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a b s t r a c t

Wolfram syndrome, also named “DIDMOAD” (diabetes insipidus, diabetes mellitus, optic atrophy, and
deafness), is an inherited association of juvenile-onset diabetes mellitus and optic atrophy as key
diagnostic criteria. Renal tract abnormalities and neurodegenerative disorder may occur in the third and
fourth decade. The wolframin gene, WFS1, associated with this syndrome, is located on chromosome
4p16.1. Many mutations have been described since the identification of WFS1 as the cause of Wolfram
syndrome. We identified a new homozygous WFS1 mutation (c.1532T>C; p.Leu511Pro) causing Wolfram
syndrome in a large inbred Turkish family. The patients showed early onset of IDDM, diabetes insipidus,
optic atrophy, sensorineural hearing impairment and very rapid progression to renal failure before age 12
in three females. Ectopic expression of the wolframin mutant in HEK cells results in greatly reduced
levels of protein expression compared to wild-type wolframin, strongly supporting that this mutation is
disease-causing. The mutation showed perfect segregation with disease in the family, characterized by
early and severe clinical manifestations.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Wolfram syndrome (WS), also named “DIDMOAD” (diabetes
insipidus, diabetes mellitus, optic atrophy, and deafness), is an
inherited autosomal recessive disease associated with juvenile-
onset diabetes mellitus (DM) and optic atrophy, as key diagnostic
criteria [1]. It is a progressive neurodegenerative disorder. Urinary
tract atony, ataxia, peripheral neuropathy and psychiatric illness
develop in many patients [2]. Typically, diabetes insipidus (DI) and
sensorineural hearing loss (HI) occur in the second decade, renal
tract abnormalities occur in the third and neurological complica-
tions in the fourth decade [2,3].
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Linkage between WS and the WFS1 gene (encoding wolframin)
was reported earlier [4,5,6]. Mutations (mainly missense) in WFS1
can also cause isolated autosomal dominant low-frequency non-
syndromic sensorineural hearing loss (LFSNHL) [7,8]. In addition,
a WFS1 missense mutation has been reported in two families with
dominantly inherited HI and somemembers being affected by optic
atrophy and impaired glucose regulation/diabetes [9,10]. Wolf-
ramin localizes primarily to the endoplasmic reticulum, as
demonstrated in a variety of neurons in hippocampus CA1, amyg-
daloid areas and olfactory tubercule, as well as in inner hair cells
[11,12]. Many mutations have been described since the identifica-
tion ofWFS1 as the cause of Wolfram syndrome (KRESGE database:
http://www.khri.med.umich.edu/research/lesperance_lab/low_
freq.php). Disease-causing mutations include missense mutations,
nonsense mutations, frameshift mutations, amino acid deletions
and insertions. Genotypes associated with WS include homozy-
gosity or compound heterozygosity, and disease mutations are
distributed all over the gene.
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In the present study, we sequenced WFS1 in patients with WS
from four branches of an extended inbred Turkish family. We aimed
to identify the disease-causing mutation, to correlate the mutation
with the clinical findings in our patients, and to determine whether
a molecular genetic screening strategy of predictive value in
apparently unaffected siblings from WS families would be feasible.
2. Materials and methods

2.1. Subjects

The present study included DNA analysis of 20 individuals
(11 males, 9 females) from a large Turkish family (Fig. 1). The
diagnosis of WS was based on manifestation of DM, optic atrophy
(OA) and other abnormalities associated with WS. As diagnostic
criteria for diabetes mellitus, fasting blood glucose >126 mg/dl and
HbA1c >6.5% were used. These rather low values were justified by
the early diagnosis in all of the patients (from age 2e7 years).

Audiological evaluation included routine physical examination,
audiography to determine hearing status, and a brain stem auditory
evoked potential (BAEP) test to examine the central conduction
time of the auditory pathways. The ophthalmological tests con-
sisted of examination of fundus with slit lamp biomicroscopy,
indirect funduscopy, corrected visual acuity, color vision tests using
Ishihara color plates and visual fields testing by Goldmanperimeter.

In all patients, we performed awater restriction test followed by
arginine vasopressin administration (Desmopressin nazal) to
Fig. 1. Pedigree of the family investigated in this study. Affected individuals are denoted by
bar above the symbol. A man, denoted by an asterisk, has IDDM.
diagnose DI. We discriminated between complete DI when the
maximal urine concentration was less than 300 mOsm/kg and
partial DI when the maximal urine concentration was
300e800 mOsm/kg.

