 24 weeks but
had decreased to half the wild-type level at 36 weeks
(Fig. 3E). Intraperitoneal insulin injection tests did not show

insulin resistance in mutant mice at 14 (data not shown) and
19 weeks (Fig. 3F). In fact, WFS1-deficient mice were some-
what more insulin sensitive. Taken together, these data indi-
cate impaired glucose homeostasis in mice with a disrupted
wfs! gene to be due to insulin secretory defects rather than
insulin resistance.

Impaired stimulus—secretion coupling in B-cells from
mutant mice

Since defects in both stimulus—secretion coupling and insulin
production could be the cause of insulin secretory defects
in vive, insulin secretory responses were studied using isolated
islets. When we isolated islets from these mice, we noticed that
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Figure 2. Targeted disruption of the WFS] gene. (A) Schematic representation of the monse wfs] targeting strategy. Boxes are exons. Neo, neomycin resistance
gene: DTA, diphtheria toxin A chain gene. (B} PCR genotyping of mutant mice. A 1260 bp longer band is observed in DNA from the disrupted allele.
{C) Westem blot analysis using whole-brain lysates from wild-type and mutant animals probed with anti-WFS! antibody. (P—G) Immunohistochemical analyses
using anti-WFS1 antibody in pancreatic (D, E} and hippocampal (F, G} tissues from 14-weck-old wild-type and mutant mice. Bars = 10 pm for pancreatic

sections and 50 pm for hippocampal sections.

it was possible to obtain only 100 islets or even less from a
mutant mouse, while around 200 islets can normally be isolated
from a wild-type mouse. Insulin content in the WFS1-deficient
islets was slightly (16%) but significantly less than that in islets
of wild-type mice [61.8 + 2.3 ngfislet (» = 10 experiments)
versus 73.4 + 3.3 (n = 10 experiments), P = 0.039, mutant
and wild-type islets, respectively]. We used these islets infected
with either AACAGlacZ (as a control) or AICAGmWEFSI
(Fig. 4A), because we also wanted to examine effects of WFS1

re-expression in WEFS1-deficient islets and of its overexpres-
sion in wild-type islets. Glucose (15 mM)-stimulated insulin
secretion, after normalization with insulin content, was
reduced by 23% in islets from mutant mice {(Fig. 4B). Carba-
chol (1.0 mM)-stimulated insulin secretion, which is thought
to be evoked by Ca’* release from the ER and Ca®" entry
through the Ca”* release-activated channel, was also reduced
by 26% (Fig. 4C). When WFSI protein was re-expressed in
islets from mutant animals via a recombinant adenovirus,
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Figure 3. Impaired glucose homeostasis in WFS1-deficient mice. (A) Non-fasted blood glucese levels in male mice on the [(1298v x B6) x B6JF2 hybrid
background at indicated ages (n = 8-13). (B) Non-fasted blood glucose levels in male mice on the B6 backgm\?nd (n =9—-16). (C, D) Oral glucose
(2 mg/g body weight) tolerance test in 17-week-old mice on the B6 background (n = 6). Blood ghucose levels (C') at m@jcatqd points and plasma IRI levels
(D) before and 30 min after the glicose load are shown. Glucose tolerance tests were performed on two other occasions using different animals with essentially
same results. (E) Plasma IRI levels at 24 and 36 weeks of age (n = 6-8). (F) Insulin (0.75 units/’kg body weight) tolerance test at 19 weeks {(z = 5). Insulin
tolerance tests were performed on two other occasions with essentially same results. White circles and bars, wild-type mice; black circles and bars, mutant
mice. "P < (.05, **P < 0.01.



1164 Human Molecular Genetics, 2004, Vol. 13, No. 11

A AdCAGlacZ AJCAGMWFS1
kDa WI M wWT M

B Cc
=3 =
& 8- —x S 8-
= Mx%x | 5 *
S . o  E—
o [+) . i
o 6 — o 6" |
L) <
S 1 S
5 5 * A
8 4- L 4 |
g4 54 .
: : o
2 2- 2 2- %
. :g - : % ' . : 1 : /
7,
o - [
£ o [ I-%gg sael ]l £ /Ag’! ‘ J
25mMGle 1BSmMGle '/ 25mMGl . 1.0mMCCh
06
b 15 mM glucose E = 10
05 - 5 '
2 s
& 0.4 ] % *k
% 03 - & 67
n o o
n —
'-.‘3 0.2 1 g 4
e g
0.1 - 2 24
0 8 |
-0 ) " ' 0 n=21 n=24

0‘ 300 7 600 900 (sec)1200

Figure 4. Impaired stimulus—secretion coupling in WFS1-deficient B-cells. {A) Islets from wild-type and mutant mice were infected with either AdCAGlacZ or
AdCAGmMWFS1. After 36 h, islets were subjected to western blot analyses using anti-WFS1 antibody. Lane 1, wild-type islets infected with AdCAGlacZ; lane 2,
mutant islets infected with AdCAGlacZ; tane 3, wild-type islets infected with AGCAGmWFSI; lane 4, mutant islets infected with AACAGmWFS1. Western blot
experiments were performed twice with similar results and one of them is shown. (B, C) Islets were challenged with 15 mM glucose (B) or | mMm carbachol in the
presence of 2.5 mM glucose (C) for | h. Absolute insulin secretion in response to glucose was 3.11 + 0.34 and 2.03 1+ 0.26 ng/isleth, respectively, for wild-type
and mutant islets infected with the control virus (AJCAGlacZ). Data are means + SEM, n =5 experiments. White bars, wild-type islets infected with AdCA-
lacZ; black bars, mutant islets with AJCAGlacZ; hatched bars, wild-type islets with AJCAGmWFSI; dotted bars, mutant islets with AACAGmWFSL. (D, E)
Intracellular Ca®™ responses to 15 mM glucose in wild-type (gray line and white bar) and WFS1-deficient (black line and black bar) B-cells. Representative traces
out of 21 wild-type and 24 WFS1-deficient B-cells from one experiment were shown in D. Areas under the curve during a 5 min period after the onset of Ca**
rises to glucose were summarized in E. Similar significant differences were observed in the other four experiments. *P < 0.05, **P < 0.01.



