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Abstract
Aims/hypothesis Wolfram syndrome is a rare, autosomal recessive syndrome characterised by juvenile-onset diabetes and optic
atrophy and is caused by bi-allelic mutations in the WFS1 gene. In a recent sequencing study, an individual with juvenile-onset
diabetes was observed to be homozygous for a rare missense variant (c.1672C>T, p.R558C) in the WFS1 gene. The aim of this
study was to perform the genetic characterisation of this variant and to determine whether it is causal for young-onset diabetes and
Wolfram syndrome.
Methods We analysed the allele frequency of the missense variant in multiple variant databases.We genotyped the variant in 475
individuals with type 1 diabetes and 2237 control individuals of Ashkenazi Jewish ancestry and analysed the phenotypes of
homozygotes. We also investigated the association of this variant with risk for type 2 diabetes using genotype and sequence data
for type 2 diabetes cases and controls.
Results The missense variant demonstrated an allele frequency of 1.4% in individuals of Ashkenazi Jewish ancestry, 60-fold
higher than in other populations. Genotyping of this variant in 475 individuals diagnosed with type 1 diabetes identified eight
homozygotes compared with none in 2237 control individuals (genotype relative risk 135.3, p = 3.4 × 10−15). The age at diag-
nosis of diabetes for these eight individuals (17.8 ± 8.3 years) was several times greater than for typical Wolfram syndrome
(5 ± 4 years). Further, optic atrophy was observed in only one of the eight individuals, while another individual had the Wolfram
syndrome-relevant phenotype of neurogenic bladder. Analysis of sequence and genotype data in two case–control cohorts of
Ashkenazi ancestry demonstrated that this variant is also associated with an increased risk of type 2 diabetes in heterozygotes
(OR 1.81, p = 0.004).
Conclusions/interpretation We have identified a low-frequency coding variant in the WFS1 gene that is enriched in Ashkenazi
Jewish individuals and causes a mild form of Wolfram syndrome characterised by young-onset diabetes and reduced penetrance
for optic atrophy. This variant should be considered for genetic testing in individuals of Ashkenazi ancestry diagnosed with
young-onset non-autoimmune diabetes and should be included in Ashkenazi carrier screening panels.
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Abbreviations
GAD65 65 kDa isoform of GAD
HUGR Hebrew University Genetic Resource

Introduction

Wolfram syndrome (Mendelian Inheritance inMan [MIM] no.
222300) is a rare, autosomal recessive neurodegenerative dis-
order characterised by juvenile-onset diabetes and optic atro-
phy [1]. A range of phenotypes, including diabetes insipidus,
renal-tract abnormalities and sensorineural deafness, are ob-
served in individuals with Wolfram syndrome [2]. Insulin-de-
ficient, islet antibody-negative diabetes is usually the first phe-
notype observed in affected individuals (median age of
6 years), while optic atrophy occurs later in life (median age
of 11 years). Sensorineural deafness (median age of 20 years)
and neurological abnormalities (median age of 30 years) occur
in a significant fraction of affected individuals. Wolfram syn-
drome is mainly caused by bi-allelic mutations in the WFS1
gene. This gene encodes a transmembrane protein
(wolframin), which has an important role in regulating calci-
um levels in the endoplasmic reticulum [3].

Heterozygous mutations inWFS1 have been reported to be
associated with less severe phenotypes than those observed in
Wolfram syndrome, including low-frequency sensorineural

hearing loss without diabetes [4, 5], autosomal dominant dia-
betes [6], optic atrophy [7], hearing loss [7] and congenital
cataracts [8]. A recent study [9] identified dominant missense
mutations inWFS1 in multiple individuals with diabetes diag-
nosed in the first year of life, sensorineural deafness and con-
genital cataracts. Therefore, the genotype–phenotype relation-
ship for mutations in WFS1 is complex, with both recessive
and autosomal dominant modes of inheritance and overlap-
ping phenotypes.