Urinary tract was investigated by using ultrasonography and
voiding cysto-ureterography. Fluoroscopy with contrast infusion
was performed if there was any suspicion of reflux or detrusor
external sphincter dyssynergia (DESD). Reduced flow rate and
abnormal flow rate patterns were also taken into consideration in
the diagnosis of DESD. In four patients, urodynamic evaluation
consisted of pressure-flow studies. Cystometry was followed by
uroflowmetry and simultaneous recording of intravesical pressure
during voiding with a catheter in place. Renal failure was defined as
glomerular filtration rate (GFR) <25 ml/min/1.73 m2 and/or serum
creatinine >2 mg/dl.

Cranial magnetic resonance imaging (MRI) was performed in all
patients.

This study was approved by The Ethical Committee at Yuzuncu
Yil University Medical School and followed the Helsinki Declara-
tion. Parents of juvenile patients were informed about the study
and gave written consent.
2.2. WFS1 mutation analysis

Blood samples were obtained from all available family members
and genomic DNA was extracted from leukocytes by standard
phenol chloroform procedure. For the molecular analysis of WFS1,
a filled symbol. Individuals who were tested for mutation are indicated by a horizontal
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primers were designed to PCR amplify exons and surrounding
intronic regions of WFS1 (RefSeq NM_006005.2). Primer sequences
and PCR conditions are available upon request. A DNA sample from
the proband was used for sequence analysis of all 8 exons of WFS1.
PCR products were sequenced using Big Dye Terminator Kit v1.1
(Applied Biosystems). Sequencing products were separated on an
ABI 3130XL genetic analyzer (Applied Biosystems) according to the
manufacturer’s instructions. The identified mutation was checked
against databases of published polymorphisms and mutations
(http://www.khri.med.umich.edu/research/lesperance_lab/low_
freq.php; http://www.hgmd.cf.ac.uk/ac/index.php). In order to
study the segregation of the c.1532T>C mutation with the
disease in the family we used direct sequencing of PCR amplified
genomic DNA. The mutation in question was absent when tested
in 126 control chromosomes from 63 UK Caucasian control
individuals (from Sigma Aldrich).

The evolutionary conservation of wolframin amino acids among
WFS1 orthologues was investigated using the ClustalW2 multiple
sequence alignment program and the BoxShade 3.21 program.

2.3. Protein expression analysis of the p.Leu511Pro wolframin
mutant

Expression vector for wild-type, N-terminally myc epitope-
tagged wolframin was kindly provided by Dr. Timothy G. Barrett,
UK [40]. Mutations were introduced in wolframin using the
QuickChange procedure (Stratagene) and confirmed by sequencing.
Human embryonic kidney (HEK) cells were cultured and trans-
fected as described [13]. Briefly, 2 � 105 cells were seeded per
9.6 cm2 dish and co-transfected the following day, using 0.5 mg of
wolframin and EGFP expression plasmid, respectively, complexed
with 3 ml FuGENE 6 reagent (Roche), according to the manufac-
turer’s instructions. After 16 h, the cells were lysed with SDS-PAGE
sample buffer (2% sodium dodecyl sulphate, 62 mM TriseHCL
(pH 6.8), 10% glycerol, 50 mM dithiothreitol, 0.12% bromophenol
blue). Aliquots of the cell lysates were subjected to SDS-PAGE and
immunoblotting analysis with antibody against the myc-tag on
wolframin or EGFP, using standard immunoblotting procedures.

3. Results

The mean age of the seven affected patients was 10.8 � 4.4
years, with the range of 6e19 years, at the time of this study. The
clinical features are summarized in Table 1. All seven patients had
DM and six clearly had WS. One patient (number IV in Table 1) and
his mother refused DNA analysis. The seven patients were all
related (Fig. 1).

The patients were diagnosed with type I DM in early age and the
mean age for diagnosis was 4.5 � 1.9 years (minimum 2 years,
Table 1
Clinical manifestations in seven Wolfram syndrome patients.

Patient No. Pedigree No. Age (year) Gender DM Optic
atrophy

Visual
acuity

D_I He
im

I a 6 M 2 e e e e

II b 10 F 7 8 0.2 8 8
III c 12 F 6 9 0.15 9 10

IVa d 6 M 3 6 0.3 e e

V e 17 M 4 6 0.05 10 9
VI f 14 F 5 6 0.05 8 7
VII g 19 M 2 6 0.3 4 8

Notes: Age is patient age at the time of this study. Numbers indicate age at the time of diag
DM: Diabetes mellitus; DI: Diabetes insipidus; NI: Not investigated.

a Not analyzed at the DNA level, but examined clinically.
b Audiograms available (not shown).
maximum 7 years). Moreover, the father (unaffected in the pedi-
gree) of patients II, III and IV, respectively, had IDDM at age 40 but
no other components of WS.