glucose- and carbachol-stimulated insulin secretion was restored
(Fig. 4B and C), indicating reduced insulin secretion in islets
from mutant mice to be a direct consequence of absence of
normal WFSt function. Interestingly, glucose- and carbachol-
stimulated insulin secretion from wild-type islets increased by
41 and 53%, respectively, with everexpression of the WFS1
protein, suggesting involvement of the WFS1 protein in stimu-
lus—secretion coupling for msulin exocytosis (Fig. 4B and C).
To gain insight into the mechanisms of impaired insulin
secretion in islets from mutant mice, intracellular calcium
dynamics were then studied in single B-cells challenged with
glucose. The glucose-stimulated mise in the cytosolic Ca®*
response was reduced by 36% in WFS1-deficient B-cells
when compared with that in wild-type B-cells (Fig. 4D and E}.

Progressive B-cell loss in mutant mice

We then focused on aspects of insulin production, deterio-
ration of which could be a cause of impaired glucose homeo-

stasis in mice with disruption of the wfsf gene. There were no

differences in pancreatic weight between wild-type and mutant
mice (data not shown). Whole-pancreas insulin content 'was
already decreased at 2 weeks, the earliest age studied, and
dropped further with age (Fig. 5A). Immunohistochemical

studies (Fig. 5SB—E) showed the number of insulin-positive

cells to be reduced at 36 weeks in the mutant mouse pancreas
(Fig. SE). Morphometric analysis demonstrated a marked
reduction in the insulin-positive- area per-pancreatic area in

mutant mice when compared with wild-type mice (Fig: SH), -

indicating the -decrease in insulin content to be due to loss
of islet Bcells. These features were more prominent in the
mutant mouse pancreas on the [(1295v x B6) x B6JF2 back-
ground, which was associated with overt diabetes (Fig. SF and
G). In contrast to the B-cell changes, glucagon-positive cells
were increased and scattered throughout WFS1-deficient
islets (Fig. 5E and G). Indeed, the pancreatic glucagon
content in mutant mice at 36 weeks of age on the B6 back-
ground was 24-fold higher than that in wild-type mice
[123 + 1.8ng/mg (n=4) versus 52+07 (n=4),
P = 0.0296]. .

Increased susceptibility of WFS1-deficient
islets to apoptosis

To study whether the observed B-cell loss was due to
increased apoptosis, we conducted an extensive search for
apoptotic B-cells in pancreatic sections. However, TUNEL
or activated-caspase 3-positive cells were sparse within
islets in pancreatic sections from both mutant and wild-type
animals {data not shown). Therefore, we tumed to in vitro
studies, and examined whether WFS1-deficient islet cells are
more susceptible to apoptotic insults. For this purpose, apop-
totic DNA fragmentation was studied in isolated islets by
the ligation-mediated PCR (LM-PCR)} method. When islets
were cultured for 3 days in RPMI media with 5 or 25 mM
glucose, ladder formation was increased at 25 mM glucose in
both wild-type and mutant islets when compared with that at
5 mM glucose, indicating that apoptotic cell death may have
been induced by glucose toxicity (Fig. 6A). Importantly, at
25 mM glucose, islets from mutant mice showed more DNA
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fragment formation than wild-type islets (1.7 £ 0.3-fold,

=15), while no significant differences were observed at
5 mu glucose. Since recent studies have suggested so-called
ER-stress to be an important mediator of apoptosis in
B-cells (14,15), DNA fragmentation was studied after treat-
ment with two different ER-stress inducers (18), tunicamycin
(2 pg/ml) and thapsigargin (2 pM). DNA fragmentation at
5 mm glucose was significantly increased, by 2.2 4+ 0.4-fold
and 2.4 + 0.4-fold after tmicamycin (Fig. 6B) and thapsigargin
{Fig. 6C) treatments, respectively, in WFS1-deficient islets
when compared with wild-type islets. In contrast, there were
no differences in DNA fragmentation after combined temor
necrosis factor-a and interferon~y treatment (Fig. 6D),
which triggers apoptosis through a signaling pathway different
from that originating in the ER.

DISCUSSION
We generated mice with a disrupted wfs/ gene. Although the

- diabetic phenotype was milder than that seen clinically in

Wolftam syndrome (1), the progressive B-cell loss and
impaired glucose homeostasis observed in these mice are
essentially consistent with findings in patients (1,17). Thus,
the mutant mice are indeed a model of Wolfram syndrome.
The underlying anatomic condition’ of this syndrome has not

"been studied in great detail in humans, and the cellular basis

for the diabetic phenotype and associated neuro-psychiatric: -
disorders remains obscure. Creation of an animal model that -
reflects aspects of the disease is thus an important first step
in understanding Wolfram syndrome.

The present data demonstrate that the pathophysiological
basis of diabetes in Wolfram syndrome is insufficient insulin
secretion due to progressive B-cell loss and impaired stimulus—
secretion coupling in B-cells. Progressive B-cell loss has been
expected from clinical observations of progressive deterioration
of insulin-requiring states in affected patients as well as their
postmortem findings, i.e. selective B-cell loss with an increase
in a-cells and preservation of 3-cells (17). In contrast, impaired
stimulus—secretion coupling in the P-cell, a quite unexpected
result, was demonstrated for the first time in this study. In
addition, we also showed for the first time that WFS1 protein
is expressed selectively n B-cells, but very little in «, 8 and
F-cells, within the endocrine pancreas, suggesting that B-cell
loss is a direct consequence of WFS1 deficiency.

