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Identification of homozygous WFS1 mutations
(p.Asp211Asn, p.GIn486*) causing severe Wolfram
syndrome and first report of male fertility

Amirreza Haghighil, Alireza Haghighi*’z, Aria Setoodeh?, Nasrollah Saleh-Gohari?, Dewi Astuti®

and Timothy G Barrett®

Wolfram syndrome (WFS) is a neurodegenerative genetic condition characterized by juvenile-onset of diabetes mellitus and
optic atrophy. We studied clinical features and the molecular basis of severe WFS (neurodegenerative complications) in two
consanguineous families from Iran. A clinical and molecular genetic investigation was performed in the affected and healthy
members of two families. The clinical diagnosis of WFS was confirmed by the existence of diabetes mellitus and optic atrophy
in the affected patients, who in addition had severe neurodegenerative complications. Sequencing of WFS1 was undertaken in
one affected member from each family. Targeted mutations were tested in all members of relevant families. Patients had most
of the reported features of WFS. Two affected males in the first family had fathered unaffected children. We identified two
homozygous mutations previously reported with apparently milder phenotypes: family 1: ¢.631G>A (p.Asp211Asn) in exon 5,
and family 2: ¢.1456C>T (p.GIn486*) in exon 8. Heterozygous carriers were unaffected. This is the first report of male
Wolfram patients who have successfully fathered children. Surprisingly, they also had almost all the complications associated
with WFS. Our report has implications for genetic counseling and family planning advice for other affected families.
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INTRODUCTION

Wolfram syndrome (WES), first described by Wolfram and Wagener
in 1938, is a severe genetic neurodegenerative disease with autosomal
recessive inheritance. WES is mainly characterized by juvenile-onset
diabetes mellitus and optic atrophy.?> The other features of this
syndrome include diabetes insipidus, sensorineural hearing loss,
peripheral neuropathy, ataxia, psychiatric problems, renal-tract
abnormalities, bladder atony and male hypogonadism.>—

The exact world-wide prevalence of WFS is unknown but it has
been estimated to be 1 per 770 000 in the UK, with a carrier frequency
of 1 in 354.> The prevalence in North American population was
estimated at 1 per 100 000.°

The most common condition in WES is diabetes mellitus that starts
in the first decade of life. The main causes of morbidity and mortality
are complications of neurodegeneration and urinary tract infections.”

There is no treatment available for WFS. The mortality is high and
only about 40% of patients survive beyond the age of 35 years.” The
cause of death is usually central respiratory failure due to brainstem
atrophy in the third or fourth decade.’

WFSI is the main gene identified as the cause of WFS.%? This gene
is located on chromosome 4p16.3 and encodes Wolframin, a
transmembrane protein that maintains calcium homeostasis of the
endoplasmic reticulum (ER).8-!! Other roles, such as regulation of ER
stress and protein biosynthesis, modification/ folding, have also been

suggested for Wolframin.!>"'> Wolframin is an 890 amino acid
oligomeric protein with a molecular mass of 100 kDa.%?

Although many mutations have been identified in the WFSI gene,
most affected patients carry a mutation, either insertion, deletion,
nonsense or missense, in exon 8, the largest exon of WFS1.8%16-1° The
C-terminal hydrophilic part of the protein is the major site for missense
mutations. Studies indicate that mutations affecting the translation of
the last 10-15 amino acids result in a severe disease phenotype that
confirms the functional importance of the C-terminus.!”?

The exact function of WFSI Wolframin protein is still unknown.
There is also no clear genotype—phenotype correlation. There are
several case reports of affected females having unaffected children; but
no reports of male patients having successfully fathered children. Data
from mouse knockout models show reduced spermatogenesis and
reduced fertility in males compared with females.?!

We report two affected families from Iran with a severe phenotype,
in one of which affected males were able to father children.