Although hyperglycemia and glycosuria revealed diabetes mel-
litus in all patients, only two cases presented with diabetic ketosis
(serum C-peptide level was <0.5 iU/ml at the time of analysis).
C-peptide levels showedmild insulin deficiency in all the rest of the
cases (mean serum C-peptide values were 0.8 iU/ml). Median
glaciated hemoglobin (HbA1c) was 8.5% at the time of DM diag-
nosis. All of the patients receive treatment for type 1 diabetes
mellitus. Subsequently patients were diagnosed with D_IDMOAD
syndrome. Neither diabetic retinopathy nor nephropathy have
been detected after 11 years of follow up.

The diagnosis of DI by water deprivation test was made for five
patients, whereas the remaining three were negative. One patient
(number VII in Table 1) was responsive to intranasal ADH treat-
ment. The urine osmolality and specific gravity of three of the other
patients with DI did not improve with nasal desmopressin, and
analysis of renal function revealed chronic renal failure. Two
patients with no manifestation of DI were under 7 years of age
(number I and VI in Table 1). Urodynamic studies revealed atonic
bladder, detrusor weakness and residual urine in the bladder after
miction in the three female patients who subsequently developed
renal failure within two years, defined as glomerular filtration rate
(GRF) <25 ml/min/1.73 m2 and/or serum creatinine values
>2 mg/dl. Our patients had end-stage renal failure with GFR
<10 ml/min/1.73 m2. The cause of renal failure was therefore likely
to be secondary to residual urine and retrograde renal injury due to
neurogenic bladder and free water loss due to central diabetes
insipidus. These patients are subjected to haemodialysis.

Sensorineural HI was present in five patients. The hearing
impairment was progressive and showed variable audiological
patterns. Patient V (Fig. 1: individual e) had at age 14 bilateral
40e60 dB HL at all frequencies between 500 and 4000 Hz. Patient
VI (Fig. 1: individual f) had at age 11 bilateral profound >110 dB HL
at all frequencies. Patient VII (Fig. 1: individual g) had at age 19
bilateral 50 dB HL at 500e1000 Hz and sloping audiogram with
70e110 dB HL at frequencies 2000e4000 Hz, indicating a more
severe HI at higher frequencies in the latter individual, but equal
affection across low and high frequencies in individuals V and VI
(audiograms are available, but not shown). Two of the patients use
a hearing aid.

Six patients had optic atrophy without evidence of rapid
progression, and despite severe visual impairment as measured by
visual acuity (Table 1), no individuals were completely blind.

Cranial imaging was performed in six patients, and revealed,
bilaterally, thinning of the optic nerves in one of these and hypo-
plasia of the hypophysis gland in three patients. Cerebral atrophy
was not observed in any patients.
aring
pairment

Puberty Neurogenic
Bladder

Renal failure MRI

e e e Normal
10 8 9 Normal
11 9 11.5 Hypoplastic hypophysis and

nervus opticus
e e e NI

b 13 17 e Hypoplastic hypophysis
b 11 8.5 10 Normal
b 14 e e Hypoplastic hypophysis

nosis in years (except for visual acuity). M:male; F: female; (�) absence of condition;

http://www.khri.med.umich.edu/research/lesperance_lab/low_freq.php
http://www.khri.med.umich.edu/research/lesperance_lab/low_freq.php
http://www.hgmd.cf.ac.uk/ac/index.php
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Fig. 2. (a) Representative sequence chromatogram for the WFS1 missense mutation in
an heterozygous and homozygous individual, respectively, for the c.1532T>C mutation
compared to a normal control. Nomenclature of the mutation refers to the WFS1
RefSeq NM_006005.2, with nucleotide number þ1 being A of the start codon ATG. The
mutation is homozygous in individuals affected with Wolfram syndrome. (b) Evolu-
tionary conservation of the amino acid mutated in the patients.
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3.1. Growth and puberty

The height of four patients (Patients II, V, VI, and VII) was below
the third percentile for the age and gender. While growth patterns
on the growth charts of patients II, V and VI were normal until age 7,
decreased growth velocity was evident subsequently. The height of
these three patients decreased to below the third percentile at the
age of 10 years. The height of patient VII was found to be below the
third percentile at age 8 at the time of referral to our clinic. No
evidence of growth hormone deficiency was found in the patients.
Pubertal onset was normal in all patients, and the mean age of
pubertal onset was 12 � 2 years.