The severity of the diabetic phenotype due to wfs! gene dis-
ruption was dependent on the mouse genetic background:
>60% of mice on the [(1295v x B6) x B6]F2 background
developed overt diabetes, while mutant mice on the B6 back-
ground had impaired glucose tolerance but not overt diabetes.
Modifying effects of genetic background on glucose homeo-
stasis have been reported previously in a number of mutant
mice. An earlier pioneenng study established that the B6 back-
ground confers more diabetes resistance to db/db and ob/ob
mice (19). A diabetes-resistant phenotype has also been
reported in insulin receptor substrate (IRS)-2 knockout mice
on the B6 background (20), while anti-sense glucokinase-
mRNA expressing mice {21) and mice double heterozygous
for deletion of the insulin receptor and IRS-1 (22), on the same
B6 background, were reporiedly diabetes prone. Therefore, the
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Figure 5, Progressive p-cell loss in mutant mice. (A) Insulin content extracted from whole pancreata of wild-type and mutant mice. Data represent percent of
insulin content in wild-type littermates. Absolute insulin content in wild-type pancreata were 1367 + 103 ng/mg pancreas at 2 weeks, 268 + 18 (8 weeks),
329 4 25 (24 weeks) and 372 + 33 (36 weeks), # = 4-7. White bars, wild-type pancreata; black bars, WFS1-deficient pancreata. (B~ G) Insulin {green)
and glucagon (red) are stained in pancreatic sections from 8-week-old wild-type (B), mutant (C), 36-week-old wild-type (D) and mutant mice (E) on the B6
background, and 24-week-old wild-type (F) and mutant (G} mice on the [(129Sv x B6) x B6]F2 background. Bars = 10 pm. (H) Ratios of total insulin-positive
area per whole pancreatic area in pancreas from wild-type and mutant mice on the B6 background. n = 4 animals for each group. *P < (.05, **P < .01,
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contribution of genetic background is apparently complex. In
any case, progressive B-cell loss was observed in mutant mice
in both [{129Sv x B6) x B6]F2 and B6 strains, independent
of the mouse genetic background. It is not swprising that
mutant mice on the B6 background did not develop overt dia-
betes. Overt diabetes was known to be induced when >>90% of
the pancreas was removed (23), while the insulin content of
mutant mouse pancreas at 36 weeks was decreased by 73%
on the B6 background in this study.

The present data provide an intrigning clue that may belp to
clucidate WFS] protein function. WFSi-deficient islets exhi-
bited impaired insulin secretion in response te glucose and
carbachol, which was restored by re-expression of WFS1 protein.
In addition, overexpression of WFS1 protein in wild-type islets

resulted in an increase in glucose- and carbachol-induced insulin
secretion. These data from islets with different WFS1 protein
levels demonstrated this protein to be involved directly in the
regulation of insulin secretion. Furthermore, impaired calcium
responses to glucose suggested that WFS1 protein is involved
in regulation of calcium homeostasis in the B-cell. This notion
is supported by the recent report that expression of WFS1
protein in Xenopus oocytes confers a novel cation channel
activity (24). The present data also provide insight into the
mechanism of B-cell loss in mice with a mutant wfs! gene.
Although we rarely detected apoptotic cells in pancreatic
sections from mutant mice, apoptosis cannot be excluded as a
possible mechanism of B-cell loss, since our failure could
presumably be due to slow progression of apoptosis in vivo
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and rapid clearance of cells undergoing apoptosis, as was
suggested recently in another animal model of diabetes (25).
Increased apoptosis susceptibility in response to high glicose
and ER-stress inducers, demonstrated in isolated islets from
mutant mice, is likely to contribute to B-cell loss. In contrast,
the apoptosis induced by exposure to turnor necrosis factor-o
and interferon-y, in which the ER-stress response is not
involved, did not differ between wild-type and WFS1-deficient
islets. Although the mechanism whereby high concentrations
of glucose induce apoptosis is not complete]y understood at
present (26,27), increased insulin translation in perk ~ = islets
indicates the ER-stress response or the unfolded protein response
to be operative in islets cultured with high concentrations of
glucose (28). Therefore, it is possible that increased DNA frag-
mentation in WFS1-deficient islets at 25 myM ghucose could also
be attributable to increased susceptibility to ER-stress-induced
apoptosis. However, it remains to be clanfied how WFSI

deficiency renders PB-cells more susceptible to apoptosis,

especially to ER-stress-induced apoptosis.

Recent studies showing B-cell mass to be decreased in
human type 2 diabetes, due to increased f-cell apoptosis (29),
have attracted considerable attention to this potential patho-
genic mechanism of type 2 diabetes development. Therefore,
maintaining B-cell mass is an important strategy for preventing
diabetes as well as halting disease progression. Since the WFS1
protein is likely to belong to a novel family, elucidating the
WFS!1 protein function could lead to establishment of new
" treatments not only for Wolfram syndrome but also for more
common forms of diabetes mellitus.

MATERIALS AND METHODS
Targeted disruption of the wfs] gene

The wfs] gene was cloned from a 129Sv mouse genomic DNA
library using its cDNA probe (3). A targeting vector was con-
structed by inserting a neomycin-resistance gene at the Smal
site in excn 2 of the wfs! gene. The diphtheria toxin A
chain expressing unit was inserted downstream (Fig. ZA).
The wfsl gene targeting vector was microinjected into
129Sv embryonic stem cells. Homologous recombination
was successful in two independent embryonic stem cell lines
(lines 133 and 190). Positive chimeric male mice were then
crossed with female C57BL/6J (B6) mice to produce wfs/ het-
erozygous mice. Initial analyses demonstrated essentially the
same phenotypes between the two lines, and therefore we
have analyzed line 133 mice. In order to analyze animals
with as homogenous a genetic background as possible, male
wfsl heterozygous mice were backcrossed with female B6
mice for five successive generations. We also analyzed wfs/
homozygous mice on the [(129Sv x B6) x B6]F2 hybrid
background. The mice were kept in standard, specific patho-
gen-free conditions under a constant dark/light cycle. All
animal experiments were approved by the local ethical com-
mittee for animal research at the Tohoku University.