MATERIALS AND METHODS

Patients and families

We studied six patients from two Persian families. The families were
consanguineous and the minimum diagnostic criteria for WFS were childhood
occurrence of diabetes mellitus and optic atrophy.®> Written consent to
participate in the study was obtained from members of both families.
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All members of both families underwent comprehensive physical exams,
including endocrinological, ophthalmological, neurological, urogenital and
psychiatric assessments.

Methods

Blood samples were collected from each subject and genomic DNA was
extracted from peripheral leukocytes using QIAamp DNA blood Midi kits
(Qiagen, Hilden, Germany).

Direct sequencing of all the exons and intron—exon boundaries of WFSI
was performed on genomic DNA of the probands from two families.

The WEFSI gene coding region was analyzed by PCR amplification of
genomic DNA using primers previously described.?> The PCR products were
directly sequenced on both strands using Big Dye v.3.1 chemistry on ABI 3730
DNA Analyzer (Applied Biosystems, Foster City, CA, USA) and sequences were
compared with human genomic and cDNA WESI sequences (GenBank
accession no. AF084481).

Segregation analysis was performed in other patients and healthy members
of the families. This was done by sequencing for the mutation and carrier
status in relatives of the affecteds.

Paternity testing was undertaken for each father/child pair, genotyping
both alleles for 15 independent loci across the genome (Micropathology
Ltd, Coventry, UK).

RESULTS

Clinical findings

The multi-generation family (Figure 1a) included three WFS patients;
two males and one female. The parents were first cousins and healthy.
The proband (family 1:IV-2) was a 35-year-old male with short
stature. He was married with a healthy 4-year-old son (family 1:V-1).
His symptoms started from the age of 7 with polyuria and polydipsia
and high blood glucose (335 mg/dl). He was diagnosed with diabetes
mellitus but his polyuria continued despite reasonable glycemic
control. During an ophthalmological check at age 10, bilateral optic
atrophy was detected. In a recent ophthalmological assessment, both
eyes were almost blind (visual acuity 6/60 or less). His hearing ability
decreased in the late third decade of life. Neurological examination
revealed hyperreflexia in the lower limbs. Ultrasonography demon-
strated hydronephrosis, hydroureter and increased post-void residual
urine. Blood laboratory findings included blood urea: 32g/dl,
Creatinine: 1.5g/dl and HbAlc 7.8%. Urinalysis revealed specific
gravity 1016 and glucose 2 +. Full blood count and electrolytes were
in normal range. His affected brother (family 1:IV-5, 31 years) and
sister (family 1:IV-8, 25 years) had similar patterns of disease onset
and features, but did not have any hearing problem. Her mean
HbAIC level was 8.7 and the other laboratory data were otherwise
normal. The affected brother had a healthy 3-year-old son and his
laboratory findings were completely normal with a mean HbA1C of

8.3. One of their male cousins (family 1:IV-10) had died from WES a
few years earlier. In the second family (Figure 1b) consisting of five
alive siblings (four female, one male) and one deceased female sibling,
two sisters and the brother were affected by WES. Their parents were
first cousins once removed and without any known health problem.
The proband (family 2:II-5, 23 years, male) was diagnosed with
diabetes mellitus at the age of 9, with polyuria, polydipsia and
hyperglycemia (355 mg/dl). Polyuria was not controlled after insulin
therapy for diabetes. He was diagnosed with diabetes insipidus (urine
specific gravity 1008) at age 15 years. The patient had primary
enuresis, together with bilateral hydronephrosis and hydroureter on
ultrasonography, thought to be due to neurogenic bladder. He
developed renal failure at 17 years of age requiring hemodialysis.
Ophthalmological examination at age 8 years had revealed optic
atrophy and a recent eye test showed visual acuity <6/60 in both
eyes. His hearing difficulties had started at the age of 12 years and
resulted in sensorineural deafness by the late second decade of life. He
also had short stature. On neurodevelopmental evaluation, the patient
had cerebellar ataxia, poor concentration and moderate intellectual
disability. Neurological assessment demonstrated hyporreflexia in
lower limbs, whereas upper limbs were normal. He complained of
epigastric pain that had started 1 year earlier. The patient had vesico-
ureteric reflux on voiding cystogram, and urinary retention necessi-
tating intermittent catheterization. Laboratory tests revealed the
following results; Hb: 8.75g/dl, urea: 65g/dl, Creatinine: 2.5 g/dl,
HbA1lc(%): 10.4 and PTH: 118 pg/ml (normal <69). Urinalysis
findings included specific gravity: 1007, pH: 5.0, glucose 2 +, protein
1+ and WBC 35-40/hpf, electrolytes were normal. Other affected
siblings of this family also had features of diabetes mellitus, optic
atrophy, deafness, diabetes insipidus, neurogenic bladder and
psychiatric problems with similar pattern of onset. The laboratory
data of (family 2:II-2) and (family 2:II-6) was within normal
limits with the mean HDbAIC level of 9.6 and 8.8, respectively.
Furthermore, the deceased sibling, who died at the age of 30 because
of renal failure, had proximal muscle weakness, and electromyography
(EMG) and nerve conduction velocity (NCV) investigations had
revealed axonal involvement in the peripheral nerves.