Since the discovery of the WFS1 gene in 1998, more than
300 different mutations have been identified in this gene in
individuals diagnosed with Wolfram syndrome [10, 11].
Many individuals with Wolfram syndrome, particularly those
with consanguinity, are homozygous for loss-of-function mu-
tations while others are compound heterozygous for deleteri-
ous mutations. Homozygous missense mutations inWFS1 are
less frequently observed in individuals with Wolfram syn-
drome when compared with loss-of-function variants. Cano
et al [10] reported that the clinical expression of Wolfram
syndrome is more complete in individuals with truncating
mutations in WFS1. Analysis of the genotype–phenotype re-
lationship in collections of individuals diagnosed with
Wolfram syndrome has shown that the age at diagnosis of both
diabetes and optic atrophy is significantly greater in individ-
uals with two missense mutations than in those with a single
missense mutation or no missense mutation [11, 12].
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Many individuals with Wolfram syndrome are misdiagnosed
as having type 1 diabetes in the absence of optic atrophy [13, 14].
Identification of Wolfram syndrome in individuals diagnosed
with diabetes in childhood or adolescence is important since
themanagement and prognosis ofWolfram syndrome is different
to that of type 1 diabetes. In a recent targeted sequencing study of
more than 6800 individuals from Germany [15], one individual
with juvenile-onset diabetes was observed to be homozygous for
a rare missense variant (NM_001145853:c.1672C>T, p.R558C)
in the WFS1 gene. However, this individual did not have optic
atrophy or other phenotypes frequently observed in Wolfram
syndrome. Notably, another individual with an atypical presen-
tation of Wolfram syndrome (diabetes diagnosed at 33 years of
age and optic atrophy at 53 years) was previously reported to be
homozygous for the same variant [16]. This variant has also been
observed in combination with other variants in multiple individ-
uals with Wolfram syndrome [10]. In this study, we investigated
this rare variant further to determine whether it is causal for
young-onset diabetes and Wolfram syndrome in homozygous
individuals. Using genotype data for Ashkenazi Jewish individ-
uals, we tested this variant for association with type 1 diabetes
and type 2 diabetes in homozygous and heterozygous carriers,
respectively.

Methods

Ashkenazi Jewish samples Four hundred and seventy-five in-
dividuals of Ashkenazi Jewish ancestry with type 1 diabetes
were obtained from the Hebrew University Genetic Resource
(HUGR). The inclusion criteria specified that participants were
diagnosed with type 1 diabetes according to the aetiological
classification of diabetes mellitus proposed by the
International Expert Committee under the sponsorship of the
American Diabetes Association in May 1997 and that all four
grandparents of each participant were self-reported to be of
Ashkenazi Jewish ethnic origin. Thirty-eight per cent of the
individuals were positive for islet-cell autoantibodies against
the 65 kDa isoform of GAD (GAD65), islet-cell antigen 512
or insulin, and were likely to have autoimmune type 1 diabetes
[17]. The remaining individuals were categorised as having
idiopathic diabetes or an unknown form of diabetes. The age
at diabetes diagnosis for the 475 individuals was 18.6 ±
13.6 years (ESMTable 1), at which point 42% had ketoacidosis.

A further 1131 individuals with type 2 diabetes and 2237
control individuals were obtained from HUGR (see ESM
Table 1). The individuals with type 2 diabetes were collected
in Israel and all individuals self-reported that all four grand-
parents were Ashkenazi Jews [18]. The mean age at diagnosis
in the 1131 individuals with type 2 diabetes was 53 years. The
control individuals reported no chronic disease and were not
screened for diabetes (mean age 48.9 years). For association
with type 2 diabetes, a second set of Ashkenazi Jewish

samples (506 individuals with diabetes and 352 control indi-
viduals without) from the T2D-GENES exome sequencing
project [19] was used and genotype data was obtained from
dbGaP.

Genotyping Genotyping of the p.R558C (rs199946797) and
p.R611H (rs734312) variants in the Ashkenazi Jewish sam-
ples from the HUGR cohort was performed by LGC
Genomics (Middlesex, UK) using the KASP assay [20].
Twenty-two individuals with type 2 diabetes and 57 control
individuals had missing genotypes at all genotyped variants
(p.R558C, p.R611H and three additional variants) and were
excluded from the analysis. For the remaining samples, the
genotyping success rate was >97.5%.

Statistical analysis Case–control association analysis for type 2
diabetes was done using Fisher’s exact test and logistic regres-
sion in Matlab. An inverse variance-based approach [21] (with
fixed effect size) was used to combine the association statistics
for the two Ashkenazi Jewish type 2 diabetes case–control
datasets. Individuals with missing genotypes were excluded
from the association analysis. The recessive allele frequency
based test (RAFT; https://personal.broadinstitute.org/rigel/raft;
accessed 1 November 2017) [22] was used to perform the
association analysis under a recessive model for type 1
diabetes. Hardy–Weinberg equilibrium p values were
calculated using a 1 df χ2 test. For the T2D-GENES data, we
used an online burden test from the Type 2Diabetes Knowledge
Portal (www.type2diabetesgenetics.org; accessed 1 November
2017) to test the association of heterozygous loss-of-function
variants with type 2 diabetes. For the targeted sequence data
from Bansal et al [15], we compared the counts of the number
of carriers of loss-of-function variants using Fisher’s exact test.

