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Márcio Gambini8, Camila P Salim and Regina S Moisés
Division of Endocrinology, Federal University of São Paulo, São Paulo, Brazil, 1Federal University of Goiás, Goiânia, Brazil, 2Medical School of Jundiaı́,
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Abstract

Objective: Wolfram syndrome (WS) is a rare, progressive, neurodegenerative disorder with an
autosomal recessive pattern of inheritance. The gene for WS, WFS1, was identified on chromosome
4p16 and most WS patients carry mutations in this gene. However, some studies have provided
evidence for genetic heterogeneity and the genotype–phenotype relationships are not clear. Our aim
was to ascertain the spectrum of WFS1 mutations in Brazilian patients with WS and to examine the
phenotype–genotype relationships in these patients.
Design and methods: Clinical characterization and analyses of the WFS1 gene were performed in 27
Brazilian patients with WS from 19 families.
Results: We identified 15 different mutations in the WFS1 gene in 26 patients, among which nine are
novel. All mutations occurred in exon 8, except for onemissensemutationwhichwas located in exon 5.
Although we did not find any clear phenotype–genotype relationship in patients with mutations in
exon 8, the homozygous missense mutation in exon 5 was associated with a mild phenotype: onset of
diabetes mellitus and optic atrophy during adulthood with good metabolic control being achieved with
low doses of sulfonylurea.
Conclusions: Our data show that WFS1 is the major gene involved in WS in Brazilian patients and most
mutations are concentrated in exon 8. Also, our study increases the spectrum of WFS1 mutations.
Although no clear phenotype–genotype relationship was found for mutations in exon 8, a mild
phenotype was associated with a homozygous missense mutation in exon 5.
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Introduction

Wolfram syndrome (WS) is a rare, progressive, neuro-
degenerative disorder with an autosomal recessive
pattern of inheritance. The minimal diagnostic criteria
for WS are non-autoimmune diabetes mellitus and optic
atrophy; but other frequent findings are cranial diabetes
insipidus, sensorineural deafness, urinary tract
abnormalities, psychiatric illness, ataxia, peripheral
neuropathy, and other endocrine disturbances.

The gene for WS, WFS1, was identified on chromo-
some 4p16 by two independent groups (1, 2). This gene
consists of eight exons, spans 33.4 kb of genomic DNA
and encodes an 890 amino acid protein named
wolframin. Wolframin is a component of the unfolded
protein response and has an important function in
maintaining homeostasis in the endoplasmic reticulum
in pancreatic b-cells (3). Since its identification, WFS1
ndocrinology
gene mutations have been identified in most WS
patients. However, some studies have provided evidence
for genetic heterogeneity (4, 5). In fact, very recently
Amr et al. showed that a mutation in a zinc-finger gene,
ZCD2, also causes WS (6).

In the present study, we aimed to ascertain the
spectrum of WFS1 mutations in Brazilian WS patients
and to examine the phenotype–genotype relationships
in these patients.
Subjects and methods

The study population comprised of 27 individuals (15
females and 12 males, aged 12–39 years old) from 19
unrelated families. The intra-family cases were all
siblings. The criteria to diagnose WS were diabetes
mellitus and bilateral optic atrophy. Patients were
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recruited from different Brazilian regions with the main
referral sources being university hospitals.

Patients were submitted to an interview to ascertain
the family history and medical history of diabetes, visual
loss, and associated manifestations. Detailed clinical
examination was also performed. Standardized ophthal-
mologic evaluations with the pupils dilated by special-
ized ophthalmologists and ultrasonography of the
urinary tract were performed in all participants.
Diabetic nephropathy was assessed by 12 h urinary
albumin excretion measurement and plasma creatinine
concentrations. Audiological examination (pure-tone,
speech, and impedance audiometry) was performed in
23 cases. Diabetes insipidus was investigated using the
water deprivation test in patients whose urine specific
gravity was less than 1010.

Free thyroxin (FT4), TSH, prolactin, cortisol, GH,
testosterone (in postpubertal boys), estradiol (in post-
pubertal girls), LH, and FSH (in postpubertal patients)
were measured in most patients. Brain magnetic
resonance or computed tomography was performed in
12 patients.