Thyroid function tests, lipid profiles and hepatic function were all
normal, and diabetes autoimmune markers were negative in all
patients from both families.

Molecular study

Molecular analysis of the WFSI gene in the patients from the first
family identified that all were homozygous for a missense mutation in
exon 5, c.631G>A that alters aspartic acid to asparagine at amino
acid position 211.
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Figure 1 Pedigrees of the WFS families. (@) Family 1 and (b) family 2.
mut: mutant allele (c.631G >A in family 1 and c.1456C >T in family 2).
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In the patients from the second family, sequencing of their genomic
DNAs revealed homozygosity for a nonsense mutation, ¢.1456C>T
that substitutes a glutamine at position 486 for a stop codon,
predicted to cause truncation of wolframin. This mutation is located
in exon 8 of WFSI.

Parents and healthy siblings in both families were heterozygous for
the relevant mutation.

All members (affected and healthy) of two families were homo-
zygous for a non-synonymous polymorphism, c.997A>G (p.Ile333-
Val, rs1801212). Moreover, all members of the second family were
homozygous for another non-synonymous polymorphism, ¢.1832G>A
(p.Arg611His, rs734312). Both SNPs are located in exon 8 of
WESI.

The two affected male members of the first family and their two
unaffected children underwent paternity testing by genotyping for 15
markers spread across the genome. For each of these 15 independent
loci, the fathers possessed alleles that were present in their children.
The probability that the samples originated from the true biological
fathers of the children compared with any other male from a random
population is >99.9%.

DISCUSSION

WES in Iran was first described in two siblings.”® The probands
presented with diabetes mellitus (at the age of 6 years) followed by
bilateral optic atrophy in the first decade. The other associated
features included diabetes insipidus and sensorineural deafness (in the
second decade), dilated renal outflow tracts (early in the third decade)
and multiple neurological abnormalities (early in the fourth decade

Table 1 Clinical Features of the WFS patients
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of life).?? In our study, two families of Persian origin presented with
a severe form of WES exhibiting almost all of the reported features.

The c.631G>A (p.Asp211Asn) mutation was first described by
Van ven Ouweland et al'® in a heterozygous state in two affected
sisters (patients 1 and 2, Table 1). They described a non-consangui-
neous German family with three affected siblings (two alive daughters
and one deceased son) suffering from relatively mild phenotype and
relatively late onset of optic atrophy and the absence of renal tract or
neurological abnormalities. The patients had developed diabetes
mellitus and optic atrophy in early second (10, 12 years) and late
third decade of life (28, 26 years), respectively. The associated
conditions included deafness in one patient, and hypothyroidism
and hypertension in the other. Both sisters were compound hetero-
zygotes for two missense mutations; ¢.631G>A (p.Asp211Asn) and
c.1820C>G (p.Pro607Arg).!® The latter was found in one of their
healthy brothers as well. Table 1 compares the clinical features of these
sisters and patients from family 1. Considering the mild clinical
features of two other missense mutations in the literature (A716T24
and P885L!7), Van ven Ouweland et al'® suggested a correlation
between the type of the mutation and severity of the disease;
homozygosity or compound heterozygosity for missense mutations
lead to an attenuated form of the disease, whereas protein-truncating
mutations may cause severe WES. This is in contrast to our findings
that describe the same missense mutation associated with severe WES,
defined as neurodegenerative involvement.

