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Disruption of the WFST 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 WF57 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-
lular calclum responses to the secretagogue. Immunohistochemical analyses with morphometry and
measurement of whole-pancreas insulin content demonstrated progressive g-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 pathophysiology 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, psychiafric 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 WFS1 (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). WFS1

mutations underlie not only autosomal recessive Wolfram
syndrome but also autosomal dominant low-frequency sensori-
peural hearing loss (LFSNHL). Heterozygous, non-inactivating
WFS1 mutations were recently found in families with LFSNHL
linked to chromosome 4plé6 (DFNA6/14/38) (OMIM 600965)
{6,7). The observation that the first-degree relatives of Welfram
gyndrome 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 mellitus (9,10) as well as with
suicidal and impulsive behavior (11).
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The WFS1 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 (CG4917), Anopheles gambiae
(EBIP3764) and Fugu rubripes (SINFRUP82345), but little
is known about their functions, suggesting WFS1 protein to
belong to a novel family. The WFSI protein is expressed in
various tissues but at higher levels in the brain, heart, lung
and pancreas (3,4). We showed the WFSI1 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-cells.

In this study, to gain insight into the pathophysiology of
Wolfram syndrome, we disrupted the wfs! gene in mice. The
mice developed glucose intolerance or overt diabetes, depend-
ing on their genetic background. Qur results demonstrate that
the impaired glucose homeostasis in these mice results from
insufficient insulin secretion due to defects in both stimulus—
secretion coupling and maintenance of p-cell mass.

RESULTS
Targeted disruption of the WFST gene

We first studied wfs] protein expression in the pancreas, as
this was essential to understand the diabetic phenotype in
mice with a disrupted wf5! 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, 8 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 wys! gene by inserting a
neomycin-resistance gene into the second exon of the wfsl
gene which contains the initial ATG codon (Fig. 2A and B).
When analyzed using an antibody against c«-mWFS1-N,
WFS1 protein bands of 95 kDa were abolished in whole-
brain lysates from mutant mice (Fig. 2C). In addition, WFS1
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 mufant 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
transiation 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
a-mWPFS1-N (data not shown), while no bands were detected
in brain lysates from mutant animals (Fig. 2C), indicating that
WEFS1-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 WFS!
function is lost, or at least severely impaired, in mice with a
disrupted wfs] gene.

Mice homozygous for the mutated wf5! gene constitute the
expected 25% of offspring born to heterozygous mutant
parents, and are normal in appearance, growth and fertility,
We did not see ataxic posture or gait disturbance. In addition,
there were no differences in urine osmolality between wild-
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 {(129Sv 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 straing in the mixed background mice could cause a
large variance in data, making interpretation difficult, 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 homozypous 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 WFSI protein (green) (A—D) and islet hormones (red): insulin (E), glucagon (F), somatostatin (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 0f B and F, C and G, D and H, respectively. Bars = 10 wm, Ins, insulin; Giu,
glucagon; Sms, somatostatin; PP, pancreatic polypeptide. (M—P) Dispersed islet cells were stained with anti-WFS1 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
wfsl 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 vivo, 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 mouse wf! targeting strategy. Boxes are exons, Neo, neomycin resistance
gene; DTA, diphtheria toxin A chain gene. (B) PCR genotyping of mutant mice. A 1200 bp longer band is observed in DNA from the distupted allele.
(C) Western blot analysis using whole-brain lysates from wild-type and mutant animals probed with anti-WFS1 antibody. (D—G) Immunchistochemical analyses

using anti-WFS1 antibody in pancreatic (D, E) and hippocampal (F, G) tissues
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 ng/islet (n = 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 AdCAGlacZ (as a control) or AACAGmWFS1
(Fig. 4A), because we also wanted to examine effects of WFS1

from 14-week-old wild-type and mutant mice. Bars = 10 pm for pancreatic

re-expression in WFS1-deficient islets and of its overexpres-
sion in wild-type islets. Glucose (15 mm)-stimulated insulin
secretion, after normalization with insulin contenf, 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 WFS1 protein was re-expressed in
islets from mutant animals via 2 recombinant adenovirus,
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