Blood samples were obtained from each subject and
genomic DNA was extracted from peripheral blood
leukocytes using a commercial kit (Puregene DNA
Isolation Kit, Gentra System, Minneapolis, MN, USA).
Exons 2–8 and the intron–exon boundaries of the WFS1
gene were amplified by PCR using 12 pairs of primers.
The non-coding exon 1 was sequenced only when no
mutation was found in the coding region. Exons 1–7
were amplified using a set of primers as previously
published (7). Exon 8, which was divided into seven
regions, was amplified using primer pairs as described
by Strom et al. (2). The PCR products were directly
sequenced using the Big Dye Terminator Cycle Sequen-
cing Reaction Kit version 3.1 and analyzed on an ABI
Prism 3100 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA). Sequence changes of heterozygous
frameshift mutations were determined by cloning the
PCR product using TOPO TA Cloning (Invitrogen) and
sequencing clones derived from both alleles.

The degree of functional impairment by novel amino
acid substitutions was quantified using the Multivariate
Analysis of Protein Polymorphism (MAPP) software (8).
This method exploits the physicochemical variations of
wild-type amino acid residues, missense variants and
phylogenetic conservation. We used an alignment of six
orthologues (Homo sapiens, Macaca mulatta, Mus
musculus, Rattus norvegicus, Xenopus tropicalis, and
Drosophila melanogaster).

The nomenclature recommended by the Human
Genome Variation Society was used for the description
of mutations. Numbering of nucleotides: the A of the
ATG of the initiator Met codon was denoted as C1
(GenBank NM_006005) and amino acids were num-
bered according to the GenBank accession number
NP_005996.1.
www.eje-online.org
The presence of the 3243 A–G transition in the
mitochondrial tRNA Leu (UUR) gene was determined by
PCR, Apa I digestion, and acrylamide gel electrophoresis
as previously reported (9). Bands were visualized by
ethidium bromide staining. In this diagnostic system,
the lower limit of detection for A3243G heteroplasmy is
1.0% (9). This procedure was performed in patients in
whom no mutation was detected in WFS1.

One hundred chromosomes from 50 unrelated non-
diabetic individuals (fasting plasma glucose !
100 mg/dl) were used as controls.
Statistical analysis

All data are shown as meansGS.D. Differences in
continuous variables between the groups were evalu-
ated by the unpaired Student’s t-test. Differences
between types of mutation and age at onset of diabetes
were tested by ANOVA. A P!0.05 was considered
statistically significant.

This study was approved by the Research Ethics
Committee of the Paulista Medical School, Federal
University of São Paulo, and all participants were
informed about the aims of the study and gave their
written consent.
Results

Clinical features

Twenty-seven patients (P1–P27) from 19 unrelated
families (F1–F19) were studied. They were from the five
Brazilian regions: north (F14), northeast (F13, F18),
central-west (F5, F10), southeast (F1–F4, F6, F7, F11,
F12, F15, F19), and south (F8, F9, F16, F17).
Consanguinity was reported in nine families (47.4%)
and one proband was an adopted girl with unknown
family history. Pedigrees of the families are shown in
Fig. 1 and the main clinical features of the affected
individuals are shown in Table 1.

Diabetes was diagnosed at a mean age of 6.7G5.0
years old (range: 1.5–27 years) and for 25 patients
(92.6%) it was the first manifestation of WS. In 24 cases
(88.9%), diabetes was diagnosed in the first decade of
life and in only one patient in the third decade. There
was no significant difference in the age at onset of
diabetes between siblings (PZ0.35). All patients, except
one (P26), were treated with insulin from the onset.
Diabetic retinopathy (non-proliferative and prolifera-
tive) was present in 5 out of the 27 patients (18.5%) all
of whom had suffered from diabetes for more than 15
years. However, the mean duration of diabetes was not
different in patients with and without retinopathy
(18.2G2.95 years vs 17.2G5.10 years, PZ0.66).
Overt nephropathy was observed in two patients, one
of whom had end-stage renal failure requiring hemo-
dialysis. Both had proliferative retinopathy.