Physiological studies

Control animals were age-matched siblings. Blood glucose levels
in the non-fasting state were measured at 9:00-10:00 a.m. using

a GluTest blood glucose monitor (Sanwa Chemicals, Tokyo,
Japan). Serum insulin levels were determined by radicimmuno-
assay using a rat insulin RIA kit (Linco Research, St Charles,
MO, USA). For oral glucose tolerance tests, anirnals after a 6 h
fast were administered with 20% glucose solution (2 mg/g body
weight) by gastric tubes. Whote-blood samples were collected
from the tail tip at the indicated time points. Insulin telerance
tests were performed after a 6h fast by an intraperitonial
injection of human regular insulin (0.75 units’kg body weight).

Immunohistechemistry and morphometry

For brain sections, animals were anesthetized by ethylethel,
and 4% formalin was perfused from the left ventricle. For pan-
creatic sections, the animals were killed by cervical dislo-
cation. Dissected pancreas pieces were fixed in 4% formalin.
Formalin-fixed paraffin-embedded sections of pancreas were
de-paraffinized and re-hydrated. For insulin and glucagen
staining, the sections were then incubated with a guinea pig
anti-insulin 1gG (DAKO Japan, Kyoto, Japan) diluted 1: 1000
and a2 mouse anti-glucagon 1gG (Sigma-Aldrich Japan, Tokyo,
Japan) diluted 1:2000 for 1 h at room temperature. The anti-
insulin and -glucagon primary antibodies were followed by a
45 min incubation with a fluorescein isothiocyanate (FITC)-
conjugated anti-guinea pig IgG and a Texas Red-conjugated
anti-mouse IgG (Jackson ImmunoResearch, West Grove,
PA, USA). The antibody raised against the 290 amino acid
a-mWFS1-N was described previously (30). Pancreatic . sec-
tions incubated with the anti-WFS1 antibody were then
stained with an FITC-conjugated anti-rabbit IgG (Jackson
ImmunoResearch). Immunohistochemical analyses were per-
formed, sacrificing at least four different animals for each con-
dition. For measurements of f-cell area, more than 10
pancreatic tissue sections per animal were randomly selected,
stained with anti-insulin IgG and eosin. Pancreatic area and
B-cell area were each estimated using the intensity threshold-
ing function of the NIH Image software. Four animals were
analyzed for each group.

Pancreatic insulin and glucagon content

Pancreases were suspended in cold acid ethanol and minced
by scissors, and left at —20°C for 48h, with sonication
every 24 h. Insulin content in the acid ethanol supematant
was determined with a rat insulin RIA Kit (Linco Research).
Glucagon content in the same extract was measured by a
glucagon RIA kit (Linco Research).

Islet studies

Construction of a recombinant adenovirus expressing murine
WFS! protein. A recombinant adenovirus AdCAGmWFSI,
bearing an EcoRI fragment of murine WFS1 cDNA, was
constructed by the method described previously (31,32).
AdCAGlacZ expressing B-galactosidase was used as a control
adenovirus. Isolated islets were infected with the recombinant
adenoviruses at 1.2 x 10° particles per islet in 1.0 ml medium
for 60 min.



Isolation and static incubation of islets. Islets isolated from
age-matched wild-type and mutant siblings at 1417 weeks
were isolated by retrograde injection of collagenase (Serva,
Heidelberg, Germany) into the pancreatic duct according to
standard procedures. For secretion studies, batches of 10
islets (triplicates for each condition) were kept in Krebs—
Ringer-bicarbonate-HEPES buffer [KRBH; 140 mM NaCl,
3.6mM KCI, 0.5mM NalLPO; 05mmM MgSO, 1.5mM
CaCl,, 2 mmM NaHCO;, 10 mm HEPES (pH 7.4)] containing
0.1% BSA and stimulaters indicated. Islet insulin content
was measured following extraction by acid ethanol. Insulin
was detected by radioimmunoassay.

Single cell Ca®* measurement. Islets isolated from mice at
12—-16 weeks were dispersed, plated on glass-bottomed
dishes and cultured for 3 days before measurement. B-Cells
were identified by adenovirus-mediated expression of green
fluorescent protein driven by the insulin promoter (33). We
performed  experiments without  adenovirus-mediated
expression of green fluorescent protein, identifying B-cells
with immunostaining after perfusion, and observed similar
results (data not shown). Cells were incubated with 1 pM
Fura 2-AM (Dojindo, Kumamoto, Japan) for 30 min, perfused
with KRBH and excited at 340 and 380 nm. A cooled CCD
camera (Hamamatsu Photonics, Shizuoka, Japan) mounted on
" a microscope (Lelca Microsystems, Heerbrugg, Switzerland)
was .used to capture fluorescence images. Ca * rises were
compared . by - calculating areas between Ca®* curves and
baselines for the 300 s after the onset of ‘Ca’" rises.

LM-PCR amplification of DNA4 ﬁagments. Groups of 50 islets
isolated from mice at 15-17 weeks of age were cultured
for 3 days in RPMI with different glucose concentrations.
In another series of experiments, groups of 50 islets were
treated with 2 pg/ml tunicamycin (Sigma-Aldrich Japan),
2 pM thapsigargin (Alamone Labs, Jerusalem, Israel) or a
combination of interferon-y (100 units/m}; PeproTech,
London, UK) and tumor necrosis factor-o (500 units/ml;
PeproTech). Genomic DNA was isolated from treated islets
using the DNeasy kit (Qiagen-Japan, Tokyo, Japan). The
PicoGreen® dsDNA quantitation kit (Molecular Probes,
Eugene, OR, USA) was used to determine the DNA concen-
trations. 200 ng of the genomic DNA was ligated with an
adaptor, which has been generated by annealing two synthetic
oligonucleotides 5-AGCACTCTCGAGCCTCT CACCGCA-¥
and 5-TGCGGTGAGAGG-3". A portion of ligation mixture
(30%) was used for the PCR amplification with a primer
5'-AGCACTCTCGAGCCTCTCACCGCA-3. The resulting
PCR products were un on 1.2% agarose gels. Intensities of
ladders between 500 and 1000 bp were analyzed using the
Scion Image software. In order to compare data from separate
gels, band intensity was normalized to the average laddering of
the control islets at 5 mM glucose.