Haplotype and sequence analysis Haplotype phasing of the
genotypes at the WFS1 gene for the Ashkenazi Jewish indi-
viduals from the T2D-GENES dataset was done using the
PHASE program [23] (v2.1). Analysis of sequence reads to
determine the phase between the p.R558C variant and
neighbouring heterozygous variants was performed using the
HapCUT software (v0.7; https://github.com/vibansal/hapcut;
accessed 1 November 2017) [24] . Multiple sequence
alignment for the WFS1 protein sequence across species was
obtained from the NCBI HomoloGene server (https://www.
ncbi.nlm.nih.gov/homologene; accessed 20 January 2018).

Ethics approval For the HUGR samples, all individuals or
their legal representative signed an informed consent form
and the entire sample collection was approved by the relevant
Israeli national ethics committee. All individuals from the
Ulm diabetes cohort gave informed consent for use of their
DNA samples for genetic studies [15]. The study was carried
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out in accordance with the principles of the Declaration of
Helsinki.

Results

In a recent sequencing study of monogenic diabetes genes in
6888 individuals from Germany [15], a single individual, diag-
nosed with diabetes at 14 years of age, was reported to be ho-
mozygous for a missense variant (NM_001145853:c.1672C>T,
p.R558C, rs199946797) in theWFS1 gene. To determinewheth-
er this individual had phenotypes consistent with Wolfram syn-
drome, we obtained additional phenotype information. The indi-
vidual initially presented with a high fasting glucose level
(>10 mmol/l) without ketosis but required treatment with insulin
and also had ketoacidosis after 6months. No circulating islet-cell
antibodies or antibodies against the islet-cell antigens GAD65,
islet-cell antigen 2 (IA2) and zinc transporter 8 (ZnT8) were
detected. Ultrasound examination of the individual revealed a
right-sided pyeloectasia (i.e. distension of pelvis of kidney).
The individual’s mother had non-insulin-dependent diabetes
mellitus considered as type 2 diabetes. Although the individual
did not have optic atrophy or other Wolfram syndrome-relevant
phenotypes, the phenotype of insulin-dependent, juvenile-onset
non-autoimmune diabetes was consistent with the diabetic phe-
notype observed in Wolfram syndrome.

The p.R558C allele is enriched in the Ashkenazi Jewish popu-
lation The allele frequency of the p.R558C variant in a dataset
of 6888 European individuals was observed to be 0.07% [15].
Homozygous genotypes at such low-frequency variants can
be the result of parental relatedness or be due to an unknown
founder mutation. Analysis of the targeted sequence data for
this individual did not show any evidence of excess homozy-
gosity. To explore the possibility that this variant is frequent in
non-European populations, we performed a search in several
exome sequencing-derived variant databases such as Exome
Aggregation Consortium [25], NHLBI Exome Sequencing
Project [26], 1000 Genomes Project and GnomAD (http://
gnomad.broadinstitute.org; accessed 1 November 2017)
[25]. Using data from the GnomAD database, we found that
the p.R558C variant has a minor allele frequency of 1.4% in
the Ashkenazi Jewish population (n = 5075), 60-fold greater
than in non-Finnish Europeans and all other populations
(ESM Table 2). This finding was consistent with the family
history of the previously reported p.R558C homozygous indi-
vidual [16] whose parents were Ashkenazi Jewish.

Eight Ashkenazi Jewish individuals with type 1 diabetes are
p.R558C homozygotes To assess whether the p.R558C variant
is associated with diabetes, we genotyped the variant in 475
Ashkenazi Jewish individuals from Israel diagnosed with type
1 diabetes and 2237 control individuals of the same ancestry