Figure 1 Pedigrees of Wolfram syndrome families.C, presence ofWFS1mutation;K, absence ofWFS1mutation;&Wolfram syndrome;
2 Diabetes mellitus; & Impaired glucose tolerance; , Glucose tolerance status not determined; Q Normal glucose tolerance.
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Optic atrophy was diagnosed at mean age of 11.8G
3.8 years (range: 7–20 years) and all patients had
abnormal visual acuity.

Twenty-three patients were submitted to audiogra-
phy with abnormal results in all cases. In spite of this,
seven patients had no clinical evidence of hearing loss,
while 11 required hearing aids. Urinary tract abnorm-
alities were observed in 25 patients (92.6%). The
findings of the ultrasonography examinations included
incomplete bladder emptying, increased bladder
capacity, trabeculated bladder, mild to severe bilateral
pyelocaliceal ectasia and mild to severe bilateral
hydroureteronephrosis. Thirteen patients (48%) needed
intermittent bladder catheterization.

Diabetes insipidus was present in 11 (40.7%)
patients. All were controlled with intranasal anti-
diuretic hormones.

Four out of the twelve (33.3%) male patients had
hypergonadotropic hypogonadism and 34% of the
female patients had irregular menstrual cycles and/or
delayed menarche. The four cardinal components of WS
(diabetes mellitus, diabetes insipidus, optic atrophy, and
deafness) were found in 11 patients (40.7%).
Mutations of the WFS1 gene

We identified 15 different mutations in 26 patients (26
out of the 27), among which nine are novel (Table 2).
The novel mutations were: c.1355_1370dup16
(p.Ala460HisfsX88); c.1234_1237delGTCT (p.Val412-
SerfsX29); c.1145TOC (p.Leu382Pro); c.876dupC
(p.Leu293ProfsX13); c.1991TOC (p.Leu664Arg);
c.2007TOG (p.Tyr669X); c.2643_2646delCTTT
(p.Phe882SerfsX69); c.2105GOA (p.Gly702Asp);
c.472GOA (p.Glu158Lys). None of these novel
mutations were found in the 100 control chromosomes,
and within families they were only present as
homozygous mutations in affected individuals.
www.eje-online.org



Table 1 Characteristics of the study population.

Age at diagnosis (years)a

Family Patient
Sex
(M/F)

Age
(years)

Consan-
guinityb DM AO DI D

Urinary tract
abnormalities

Neurological
abnormalities Other complications

F1 P1 M 27 K 3 12 3 12 17 Peripheral polyneuro-
pathy; ataxia;
cortical atrophy;
mild sleep apnea;
erectile dysfunction

Hypogonadism;
mania

F2 P2 F 27† K 3 8 12 8 24 Mild mental retar-
dation; cortical
atrophy

Delayed puberty;
hypothyroidism

F3 P3 M 31† C 14 14 K C C Cortical atrophy Renal failure;
non-proliferative
retinopathy

F4 P4 M 25 K 3.5 10 K 14 24 K K
F4 P5 F 25 K 3.5 20 K 20 24 K Hypertension;

hypercholesterolemia
F5 P6 M 22 K 9 14 14 14 14 Nystagmus K
F6 P7 F 19 C 6 15 18 12 17 K Hypertension
F7 P8 F 14 K 6 11 10 14 C Restless legs

syndrome;
peripheral
neuropathy

Depression

F8 P9 F 27 K 8 8 K NT C K K
F9 P10 M 35 K 8 16 15 10 23 Erectile dysfunction Hypogonadism;

depression
F10 P11 M 27 C 9 9 24 19 C K Cataract
F10 P12 F 22 C 7 12 C C C K K
F10 P13 F 25† C 5 11 14 14 16 K K
F11 P14 F 27 K 7 20 20 25 K K K
F12 P15 M 30 C 7 11 17 20 C K K
F12 P16 M 24 C 11 11 K NT C K K
F13 P17 F 21 C 3 9 K 19 14 K Depression
F13 P18 F 18 C 3 10 K 10 9 K Depression; anorexia

non-proliferative
retinopathy

F14 P19 F 25 C 2 15 K 23 20 K Menarche 16.5 years
severe proliferative
retinopathy, neovas-
cular glaucoma;
diabetic nephropathy

F14 P20 F 13 C 4 9 K 11 9 K K
F15 P21 M 26 C 8 13 K 26 13 Mild mental

retardation
Hypogonadism; catar-

act; non- proliferative
retinopathy; hyperte-
lorism; low set
posterior rotated ears