Statistical analyses

Data are presented as mean + SE, unless otherwise noted.
Differences between wild-type and mutant animals were
assessed by Student’s #test.
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Abstract

Mutations of the WFSI gene are responsible for two hereditary diseases, Wolfram syndrome and low frequency sensorineural
hearing loss. The WFSI protein is a glycoprotein located in’the endoplasmic reticulum (ER) membrane but its function is poorly
understood: Herein we show WFS1 mRNA and protein levels in pancreatic islets to be increased with ER-stress inducers, thapsi-
gargin and dithiothreitol. Another ER-stress inducer, the N-glycosylation inhibitor tunicamycin, also raised WFS1 mRNA but not
protein levels. Site-directed mutagenesis showed both Asn-663 and Asn-748 to be N-glycosylated in mouse WFS1 protein. The gly-
cosylation-defective WFS1 protein, in which Asn-663 and Asn-748 had been substituted with aspartate, exhibited an increased pro-
tein turnover rate. Consistent with this, the WFS1 protein was more rapidly degraded in the presence of tunicamycin. These data
indicate that ER-stress and N-glycosylation play important roles in WFS1 expression and stability, and also suggest regulatory roles

for this protein in ER-stress induced cell death.
© 2004 Elsevier Inic. All rights reserved.
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The WFSI gene, encoding a transmembrane protein
of the endoplasmic reticulum (ER) [1} is mutated in
two hereditary diseases, autosomal recessive Wolfram
syndrome (OMIN:222300) [2,3] and autosomal
dominant low frequency scnsorineural hearing loss
(LFSNHL) (OMIM:600965) [4,5]. The former is also
known as DIDMOAD, summarizing the most frequent
symptoms; diabetes insipidus, diabetes mellitus, optic
atrophy, and deafness. More than 100 mutations of the
WFES1 gene have been identified to date in patients with
these diseases [6}. WFSI1 protein, also called wolframin,
consists of 890 amino acids [2,3] and its homologues
are found in several organisms; Drosophila melanogaster

" Corresponding author. Fax: +81 22 717 7612,
E-mail address: ishihara-tky@umin.acjp (H. Ishihara).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/).bbrc.2004.10.017

(CGA4917), Anopheles gambiae (EBIP3764), Ciona intesti-
nalis (Cin.16116), Fugu rubripes (SINFRUP82345), and
Xenopus laevis (X1.3995). However, these proteins share
no homology with known proteins, making it difficult
to speculate as to their functions. _

We recently established a murine model with a dis-
rupted wfs! gene [7]. Mutant mice exhibited impaired
glucose homeostasis due to defective insulin secretion
in vivo. Studies using isolated islets revealed that mutant
islet celis were prone to apoptosis induced by insults
which impair ER functions and trigger the so-called
unfolded protein response (UPR) [8,9]. Therefore,
it was suggested that WFS1 protein plays a role in
modulation of apoptotic processes that arise from im-
pairment of ER function [7]. In addition, isolated islets
from WFS1-deficient mice exhibited defective insulin



S. Yamaguchi et al. | Biochemical and Biophysical Research Communications 325 (2004) 250-256 251

secretion which was accompanied by decreased calcium
responses to glucose. Conversely, wolframin-overex-
pressing islets showed increased insulin secretion, indi-
cating that wolframin also participates in regulation of
stimulus-secretion coupling in insulin exocytosis [7]. It
has recently been reported that WFSI protein/wolfr-
amin expression in Xenopus oocytes conferred cation
channel activity and increased cytosolic calcium levels
[10]. This observation is intriguing since intracellular
calcium regulation plays important roles in modulating
both apoptotic and exocytotic processes. Despite these
advancements, however, little is known about the mech-
anisms by which WFS1 protein actually alters these
processes.

To understand the role that WFS1 protein/wolframin
plays in the regulation of apoptotic and exocytotic
events as well as in other as yet unknown cellular pro-
cesses, information on the structure and function of this
protein must be obtained. The amino acid sequence sug-
gests that WFS! protein is a multi-membrane spanning
protein with hydrophilic amino {N)- and carboxy (C)-
terminal regions [2,3]. In addition, biochemical and
immunocytochemical analyses showed WFS1 protein
to be an ER. membrane glycoprotein [1].

In the present studies, we first examined WFSI pro-
“tein expression after treatment with agents that trigger
“UPR. We found WFS1 mRNA and protein levels to
" be increased by thapsigargin or dithiothreitol (DTT).
Treatment with tunicamycin, an inhibitor of N-glycosyl-
ation, also raised WFS1 mRNA levels, suggesting that
UPR increases WFS1 mRNA levels. However, the
WFSI1 protein level is not increased by tunicamycin.
Subsequent analyses demonstrated protein stability to
be reduced in the glycosylation-defective WFS1 protein.
These results contribute to further understanding of the
functions of this enigmatic protein.

Materials and methods

Reagents and antibodies. Tunicamycin, thapsigargin, DTT, and
anti-actin antibody were purchased from Sigma-Aldrich Japan
{Tokyo, Japan). Anti-HA and anti-CHOP antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-WFS1
N-terminus antibody was described previously {11}

Pancreatic islet isolation and treatment with ER-stress inducers.
Pancreatic islets were isolated from male C57BL/6 mice by retrograde
injection of collagenase (Sigma-Aldrich Japan, Tokye, Japan) into the
pancreatic duct, Approximately 100 (for Western blot analyses) or 200
{for RNA extraction) islets were treated with 2 pg/ml thapsigargin,
5mM DTT, or 5uM tunicamycin for 36 h in RPMII640 medium.
Total RNA was extracted using Isogen reagent (NipponGene, Toy-
ama, Japan). Quantitative real-time PCR analysis for WFS1 mRNA
levels was performed using primers, 5'-CTGGAAACTCAACCCCAA
GA-3' and 5¥-TTGGATTCACTGCTGACGAG-3.