(see Methods). Notably, 81% of these individuals were diag-
nosed with diabetes before the age of 30 years (age at diagno-
sis 18.6 ± 13.6 years) and 62% had no evidence of autoimmu-
nity (negative for islet-cell autoantibodies). Genotyping re-
vealed that eight individuals were homozygous and six were
heterozygous for this variant (Table 1), a strong violation of
Hardy–Weinberg equilibrium (p = 2.6 × 10−53, 1 df χ2 test). In
contrast, among 2237 control individuals, no homozygotes
and 49 heterozygotes were observed. We assessed the associ-
ation of the p.R558C variant with diabetes under a recessive
model using a recent statistical method [22]. This allele
frequency-based test showed that the p.R558C variant is
strongly associated with an increased risk of diabetes in ho-
mozygous individuals (genotype relative risk 135.3, p = 3.4 ×
10−15). To confirm the genotypes, we repeated the genotyping
in the 475 individuals with type 1 diabetes. The genotyping
was done using the same technology but using a different
primer (on the strand opposite to that used in the initial
genotyping). We observed a 99.8% genotype concordance
rate and confirmed the genotype for each of the eight homo-
zygous individuals.

All eight homozygous individuals were diagnosed with
diabetes before the age of 30 years (mean age at diagnosis
17.8 ± 8.3 years, Table 2). The mean HbA1c level of the eight
individuals was 55 mmol/mol (7.2%), indicative of good
glycaemic control. Only one of these eight individuals, diag-
nosed with diabetes at the age of 18 years, had the phenotype
of optic atrophy (Table 2). In addition, one individual was
diagnosed with keratoconus (thinning of the cornea) and an-
other had the phenotype of neurogenic bladder, a phenotype
that is sometimes observed in individuals with Wolfram syn-
drome [1, 27]. Three individuals (excluding the one individual
with optic atrophy) had the diabetic complication of retinopa-
thy (Table 2). The diabetic retinopathy phenotype is likely to
be related to diabetes since 22.2% of individuals in the cohort
had this phenotype and diabetic retinopathy has not been as-
sociated with Wolfram syndrome. Three individuals also had
ketoacidosis, a complication that is not frequently seen in
individuals with Wolfram syndrome [28], while two individ-
uals were positive for islet-cell autoantibodies (Table 2).

The age at diagnosis of diabetes (17.8 ± 8.3 years) was
several times greater than that observed for Wolfram syn-
drome (5 ± 4 years) [27, 29]. Individuals with Wolfram syn-
drome have a median lifespan of 30 years [29, 30]. In contrast,
the mean age at recruitment of the eight homozygous individ-
uals was 44.5 years (range 25–67 years). Only two of the eight
homozygous individuals, one with optic atrophy (age
44 years) and another with neurogenic bladder (age 58 years),
had additional Wolfram syndrome-relevant phenotypes.
Overall, the phenotype data for the eight homozygous indi-
viduals identified in this study and the two previously reported
homozygous individuals [15, 16] indicates that homozygosity
for this missense variant leads to a mild or less severe form of
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Wolfram syndrome characterised by young-onset diabetes
(age at diagnosis <30 years) and reduced penetrance for addi-
tional Wolfram syndrome-relevant phenotypes such as optic
atrophy and neurogenic bladder.

p.R558C is associated with increased risk for type 2 diabetes
in heterozygous carriersNext, we genotyped the p.R558C var-
iant in Ashkenazi Jewish individuals with type 2 diabetes (n =
1131) from Israel [18]. Although no homozygotes were identi-
fied, we observed an increased frequency of heterozygotes in
the diabetic individuals compared with control individuals
(Table 1, OR 1.63, p = 0.024). The mean age at diagnosis for
the heterozygous variant carriers was not significantly different
compared with the overall group (51.7 years vs 53.0 years,
p = 0.56 using rank sum test). To further assess the association
of the p.R558C variant with type 2 diabetes, we used whole-
exome data for ~17,000 individuals from the T2D-GENES
project [19]. This dataset includes 506 individuals with type 2
diabetes and 352 control individuals of Ashkenazi Jewish

ancestry. The p.R558C variant was also associated with an
increased risk of type 2 diabetes in this case–control dataset
(OR 4.29, p = 0.02, Table 1). Therefore, data from two inde-
pendent Ashkenazi Jewish case–control datasets indicate that
the p.R558C variant, in addition to being pathogenic for young-
onset diabetes in homozygotes, is also associated with an in-
creased risk for type 2 diabetes in heterozygous carriers (com-
bined OR 1.81, p = 0.0038). To test whether deleterious coding
variants in theWFS1 gene are also associated with an increased
risk of type 2 diabetes in heterozygotes, we performed burden
tests using predicted loss-of-function (stop–gain, splice-site
disrupting and frameshift) variants identified in two large
case–control datasets for type 2 diabetes, the T2D-GENES pro-
ject [19] and a recent targeted sequencing study [15]. However,
we did not observe any association between the loss-of-
function variants and risk for type 2 diabetes (ESM Table 3).