F15 P22 M 24† C 6 13 K NT 17 Mild mental
retardation

Hypogonadism; catar-
act; non-proliferative
retinopathy hyperte-
lorism; low set
posterior rotated ears

F16 P23 F 23 K 8 7 K 18 K K Menarche 15 years
F16 P24 F 26 K 8 8 K 21 18 K Menarche 15 years
F17 P25 F 19 K 2 7 K 14 7 Ataxia;

polyneuropathy
Menarche 16 years

glaucoma, cataract
F18 P26 M 39 C 27 19 K 39 33 Erectile

dysfunction
K

F19 P27 M 12 C 1.5 7 K NT 7 K K

DM, diabetes mellitus; DI, diabetes insipidus; OA, optic atrophy; D, deafness.
a(C) Denotes complication present but the age at onset is unknown; (K) denotes complication absent; NT, not tested.
b(C) Denotes consanguinity present; (K) denotes consanguinity absent.
†Age of death.
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Table 2 Mutations in the WFS1 gene.

Patients Exon Nucleotide change Amino acid change Type of mutation

P1 8 c.[1355_1370dup16]C
[1230_1233delCTCT]

p.[Ala460HisfsX88]C[Val412SerfsX29] Frameshift; Frameshift

P2 8 c.[1941COA]C[1949_1950delAT] p.[Cys647X] C [Tyr650CysfsX61] Nonsense; Frameshift
P4/P5 8 c.[1243_1245delGTC]C

[1234_1237delGTCT]
p.[Val415del]C[Val412SerfsX29] Deletion; Frameshift

P6 8 c.[1230_1233delCTCT]C
[1230_1233delCTCT]

p.[Val412SerfsX29]C[Val412SerfsX29] Frameshift; Frameshift

P7 8 c.[1243_1245delGTC]C
[1243_1245delGTC]

p.[Val415del]C[Val415del] Deletion; Deletion

P8 8 c.[1145TOC]C[1230_1233delCTCT] p.[Leu382Pro]C[Val412SerfsX29] Missense; Frameshift
P9 8 c.[1949_1950delAT]C

[1060_1062delCTT]
p.[Tyr650CysfsX61]C[Phe354del] Frameshift; Deletion

P10 8 c.[1243_1245delGTC]C
[1230_1233delCTCT]

p.[V415del]C[Val412SerfsX29] Deletion; Frameshift

P11/P12/
P13

8 c.[1243_1245delGTC]C
[1243_1245delGTC]

p.[Val415del]C[Val415del] Deletion; Deletion

P14 8 c.[1230_1233delCTCT]C
[1140_1163dup24]

p.[Val412SerfsX29]C
[Asn714_Asn721dup]

Frameshift; Insertion

P15/P16 8 c.[1949_1950delAT]C
[1949_1950delAT]

p.[Tyr650CysfsX61]C[Tyr650CysfsX61] Frameshift; Frameshift

P17/P18 8 c.[876dupC]C[876dupC] p.[Leu293ProfsX13]C[Leu293-
ProfsX13]

Frameshift; Frameshift

P19/P20 8 c.[1991TOC]C[1991TOC] p.[Leu664Arg]C[Leu664Arg] Missense; Missense
P21/P22 8 c.[2007TOG]C[2007TOG] p.[Tyr669X]C[Tyr669X] Nonsense; Nonsense
P23/P24 8 c.[1230_1233delCTCT]C

[2643_2646delCTTT]
p.[Val412SerfsX29]C[Phe882SerfsX69] Frameshift; Frameshift

P25 8 c.[1230_1233delCTCT]C[2105GOA] p.[Val412SerfsX29]C[Gly702Asp] Frameshift; Missense
P26 5 c.[472GOA]C[472GOA] p.[Glu158Lys]C[Glu158Lys] Missense; Missense
P27 8 c.[1230_1233delCTCT]C

[1230_1233delCTCT]
p.[Val412SerfsX29]C[Val412SerfsX29] Frameshift; Frameshift

Novel mutations are in bold.
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Furthermore, all novel missense variants (p.Glu158Lys,
p.Leu 382Pro, p.Leu664Arg, and p.Gly702Asp) pre-
sented high MAPP scores (19.98, 36.32, 33.02, and
35.86 respectively), thus they are envisaged as
deleterious to protein function.