3.2. WFS1 sequencing analysis

To establish a molecular diagnosis, DNA was collected from 20
individuals, six of whom were affected with Wolfram syndrome
(I, II, III, V, VI and VII, Table 1) (patient IV, and his mother declined
DNA analysis). Sequencing of WFS1 in the proband identified
a homozygous sequence change c.1532T>C in exon 8, leading to
a substitution of leucine for proline at position 511 of wolframin
(p.Leu511Pro) (Fig. 2a). Themutation is novel andwas absent in 126
control chromosomes from 63 Caucasian control individuals. We
identified homozygosity for the WFS1 p.Leu511Pro mutation in six
WS patients (patient IV was not analyzed due to aforementioned
refusal of DNA analysis), thus showing perfect segregation for
a recessive disease in the family (Fig. 1). As expected, the father of
patients IIeIV, who only had IDDM but not WS, was heterozygous
for the p.Leu511Pro mutation Leucine at position 511 is conserved
in evolutionary distant species such as mouse, rat, chicken, frog,
and zebrafish (Fig. 2b) strongly indicating that the p.Leu511Pro
mutation underlies Wolfram syndrome in the family.

3.3. Protein expression analysis of the identified p.Leu511Pro
wolframin mutant

We next performed functional expression analysis to investigate
whether the identified mutation may be pathogenic. Thus, we
transiently transfected human embryonic kidney (HEK) cells with
plasmid expressing myc epitope-tagged wild-type wolframin or
wolframin harboring the p.Leu511Pro mutation and analyzed the
cells for the expression level of the exogenous wolframin by
immunoblotting for the myc-tag. This analysis revealed that the
p.Leu511Pro wolframin mutant showed greatly decreased expres-
sion compared to wild-type wolframin (Fig. 3, upper panel). The
p.Arg629Trp mutation previously shown to result in an unstable
wolframin protein and WS [14] was included as a control.
Furthermore, to control for equal transfection efficiencies across all
cell populations and equal loading of the samples, we immuno-
blotted for EGFP that we had co-transfected together with wolf-
ramin. As shown in (Fig. 3, lower panel), the samples showed equal
expression of EGFP, confirming equal transfection across all cell
populations and equal loading of the samples. In conclusion the
protein expression analysis suggests that the p.Leu511Pro wolf-
ramin mutation is pathogenic by causing decreased wolframin
expression levels.

4. Discussion

The essential features of Wolfram syndrome diagnosis are
juvenile-onset diabetes mellitus and optic atrophy [1,15]. Patients
usually presentwith DM followed by OA in the first decade. IDDM is
often the first clinical sign of Wolfram syndrome, but differs from
classical IDDM because of normal autoimmune laboratory param-
eters [16,17], and not being prone to diabetic ketosis [18] nor to
diabetic retinopathy [17,19]. Central DI and sensorineural HI are
mostly detected in the second decade, dilated renal outflow tracts
early in the third decade and multiple neurological abnormalities
early in the fourth decade [15]. In our patients, DM was diagnosed
at 4.5 � 1.9 years of age, and presented with hyperglycemia and
glycosuria, but only two cases displayed diabetic ketosis. C-peptide
levels showed mild insulin deficiency in all cases. Median glaciated
hemoglobin (HbA1C %) was 8.5% at the time of diagnosis. Islet
antibodies were not analyzed. None of the patients showed diabetic
retinopathy or nephropathy at any time of the study. Six patients
had OA from age six (6.3 � 1.3 years). Sensorineural hearing
impairment was found in five patients whowere affected at 8.3� 1
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Fig. 3. Functional protein expression analysis of the wolframin missense mutant.
Wild-type or mutant myc epitope-tagged wolframin was transiently co-expressed with
EGFP in HEK293 cells. The cells were lysed after 24 h and the cell extracts were sub-
jected to SDS-PAGE and immunoblotting for the myc-tag and EGFP.
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years. DI was diagnosed in five patients (II, III, V, VI, and VII) with
a mean age at diagnosis of 8.3 � 0.5 years. While one male patient
responded to intranasal ADH treatment, three female patients were
resistant to ADH therapy. Two patients (both age six) had no
evidence of DI yet.