Plasmids. pHA-mWFSI encodes a fusion protein consisting of an
initiator methionine, the HA epitope tag (YPYDVPDYA), and amino
acids 2-890 of mouse WFSI1 protein. To generate this plasmid,
a fragment encoding a Safl restriction site and amino acids 2-484

was amplified by PCR. Using the PCR method, pmWFSI-HA
encoding mouse WES1 protein with an HA tag between residues
830 and 831 was also generated. pHA-mWEFSI(N633D) and pHA-~
mWFS1 (N748D), which encode HA-tagged WFSI protein with a
mutation of asparagine 633 to aspartate and asparagine 748 to
aspartate, respectively, were generated using PCR-based mulagenesis
on pHA-mWFS1. pHA-mWFSI(N633D/N748D) encoding a mutant
protein with mutation of both asparagine residues was generated using
pHA-mWFS1(N633D).

Cell culture and transient transfection. MING [12] and COS7 cells
were grown in Dulbecco’s modified Eagle's medium (DMEM) supple-
mented with 10% (v/v) feral calf serum, 50 U/ml penicillin, and 50 pg/
ml streptomycin sulfate. Transfection of plasmids was carried out using
FuGENES$ (Roche, Indianapolis, IN) diluted in OPT]I media ({nvitro-
gen, Carlsbad, CA). Cells were harvested for Western blot or proceeded
to immunostaining analysis 36 h after transfection. Immunostaining
was performed using anti-HA antibody and FITC-conjugated anti-
mouse IgG (Jackson ImmunoResearch, West Grove, PA).

Trypsin treatment. COS7 cells transfected with either pHA-mWFES1
or pmWFS1-HA were homogenized in a buffer containing 270 mM
sucrose, 2mM EDTA, and 50 mM Hepes (pH 7.5). Cellular mem-
branes were recovered by centrifuging the homogenate at 17,400g for
15 min. Membranes (100 pg) were then incubated with trypsin at var-
icus concentrations at 4 °C. After a 30 min incubation, homogenates
were boiled and subjected to SDS/PAGE and Western blot analysis.

Endoglycosydase cleavage. COST cells transfected with either wild-

- type WFS1 cDNA or mutant constructs were dissolved in denaturing

buffer (0.5% SDS, 1% P-mercaptoethanol), boiled for 10 min at 100 °C,
then incubated at 37 °C for 1 h with endoglycosidase H (500 U), and
subjected to electrophoresis on NuPAGE 3-8% Tris-acetate gel
{Invitrogen). ) - .

Metabolic labeling. MING cells were labeled with [**SImethionine
and {P*Skysteine (100 pCifml; EXPRE>S*S labeling mix; Perkin-EL"
mer-New England Nuclear, Boston, MA) in DMEM with either’
methionine or cysteine in the presence or absence of 5 ug/ml tunica-
mycin for 3 h. Cells were then chased for different periods in complete
medium with or without tunicamycin. COS7 cells transfected with
pHA-mWFS1 or pHA-mWFSI(N633D/N748D) were also labeled
with [**Shnethionine and [Scysteine for 3 h. Cells were then chased
for different periods in complete medium. MING and COS7 cells were
lysed in a buffer containing 100 mM NaCl, 0.5 mM EDTA, 20 mM
Tris (pH 7.5), and 0.5% NP-40. Lysales were incubated with 10 ul
protein A/G-Sepharose (Amersham Biosciences, Piscataway, NI for
2 h and then briefly centrifuged. The resulting supernatant was incu-
bated with anti-WFS1 N-terminus or anti-HA antibodies overnight
and then incubated with protein A/G-Sepharose for 2h. The beads’
were washed three times and bound WFS1 proteins were eluted in
SDS-sample buffer and subjected to SDS/PAGE (10%).

Statistical analyses. Data are presented as means + SE. Differences
were assessed by Student’s ¢ test.

Results and discussion

Effect of ER-stress inducers on WFS1 expression in
pancreatic islets

We recently reported that WFS1-deficient islets
exhibited increased susceptibility to apoptosis due to im-
paired ER function [7]. Therefore, in this study, we first
determined WFS1 expression in isolated mouse pancre-
atic islets treated with the ER-stress inducers, thapsigar-
gin, DTT, and tunicamycin. Thapsigargin is an inhibitor
of the sarco(endo)plasmic reticulum Ca** pump and
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depletes ER Ca®*, which affects the functions of Ca®*-
dependent ER chaperone proteins. DTT and tunicamy-
cin affect protein folding by disrupting disulfide bonds
and inhibiting N-glycosylation, respectively. These com-
pounds therefore cause mis-folding of proteins (ER-
stress) and induce UPR [13]. As shown in Fig. 1,
WESI] protein expression was increased in islets treated
with 2 uM thapsigargin (Fig. 1A) or 5mM DTT (Fig.
1B) for 36 h. Greater than threefold increases in WFSI
mRNA levels were also observed by quantitative RT-
PCR analyses in islets treated with these agents (data
not shown). Another ER-stress inducer, tunicamycin
{5 pg/ml), did not raise WFSI protein levels in isolated
islets (Fig. 1C). However, quantitative RT-PCR analy-
ses revealed WFS1 mRNA levels to be increased by
72% in islets treated with tunicamycin (Fig. 1D). These
data supgest that WES1 mRNA expression increases
in response to the ER-stress.

WFS1 protein has been shown to be a glycoprotein
[1] like the inositol trisphosphate receptor, another ER
membrane resident protein essential for cellular calcium
homeostasis and signaling [14] The unaltered WFS1
protein levels despite increased mRNA levels in islets
treated with tunicamycin raise the possibility that inhibi-
tion of N-glycosylation affects WFSI1 protein stability.

. A
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To address this possibility, pancreatic B-cell derived
MINS cells were labeled for 3 h with [>°S]methionine/
cysteine and chased with unlabeled methionine and cys-
teine for different intervals in the continuous absence or
presence of tunicamycin. As shown in Fig. 1E, WFSI
protein in tunicamycin-treated cells was more rapidly
degraded, suggesting that inhibition of N-glycosylation
reduces WFS1 protemn stability.