The c.1355_1370dupl16 (p.Ala460HisfsX88) is a
16 bp duplication in exon 8 found as heterozygous in
patient P1, as well as in his mother and twin sister. This
mutation causes a frameshift which results in a
premature stop codon truncating the protein at amino
acid residue 541. As a result 40% of the wolframin is
lacking.

The c.1234_1237delGTCT (p.Val412SerfsX29) is a
4 bp deletion in exon 8 identified as heterozygous in
siblings P4 and P5 and their mother. This frameshift
mutation results in a premature stop codon, predicting
a truncated protein of 441 amino acids (49.6% shorter
than the wild-type wolframin) with only the hydrophilic
amino terminus and three transmembrane domains.

The c.1145TOC (p.Leu382Pro) is a missense
mutation in exon 8 causing the substitution of the
amino acid leucine by proline. It was found as
heterozygous in patient P8.

The c.876dupC (p.Leu293ProfsX13) is a single base
duplication at the beginning of exon 8 causing a
frameshift which results in an early stop codon. The
predicted truncated protein lacks the entire
transmembrane domains and the hydrophilic carboxy
tail. This mutation was identified as homozygous in
siblings P17 and P18 and as heterozygous in their
parents.

The c.1991TOC (p.Leu664Arg) is a missense
mutation located in exon 8 where the amino acid
arginine substitutes the amino acid leucine. It was
identified in siblings P19 and P20 as homozygous, and
in their parents as heterozygous.

The c.2007TOG (p.Tyr669X) is a nonsense mutation
in exon 8 which predicts a truncated protein with only
669 residues. It was found as homozygous in siblings
P21 and P22, and as heterozygous in their mother and
a paternal aunt.

The c.2643_2646delCTTT (p.Phe882SerfsX69) is a
4 bp deletion in exon 8 resulting in a frameshift and
termination signal at nucleotide 2854. The predicted
sequence of the mutant protein is 61 amino acids longer
than the wild-type protein. This mutation was found as
heterozygous in siblings P23 and P24, as well as in their
father and older sister.

The c.2105GOA (p.Gly702Asp) is a missense
mutation in exon 8, resulting in the substitution of
glycine by aspartic acid at codon 702. It was found as
heterozygous in patient P25 and it is probably
paternally inherited, as the patient’s mother harbors
the second mutation found in P25.
www.eje-online.org
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The c.472GOA (p.Glu158Lys) is a missense
mutation in exon 5, which causes the substitution of
glutamic acid by lysine at codon 158.This mutation was
found in homozygous state in patient P26. DNA samples
from his parents were not available, but consanguinity
was reported.

The nonsense mutation p.Cys647X, found as hetero-
zygous in patient P2, was previously reported in one
Brazilian boy (10).

No mutations were detected in patient P3, who only
carried five polymorphisms: (c.684GOC (p.Z);
c.997AOG (p.Ile333Val); c.1185TOC (p.Z);
c.1500TOC (p.Z); c.1726GOA (p.Gly576Ser)) pre-
viously described (11). Complete cDNA sequencing was
performed, including the non-coding exon 1. This
patient, born of consanguineous parents, developed
diabetes mellitus and optic atrophy at age 14 followed
by a hearing deficit and urinary tract dilatation. The
water deprivation test was performed and a normal
response was obtained. The presence of the A3243G
mutation in the tRNA Leu (UUR) gene was investigated
but no mutation was found. A detailed description of
this patient has previously been reported (12).

Causative mutations were homozygous in 14 cases
(53.8%) and compound heterozygous in the other 12
cases. All mutations occurred in exon 8, except for one
missense mutation located in exon 5, which was
identified in patient P26. This patient showed a mild
phenotype with optic atrophy and diabetes mellitus
developing at ages 19 and 27 respectively. Since the
diagnosis of diabetes 12 years ago, he has been treated
with low-dose sulfonylurea tablets showing good
metabolic control.