The c.631G>A is located on exon 5 of WFSI. To date, seven
causative mutations have been identified within exon 5, of which
five mutations!”"192>26 result in WES, whereas two mutations?’-28

Intellectual/
Age of onset psychological Pubertal
Patient ~ Gender Genotype DM OA HL status Other features (renal failure, etc) development
Family 1 V-2 M c.631G >A 7 10 30 Normal Hydronephrosis and hydroureter (12) Puberty (14)
c.631G >A
V-5 M c.631G >A 7 12 — Normal Hydronephrosis and neurogenic bladder (10) Puberty (15)
c.631G >A
V-8 F c.631G >A 5 18 — Normal Neurogenic bladder (10) Menarche (12)
c.631G >A
IV-10 M c.631G >A 6 ? 7 7 Deceased (17) ?
c.631G >A
Previously Patient 1 F c.631G >A 10 28 45 7? No renal-tract abnormality ?
reported family c.1820C >G
Patient 2 F c.631G >A 12 26 - 7? Hypothyroidism, hypertension, no urinary tract abnormality ?
c.1820C >G
Family 2 I1-1 F c.1456C >T 9 6 18 MD Hydronephrosis, hydroureter 9 years, neurogenic bladder 15 years, Menarche (13)
c.1456C >T CRF 27 years, died due to CRF at 30 years
11-2 F c.1456C >T 7 9 15 MD Hydronephrosis, hydroureter, (9) Menarche (12)
c.1456C >T
11-5 M c.1456C >T 9 8 12 ADHD, AB Renal failure (17) Puberty (15)
c.1456C >T
11-6 F c.1456C >T 2 12 15 MD Hydronephrosis, hydroureter (17) Menarche (12)
c.1456C >T
Previously Patient 3 F c.1456C >T 4 13 7 Normal Urinary tract dilation Normal
reported family wild-type

Abbreviations: AB, autistic behavior; ADHD, attention deficit hyperactivity disorder; DM, diabetes mellitus, HL, hearing loss; MD, major depression; OA, optic atrophy; WFS, Wolfram syndrome;

—, absence of condition; ?, unknown.
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Human (Homo sapiens)

Panda (Ailuropoda melanoleuca)
Mouse (Mus musculus)

Rat (Rattus norvegicus)

Sumatran orangutan (Pongo abelii)

° pee? et 0 Ae\““?’*
LLENVGQUNEHDGGAQPGEVP 220. . . PYLKVLGQTFITVPVGH 495
LLENVGQVNEHDGGAQPGPVP 220. ..RHLKLLGQTFFSVPVGP 493
LLENVGQVNEQDGGVQPGPVP 221. ..RFLKVLGQTFFTVPVGH 597
LLENVGQVNEQDGGAQPGPVP 221...PFLKALGQTFFTVPIGH 497
LLENVGQVNEHDGGVQPGPVP 221. ..PYLKFLGQTFITMPVGH 495

Figure 2 Multiple sequence alignment of the WFS1 protein region flanking residues Asp211 and GIn486. ClustalW analysis demonstrates that amino acids,
aspartic acid at position 211 and glutamine at position 486, are well conserved in orthologs. Missense mutations are indicated by arrows.

are associated with low-frequency sensorineural hearing loss.
p-Asp211Asn is located in the N-terminal domain of the WEFS1
protein. This mutation was not associated with low-frequency hearing
impairment in the heterozygous carriers.'®?° ClustalW analysis®® of
WEFSI1 revealed this aspartic acid residue is conserved in different
mammals (Figure 2).