Membrane topology of WFS1 protein

To study the roles of N-glycosylation more specifi-
cally, we first sought to determine N-glycosylation site(s)
of WFSI1 protein/wolframin. Since N-glycosylation oc-
curs in the ER, it was prerequisite to know the mem-
brane topology of this protein. The initial hydropathy
plot studies did not provide a definitive answer; WFS1
protein contains 9 or 10 transmembrane segments, with
long hydrophilic streiches on both the N- and the C-ter-
mini {2,3].

To localize the N- and the C-termini of WFS1 protein
.with respect to the ER membrane, we transiently ex-
pressed, in COS7 cells, mouse WFS1 protein tagged with
an HA-epitope in either the N- or the C-terminal stretch

(designated HA-mWFS1 or mWFS1-HA, respectively,

WES1Protein B .. WFS1 Protein .. .C WES1 Protein
b . - .
J o J
DMSO Tg o W0 DTT o DMSO ™M ¢
DMSO  Tg H:0  DTF DMSO  TM
D  WFS1mRNA
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2
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*
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#
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Fig. 1. WFSI expression in mouse pancreatic islets in response to ER-stress inducers. (A-C) Isolated mouse islets were challenged with 2 uM
thapsigargin (Tg) (A, n =4), 5mM DTT (B, = 3) or 5 pg/ml tunicamycin (TM) (C, n = 5). After a 36-h incubation, the islets were subjected to
SDS/PAGE and blotted using antibodies against the WFSI N-terminus, actin, or CHOP. Representative blots are shown in the left panels. Increased
CHOP expression indicated successful induction of ER-stress mediated apoptosis. WFS1 proteinfactin levels are summarized in the right panels.
Data are expressed as the expression relative to those of a control islet preparation. (D) Total RNA was extracted from isclated mouse islets treated
with 5 pg/ml tunicamycin for 36 h. WFS! and GAPDH mRNA levels were determined by quantitative real-time PCR. WES1 mRNA levels were
normalized to those of GAPDH. Data were obtained using three independent sets of islet preparations. (E) MING cells were pulse-labeled for 3 h
without or with 5 ug/ml tunicamycin and chased for up to 20 h in the continuous absence or presence of the drug. A representative result from three
independent experiments is shown in the upper panel. Data from three experiments are summarized, after normalization to time zero of the chase in
the lower panel. Open circles, DMSO-treated MING cells. Closed circles, tunicamycin-treated cells. *P = 0.0634, *P <005, **P < 0.01.
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Fig. 2. Membrane orientations of the N- and the C-termini of WIS protein as determined by trypsin proteolysis. WFS1 protein tagged with the HA
epitope at either the N- (A,C) or the C-terminus {B,D) was expressed in COS7 cells. (A,B) Schematic illustration and immunocytochemical
demonstration of the HA-tagged WFS? proteins used in {C) and (D). (C,D) Membranes from COS7 cells transfected with a plasmid encoding either
HA-mWFS! or mWFS1-HA were treated with the indicated amounts of trypsin. After incubation for 30 min at 4 °C, the reactions were stopped by
boiling for 5 min, and subjected to SDS/PAGE and immunoblot analysis with anti-HA antibody. ‘

Figs. 2A and B). HA-mWFS1 and mWEFS1-HA proteins
were successfully expressed and localized to the ER, as
demonstrated by ‘reticular staining in the cytoplasm

“(Figs. 2A ‘and B). Membrane prepdration of cells ex-

pressed with either HA-mWFS1 or mWFS1-HA pro-
teins was then subjected to trypsin digestion followed
by SDS/PAGE and immunoblotting with an antibody

against the HA epitope. The HA-epitope tagged at the

N-terminus was completely digested with increasing
concentrations of trypsin (Fig. 2C). This was not due
to loss of membrane vesicle integrity, since no changes
in an ER-resident chaperone protein, GRP78, were de-
tected using an antibody against GRP78 in the same
membrane preparations (data not shown). In contrast,
the C-terminal HA epitope was protected from trypsin
(Fig. 2D). These results indicated that WFS1 protein
has odd numbers of transmembrane segments with the
orientation of the N-terminus toward the cytoplasm
and that of the C-terminus toward the ER lumen. A sim-
ilar conclusion was obtained by trypsin-digestion of the
membrane, followed by detection with C-terminal or
N-terminal antibodies [15].

Determination of N-glycosylation sites.

Mouse WFSI protein has six asparagine residues
with the consensus sequence for N-glycosylation (N-X-
S/T, where X is any amino acid except for proline).
According to a 9-transmembrane model with N-terminus
cytosolic/C-terminus luminal orientation, asparagines
663 and 748 would be localized in the ER. Therefore,
we mutated these two asparagine residues to aspartate
in order to determine whether one or both are N-linked

glycosylation site(s). Mutant WEFS1 proteins in which
asparagine 663 and/for asparagine 748 was mutated to
aspartate  [designated HA-mWFSI(N663D),  HA-

-~ “mWFS1(N748D), and HA-mWFS1{N663D/N748D))

were successfully expressed in the ER (Fig. 3A). When
these WES] mutant proteins were subjected to SDS/
PAGE, HA-mWFSI(N663D/N748D) migrated faster
than the HA-wild-type mWFSi protein, while both
HA-mWFS1(N663D) and HA-mWFS1(N748D) mu-
tants were between the two (Fig. 3B). These results sug-
gested that both asparagine residues, 663 and 748, are
glycosylation sites and place the C-terminal stretch of
WFS1 protein within the intraluminal compartment.
Furthermore, as shown in Fig. 3C, although endoglycos-
idase H (Endo H) treatment of the wild-type WFS] pro-
tein resulted in faster migration of the protein, the
mobility of the double mutant [WFS1 (N663D/
N748D)] protein was not affected by treatment with
Endo H. In'addition, the double mutant protein exhib-
ited the same mobility as the wild-type WFSI protein’
treated with Endo H. These data demonstrated that no
asparagine residue other than N663 and N748 is
glycosylated.