The most frequent mutation in this study was
c.1230_1233delCTCT (p.Val412SerfsX29) identified in
eight families, corresponding to 44.4% of the pedigrees
with WFS1 mutations. This mutation causes a frameshift
which results in a stop codon truncating the protein at
residue 441.As a consequence, 49.5% of thewolframin is
lost, including the majority of transmembrane domains
and the entire hydrophilic carboxy tail.

Also, in our patient series various polymorphisms,
composed of silent variants or conservative amino acid
changes, were detected, all of which have previously
been reported (13–17).
Phenotype–genotype relationships

Possible phenotype–genotype relationships were inves-
tigated. The age at onset of diabetes mellitus was chosen
as an indicator of disease severity. Missense mutations
and 3 bp deletions, resulting in a deletion of one amino
acid were considered non-inactivating mutations.
Nonsense, frameshift mutations, deletions, and inser-
tions of more than 3 bp were considered inactivating
mutations (11). Among the 26 patients with WFS1
mutations, 13 carried two inactivating, six carried one
inactivating and one non-inactivating and seven carried
www.eje-online.org
two non-inactivating mutations. Their mean ages at
onset of diabetes were 5.9G2.9 years; 5.1G2.5 years,
and 8.5G8.4 years respectively (PZns). However, the
only patient harboring mutations in both alleles outside
exon 8 showed a mild phenotype: the onset of diabetes
mellitus and optic atrophy was during adulthood and
good metabolic control was achieved with low doses of
sulfonylurea. A hearing deficit was not clinically evident
and diabetes insipidus was absent.
Discussion

Since the cloning of the WFS1 gene, genetic screening of
WS patients has been performed mostly in Caucasian
individuals (7, 14, 15, 18). The Brazilian population is
mostly of Portuguese origin, miscegenatedwith avariety
of other populational groups including Italians,
Spaniards, Japanese, Africans, and native Indians.
Thus, the Brazilian population has diverse ethnicity. In
this study, one of the largestWS series studied,we present
a detailed clinical evaluation and genetic analysis of the
WFS1 gene in 27 Brazilian patients. These individuals
are from various regions of the country and should be
representative of WS patients in Brazil. WFS1 was found
to be the major gene in our WS population with 15
different mutations in 26 patients; only one patient (P3)
had no mutation. This patient had a typical WS
phenotype presenting with diabetes mellitus, optic
atrophy, hearing loss, and urinary tract dilatation. The
possibility of mutations in the promoter and regulatory
regions of WFS1 cannot be ruled out. Another condition
that shares some clinical similarities with WS is
maternally inherited diabetes and deafness associated
with an A3243G mutation in the mitochondrial tRNA
Leu (UUR) gene. However, we did not find A3243G
mutation in P3. Recently, Amr et al. identified mutations
in the ZCD2 gene as a cause of WS in three large
consanguineous Jordanian families (6). The affected
individuals presented some particular features such as
upper gastrointestinal ulcerationwith bleeding tendency
secondary to a platelet aggregation defect and absence of
diabetes insipidus (5, 6). Interestingly, similar to the
patients reported in the Jordanian study, diabetes
insipiduswas absent in patient P3, but bleeding tendency
was not observed. Further investigations will indicate if
patient P3 harbors ZCD2 gene mutations.

Identified mutations consisting of insertions, deletions,
nonsense, and missense were concentrated in the largest
exon, exon 8, similar to other reports (1, 2, 7, 15, 18).
Besides exon 8, we found a novel homozygous missense
mutation inexon5 inonepatient.Mutations inexon5are
infrequent; only a few cases have been reported in prior
publications (2, 7, 15, 18) with all of them being
compound heterozygous with mutations in exon 8.

The most frequent mutation in this study was a 4 bp
deletion resulting in a frameshift and premature stop
codon (c.1230_1233del CTCT (p.Val 412SerfsX29))
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found in eight WS pedigrees. These families come from
distinct regions of Brazil and are apparently unrelated.
However, additional analysis would be needed to further
evaluate a potential founder effect in these families. This
mutation has previously been reported in French (14)
and Italian pedigrees (7, 19). Prior studies have shown
common mutations in certain groups, such as in
Spanish and Italian populations (7, 19, 20), but not
in others (14).