Common variants in the WFS1 gene have also been asso-
ciated with increased risk for type 2 diabetes in candidate gene
and genome-wide association studies [31–33]. The p.R558C

Table 2 Clinical phenotypes for eight p.R558C homozygotes of Ashkenazi Jewish ancestry with type 1 diabetes

Individual ID Age at
diagnosis (years)

Age at
recruitment
(years)

Ocular phenotype Additional phenotypes HbA1c

(mmol/
mol)a

HbA1c (%)a Ketoacidosis

I 25 67 Background retinopathy 66 8.2

II 27 55 40 5.8

IIIb 15 31 Keratoconus 44 6.2 +

IV 1 25 54 7.1

V 24 49 Retinopathy Peripheral vascular disease 65 8.1 +

VI 18 44 Optic atrophy
Background retinopathy

Neuropathy 51 6.8

VIIb 18 58 Proliferative retinopathy Neurogenic bladder
Neuropathy

57 7.4 +

VIII 14 27 60 7.6

a Average over four measurements
b Positive for islet autoantibodies

‘+’ indicates presence of ketoacidosis

Table 1 Genotype counts, allele frequencies and association statistics for the p.R558C variant (NM_001145853:c.1672C>T) in Ashkenazi Jewish
samples

Cohort Phenotype n Genotype counts Allele frequency (%) Measure of
association

p value

C/C C/T T/T

HUGR Type 1 diabetes 475 441 6 8 2.42 135.3a 3.4 × 10−15

HUGR Type 2 diabetes 1131 1041 40 0 1.85 1.63 (1.07, 2.49)b 0.024
HUGR Control group 2237 2081 49 0 1.15

T2D-GENES Type 2 diabetes 506 488 18 0 1.78 4.29 (1.25, 14.68)b 0.02
T2D-GENES Control group 352 349 3 0 0.43

The same set of control samples (HUGR) were used for the type 1 diabetes and type 2 diabetes association analysis
a Genotype relative risk under a recessive model
b OR (95% CI) for type 2 diabetes per minor allele under an additive model
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variant was not in linkage disequilibrium (r2 < 0.01) with oth-
er coding variants in the WFS1 gene. To confirm that the
association signal observed at the p.R558C variant is indepen-
dent of the common variant association, we performed asso-
ciation analysis using a coding variant (p.R611H, rs734312)
that shows statistically significant association with type 2 di-
abetes (OR 1.07, p = 1.29 × 10−10) in recent large-scale ex-
ome-wide association studies [19]. This coding variant is also
in strong linkage disequilibrium (r2 = 0.716) with a common
variant, rs10010131, which has previously been associated
with type 2 diabetes [31]. In a joint analysis of the two variants
(p.R558C and p.R611H) for association with type 2 diabetes,
the strength of association for the p.R558C variant was essen-
tially unchanged (OR 1.59, p = 0.0344 in the HUGR case–
control dataset and OR 4.34, p = 0.02 in the T2D-GENES
dataset). The association signal was also unaffected by the
inclusion of covariates such as age and sex (data not shown).
This demonstrated that the p.R558C variant is associated with
an increased risk of type 2 diabetes independent of the com-
mon variant association at this locus.

Haplotype analysis of the p.R558C variant To determine the
haplotype of origin for the p.R558C variant, we estimated
haplotypes spanning coding variants in the WFS1 gene using
exome data for individuals in the Ashkenazi Jewish T2D-
GENES dataset [19]. Haplotype reconstruction using the sta-
tistical method PHASE [23] (v2.1; http://stephenslab.
uchicago.edu/phase/download.html; accessed 1 November
2017) identified seven haplotypes with an estimated
frequency greater than 1%. Of these, a single haplotype with
frequency 1.2% was estimated to be present in all 21
individuals with the minor allele ‘T’ at the p.R558C variant
(Fig. 1). This was the same haplotype that was observed in

targeted sequence data for the one homozygous individual
from the recent sequencing study [15]. Furthermore, analysis
of sequence reads from p.R558C heterozygotes in the T2D-
GENES Ashkenazi Jewish data showed that the risk allele (T)
at the p.R558C variant is located on the same haplotype as the
risk allele (A) for the p.R611H common variant. Therefore,
the p.R558C allele likely arose on a single haplotype back-
ground and represents a founder mutation in the Ashkenazi
Jewish population.