Urological abnormalities in WS are variable, including various
degrees of upper urinary tract dilatation and bladder dysfunction.
An atonic bladder with a large capacity has been reported most
commonly. Cremers et al. [19] and Barrett et al. [15] reported the
prevalence of urinary tract abnormalities to be 13% and 58%,
respectively. The changes reported are variable, but urinary tract
dilatation is frequent [22,23,24]. In the present study, 57% of the
patients had urological complications which began at age 8. In our
patients, urethral dilatation, vesico-urethral reflux, neurogenic
bladder and recurrent urinary infections were demonstrated.
Although sterile intermittent catheter application was used in
female patients, renal failure was observed only two years after the
detection of neurogenic bladder. The three female patients with
renal failure were younger than previously reported [24,25].

Imaging findings in WS have rarely been reported. Cerebellar,
cerebral and pontine atrophy, and enlarged ventricles have rarely
been observed [26,27,28]. Pakdemirli et al. [29] showed typical MRI
findings, including absence of high signal of the neurohypophysis,
thinning of left optic nerve, optic chiasm and tracts, and atrophy of
the brain stem, vermis, and cerebral cortex. Ari et al. [30] described
thinning of the optic nerve and thinning and localized atrophy of
the optic chiasm in cranial MRI. In our patients, cranial MRI exam-
inations revealed bilateral thinning of the optic nerves (Patient III)
and hypoplasia of hypophyseal gland (Patient III, V and VII).

Molecular genetic analysis is important in monogenic diabetes
in order to diagnoseWS so that adequate treatment can be provided
[31]. Many mutations have been described since the identification
of WFS1 as the cause of Wolfram syndrome [5,6,12,20,21,32,33]. A
few mutations have been reported in patients from Turkey [34,35].
The splice-site mutation at c.460þ1G->Awas reported in a Turkish
family from Germany [36]. Aluclu et al. [34] diagnosed Wolfram
syndrome in two male siblings and found a new homozygous
mutation, p.Tyr508fsX421 (c.1522-1523delTA). A p.Arg629Trp
(c.1885C>T) mutation in WFS1 was found in homozygosity in two
Wolfram syndrome patients by Kadayifci et al. [35]. In our study,
a previously unreported homozygousWFS1mutation, p.Leu511Pro,
was identified. Ectopic expression in HEK cells of wolframin with
the p.Leu511Pro mutation resulted in strongly reduced levels of
mutant wolframin as compared towild-typewolframin, supporting
the conclusion that the mutation is disease-causing. The mutation
segregated in perfect agreement with recessive inheritance of the
disorder. Evidence for genotype/phenotype relevance on the clin-
ical variety of WFS was demonstrated in recent studies [37,38]. The
family reported here illustrates exceptionally early onset, and rapid
progression to renal insufficiency at a very early age. It is note-
worthy that the severe and early clinical affection did not include
any signs of psychiatric or neurological disease, but the patients are
still young and should be followed closely in the future.

In one report, an individual homozygous for a missense WFS1
mutation (p.Ala716Thr) was described displaying features of WS,
specifically juvenile diabetes mellitus and cataracts, but lacking
optic atrophy that is part of the definition of WS (OMIM 606201)
[8]. In another report, a patient, homozygous for another missense
mutation (p.Pro885Leu) had a mild phenotype and had not devel-
oped diabetes insipidus, renal dysfunction, or neurological abnor-
malities [33]. Our WS patients also had a homozygous mutation,
but we observed a more severe and a more rapid progression of
clinical manifestations as compared to other cases [15,33]. Thus,
most patients above age >10 had full blown WS and the three
female patients had neurogenic bladder and renal failure.

Heterozygous carriers ofWFS1mutationsmay have an increased
incidence of psychiatric illness [39]. Heterozygous WFS1 mutations
were identified in 14 members of our family (14/22). A father had
type 1 DM at age 40. All heterozygous individuals were evaluated
for hearing impairment, optic atrophy and psychiatric illness, but
none of these diseases were observed.

In conclusion, we report seven familial patients with WS. A
severe clinical picture and rapid progression of renal disease were
observed since 80% of the patients had developed all the typical
features by age 10 years, but they had escaped, so far psychiatric
and neurological features. Strikingly, severe renal affection was
diagnosed in the three female patients, two of whom had chronic
renal failure by the age of 12.

Our report strongly supports efforts for early detection of WS
and very close clinical follow up in order to treat and prevent the
severe medical symptoms and the possibility of providing
comprehensive genetic counseling in affected families.
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