Reduced protein stability of N-glycosylation-defective
WFS1 protein

N-glycosylation reportedly plays an important
role in the stability of proteins such as the T cell
antigen receptor a-subunit [16), the o-subunit of the
nicotinic acetylcholine receptor [17], and apolipoprotein
B [18). Therefore, to assess the role of N-glycosylation
in WFSI protein stability, we performed pulse-chase
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Fig. 3. Electrophoretic mobility and effect of endoglycosidase digestion on HA-tagged wild-type and mutant WFS! proteins. (A) Immunofluorescence
localization of HA-tagged WFSI proteins: upper left, wild-type HA-mWFS1; upper right, HA-mWFS1(N663D); lower left, HA-mWFS1(N748D);
lower right, HA-mWFS1(N6630D/N748D). (B) COS7 cells transfected with 0.5 pg plasmids encoding either HA-tagged wild-type or mutant WEFS1
- proteins were lysed, subjected to SDS/PAGE, and probed with anti-HA antibody: lane 1, HA-mWFS}; lanc 2, HA-mWEFS1 (N663D/N748D); lane 3,
HA-mWFS1{N663D}; and lane 4, HA-mWFS1(N748D). (C) Lysates of COS7 cells transfected with either wild-type WFS1 cDNA or mutant constructs
were incubated at 37 °C for 1 h with or without endoglycosidase H (500 U) and were subjected to electrophoresis on NuPAGE 3-8% Tris-acetate gel.

T ot

" experiments. In these éxperimcnts, COS7 cells tran- ..‘the glycoprotein from being rapidly degraded [25].
siently transfected with either the HA-wild-type mWFSI Such a mechanism could also be operative in WFESI

or mutant HA-mWFS1(N663D/N748D) ¢cDNAs were protein.

label e.:d for 3.h with [3531meth;om.ne/c'ysteme and. chased A wild-type NEE3D/NTABD
for different intervals. As shown in Fig. 4, the wild-type chase(h) 0 2 6 18 0
mWFS! protein was relatively stable; 65 & 6% (n = 3) of KDa 100— TR 2 $. 18
the protein remained 18 h after its synthesis. In contrast, T S L e T e
only 44 + 5% (n=3) of mWFSI(N663D/N748D) re- DD UDED Gp Wb o
mained after 18 h. These data showed protein stability 25— S
to be reduced when both N-glycosylation sites were
disrupted. One could argue an increased turnover rate B 12
of mWFS1(N663D/N748D) to be due to introducing
aspartate residues rather than lack of glycosylation. To > 10
study the roles of N-glycosylation in various glycopro- ?
teins, asparagine residues in the consensus motif have ;E 0.8
been substituted with a variety of amino acids, such as =
aspartate ([19,20}, this study), glutamine [14,21], alanine s 08
{19,22], threonine [23}, and isoleucine [24). None of these =

R . R g 04
replacements were perfect, because introducing different 5 "
residues might have its own effects. In this study, we also Z o2 -
observed that WFS1 protein in MIN6 cells was more
rapidly degraded when treated with a glycosylation 0.0 . v .
inhibitor, tunicamycin {Fig. 1E). Thus, both molecular 0 5 10 15 20
and biochemical approaches indicated that glycosyla- Time (h)

tion-defective WFS1 protein has reduced stability.

We theref o hat N-glycosylation affects

WES] ore f "‘;l“‘i that N-gly . sylat o BR (A)HA-mWES] and HA-mWFSI(N663D/N748D) profiles of radio-
. protein cvels. A prewo_us study using the labeled bands as a function of time of chase. A representative result

resident glycoprotein ribophorin showed N-glycosyla- from three experiments is shown. (B} Data from three experiments are

tion to be necessary for calnexin binding, which prevents summatized after normalization 10 lime zero of chase. *P < 0.05.

Fig. 4. Decreased stability of glycosylation-defective WFS1 protein.
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Fig. 5. Transmembrane topology model for mouse WFSI protein with
glycosylation sites, Membrane topology of mouse WFSI protein as
based on analysis using the SOSUI computer program [26] and data
obtained in this study. Two N-glycosylation sites in the C-terminus
© stretch are depicted.

. Herein, we defined the membrane topology of WFSI
by analyzing protease protection susceptibility: the ori-
entation of the N-terminus in the cytoplasm and the

C-terminus in the: ‘ER: This topology was supported by .
determining the N-glycosylation sites to be N663 and .

N748. A schematic diagram of WFS1 protein deduced
~ from the current study and others is shown in Fig. 5.
WFS1 protein/wolframin is a type 1I transmembrane
protein and has long N-terminal and C-terminal
stretches. These stretches could interact with other mol-
ecule(s), thereby mediating specific functions. Further
study of these actions is clearly warranted. N663 and
N748 residues in murine WFS1 protein correspond to
N661 and N746 in the human orthologue. Although
more than 100 mutations have been identified in
WFS|1 protein/wolframin and span the entire coding se-
quence, no mutations in these asparagine residues or
adjacent amino acids were found in patients with Wol-
fram syndrome or LFSNHL. Given that loss of the
functions of this protein is at least one of the pathogenic
mechanisms of Wolfram syndrome [6,15}, future survey
of genomic sequences in patients with these discases
might identify mutations in these glycosylation sites.
The present data also provide evidence that increased
WFS1 expression is the primary response of this protein
to ER stress. There is no increase in WFS1 protein
expression in response to tunicamycin, despite increased
WFS1 mRNA levels. This is apparently attributable to
the combined effects of increased mRNA levels and re-
duced protein stability. The increased WFS1 expression
in response to ER-stress raises the possibility that WFS1
protein is a component of the UPR and plays a protec-
tive role against ER stress. This notion is supported by

our recent findings that islets isolated from WEFS1-defi-
cient mice exhibited increased susceptibility to ER
stress-induced apoptosis [7).
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