We identified nine novel mutations in our series. They
were presented as homozygous in four pedigrees, all
with reported consanguinity. These mutations are likely
to be pathogenic since they were absent in 100 control
chromosomes, occur in evolutionarily conserved
residues and were present as homozygous only in
affected subjects.

In our study most patients presented with diabetes
mellitus within the first decade of life (median age: 6
years) followed by optic atrophy (median age: 11 years).
These findings are in agreement with previously
reported series, particularly a large UK nationwide
study of 45 patients where diabetes mellitus presented
at a median age of 6 years old and optic atrophy at 10
years old (21).

Diabetes insipidus was found in 40.7% of our patients
and the median age of diagnosis was 14.5 years (range
3–24 years). This proportion is lower than some prior
reports (21–23) but not others (2, 24). Medlej et al.
studying the Lebanese population, performed water
deprivation tests in all patients and found partial or
complete diabetes insipidus in 87% of cases, with
median age of onset of polyuria at 9 years (range 4–
26 years) (23). Since in our series the water deprivation
test was not performed in all patients, we cannot
exclude the possibility of some undiagnosed cases.
Urinary tract abnormalities were present in nearly all
of our patients, as described in other published series
(22). However, lower prevalences have also been
reported (21, 25), indicating clinical heterogeneity.
The urinary tract abnormalities associated with WS are
likely to be due to degeneration of innervation of the
ureters and bladder. It is unclear whether the high urine
output associated with diabetes mellitus and diabetes
insipidus contribute to renal tract dilatation. Page et al.
reported an improvement in dilatation with the
treatment of diabetes insipidus (26).

Audiography showed abnormalities in 100% of the
patients in whom it was performed, although seven
patients were asymptomatic. The prevalence of hearing
loss or abnormal audiography has been reported to be
between 39 and 100% (21, 22, 27); probably represent-
ing differences in ascertainment. The audiological defect
seen in these patients is a progressive bilateral neuro-
sensorial hearing loss that first affects high frequencies.

The clinical data obtained were analyzed for pheno-
type–genotype correlation.As previously stated byCryns
et al. (11),mutations are described as non-inactivatingor
inactivating based on the type of mutation since no
functional studies are available to date. The age at onset
of diabetes mellitus was chosen as an indicator of disease
severity as it is much easier to detect diabetes early; while
for the other components of WS, such as diabetes
insipidus, and audiological and neurological findings,
the patients may not notice the symptoms and so their
presencemaybeunderestimated. Consideringmutations
in exon 8, we found no significant difference in the mean
age at onset of diabetes and the type of mutation. This
lack of relationship is exemplified in family 14 where the
affected individuals are homozygous for a missense
mutation and the ages at onset of diabetes were very
early (2 and 4 years). Similarly, Hardy et al. in a national
UK cohort, found no clear correlation between anyof the
observed mutations and disease severity (15). However,
Cano et al. studying French patients and combining his
results with those of five published studies, including the
data of Hardy et al. found that the presence of two
inactivatingmutations predisposed patients to an earlier
age of onset of both diabetes mellitus and optic atrophy
(24). On the other hand,we observed amilder phenotype
in a patient carrying a homozygous missense mutation
in exon 5. He is the only patient in our series who
developed diabetes mellitus as an adult and has received
long-term treatment with oral hypoglycemic drugs.
Delayed expression of WS has been previously reported.
Giuliano et al. noted an atypical phenotype in a patient
whose WFS1 coding region had only one mutation
identified (14). In addition, a rare form of autosomal
dominant transmission of diabetes mellitus, deafness,
optic atrophy, and no other manifestations of Wolfram
disease was associated with the E864K mutation in two
families (28, 29). Thus, the location of WFS1 mutations
also seems important to determine the severity of disease.
Future studies will determine which parts of wolframin
are important for biological function.

In summary, here we present the first molecular
characterization of Brazilian WS patients. Our data
show that WFS1 is the most common gene involved in
WS of Brazilian patients with most mutations being
concentrated in exon 8. Also, our study increases the
spectrum of WFS1 mutations. A common 4 bp deletion
of nucleotides 1230–1233 was identified, indicating
that screening studies in our population should begin
with this region. Although no clear phenotype–
genotype relationship was found in exon 8, a mild
phenotype was associated with a homozygous missense
mutation in exon 5.
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