The ¢.1456C >T (p.GIn486*) was identified in a mother and
daughter from a non-consanguineous Italian family. They were both
heterozygous for this nonsense mutation that is located in exon 8 of
the WFSI gene. The proband (patient 3, Table 1) had developed
diabetes mellitus and optic atrophy at the age of 4 and 13 years,
respectively. The additional clinical conditions included diabetes
insipidus (onset age of 9 years), deafness (7 years) and urinary tract
dilation.'® Table 1 compares the clinical features of this patient and
patients from family 2. The ¢.1456C>T truncates the WFSI protein
after the fifth transmembrane segment resulting in a non-functional
protein.>! The p.GIn486* is located in the EC3 domain of WESI
protein and conserved in different mammals (Figure 2).

Both mutations (p.Asp211Asn and p.Gln486*) we identified in this
study were disease-causing only in their homozygous status and
heterozygous individuals did not demonstrate any feature of WES
(Figure 1).

As reported above, two male patients in the first family had
children. To the best of our knowledge, this is the first report of two
male patients (family 1:IV-2 and IV-5) with most of the complications
of WES fathering children (family 1:V-1 and V-2), who were
unaffected, and heterozygous carriers for the relevant identified
mutations (Figure la) and polymorphisms. Paternity testing using
15 independent loci from across the genome showed that paternity
was 99.9% certain compared with another random male from the
same population. Clearly there is a possibility that a related male
within the family fathered the children; this possibility cannot be
ruled out.

Male hypogonadism has been a well reported feature of WES,332-38
in contrast to affected females, for whom there are several reports of
successful pregnancies in the literature.”?! Gonadal dysfunction in
WES male and female patients was first reported in 1977. Peden
et aP? also reported three male WES patients, all with gonadal
abnormalities (primary hypogonadism, atrophic testes and delayed
maturation). One patient was a 31-year-old male with the gonadal
features of small penis and small soft testes although with normal
facial, axillary and pubic hair. Hormone studies revealed basal serum
testosterone 6.8 nmol/1 (normal 10-30), basal LH 40mU/1 and
basal FSH 31 mU/1. The patient had never had penile erection or
ejaculation.>

In another study by Barrett et al,> 7 of 10 WFS males had primary
gonadal atrophy (follicle stimulating hormone >20 /1, luteinising
hormone >16jjb/l, testosterone < 12nmol/l). Given the appropriate
level of gonadotropic hormones (basal elevations of LH and FSH and
exaggerated responsiveness to LHRH) and normal growth of the
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patients, researchers concluded that the patients probably had
primary hypogonadism.>*

Noormets et al’! used a mouse model to investigate the role of
WEFSI gene in infertility. They generated WFSI-deficient (WFS1KO)
male mice using homologous recombination. The results showed
impairment of the fertility in WFSIKO males. The motility and
morphology of the sperm and the histology of testes were analyzed. In
the WESIKO males, sperm motility was not affected but their
spermatozoa had abnormal morphology compared with wild-type
males. Testis histology of the WESIKO males also demonstrated
significantly reduced number of spermatogonia and sertoli cells.
WESIKO males had normal concentration of serum testosterone
and FSH concentrations.”! The Wolframin protein is likely to have
several functions, being involved in calcium homeostasis and possibly
other ion transport, as well as a negative regulator of ER stress. It is
possible that disruption of ion homeostatis affects sertoli cell
development and sperm maturation/function, leading to reduced
fertility.

The combination of severe phenotype in our families associated
with fertility in males is paradoxical. One possible explanation is that
our affected family members are older than other reports in the
literature, so have had time for symptoms to progress.

In summary, we report severe phenotypes in families affected by
previously reported mutations associated with mild phenotypes. We
also report the first examples of male fertility. Our findings have
implications for genetic counseling for future families affected by
these mutations, and raise the hope for that at least some affected
males may be able to father children.
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