In silico analysis of the p.R558C variant The p.R558C muta-
tion is located in exon 8 of the WFS1 gene and changes a
hydrophilic, charged amino acid (arginine) to a neutral one
(cysteine). The protein encoded by WFS1, wolframin, has
nine predicted transmembrane domains and the 558 amino
acid is located in a predicted extracellular loop (Fig. 2a). The
amino acid substitution is predicted to be highly deleterious
and damaging to protein structure by multiple in silico tools
for assessing the impact of amino acid substitutions on protein
structure and function, including PolyPhen-2 (probably dam-
aging), SIFT (deleterious), MutationTaster (disease causing)
and CADD (score = 30) [34]. The high Grantham score for
this variant (180 for an arginine to cysteine substitution) also
indicates a deleterious change. Multiple sequence alignment
across species showed that the amino acid at position 558 is
conserved from humans to zebrafish to fruit flies (Fig. 2b).
Another variant that affects the same amino acid residue
(NM_001145853:c.1673G>A; p.R558H) has also been re-
ported in multiple individuals with Wolfram syndrome from
France [35, 36] and has been predicted to be deleterious by
multiple in silico tools. Therefore, multiple lines of evidence
indicate that the amino acid residue at position 558 is func-
tionally important for the protein encoded by WFS1.
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Fig. 1 Haplotype analysis of the
p.R558C variant in the Ashkenazi
Jewish population. Haplotype
frequencies for ten coding single
nucleotide variants in exon 8 of
the WFS1 gene were estimated
using exome sequence data from
858 Ashkenazi Jewish
individuals. The haplotype with
the minor allele ‘T’ at the
p.R558C variant was observed to
have an allele frequency of 1.2%.
This haplotype was identical to
the haplotype observed in a
European individual homozygous
for the p.R558C variant
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Discussion

In this paper, we describe a missense mutation in the WFS1
gene that is a low-frequency variant (minor allele frequency
1.4%) in the Ashkenazi Jewish population and causes a mild
form of Wolfram syndrome. Among 475 individuals of
Ashkenazi Jewish ancestry with type 1 diabetes, we identified
eight homozygotes for this p.R558C variant. Although a large
number of pathogenic mutations have been identified in indi-
viduals with Wolfram syndrome, very few mutations have
been detected in multiple unrelated individuals. A single in-
sertion mutation was reported to be frequent in Spanish
Wolfram syndrome pedigrees in 2001 [37] but there have been
no other reports of any founder mutations for Wolfram syn-
drome. This variant is a bona fide founder mutation that is
likely to be a frequent cause of non-autoimmune young-onset
diabetes in Ashkenazi Jewish individuals (expected incidence
of 1 in every 5100 births).

The Wolfram syndrome phenotype is less severe in
p.R558C homozygous individuals than in those with clas-
sical Wolfram syndrome, with a later age of onset of
diabetes and an absence of optic atrophy in the majority
of homozygotes. It is, therefore, less likely to be diag-
nosed clinically. Some individuals with Wolfram syndrome
are misdiagnosed as having type 1 diabetes in the absence
of optic atrophy [13, 14]. A diagnosis of Wolfram syn-
drome is important since it can allow for a comprehensive
clinical evaluation for phenotypes associated with Wolfram
syndrome, clinical monitoring and management of auditory
and ocular phenotypes. Early diagnosis of individuals who
are homozygous for p.R558C can facilitate better manage-
ment of the disease and its phenotypes [27]. Therefore,

genetic testing for this variant should be considered in
individuals of Ashkenazi Jewish ancestry diagnosed with
non-autoimmune early-onset diabetes.

We found that two of the eight homozygotes with type
1 diabetes had additional Wolfram syndrome-relevant phe-
notypes (optic atrophy and neurogenic bladder, respective-
ly). Many of the phenotypes associated with Wolfram syn-
drome, such as hearing loss and neurodegeneration, are
typically detected after the diagnosis of Wolfram syndrome
and manifest over time. A previously reported homozygote
for this variant [16], was diagnosed with optic atrophy at
the age of 53 years. Three of the eight homozygous indi-
viduals identified in our study were less than 35 years old
at recruitment and the possibility that they would develop
other Wolfram syndrome-related phenotypes later in life
cannot be ruled out. Moreover, the individuals with type
1 diabetes were not specifically evaluated for phenotypes
such as hearing loss or neurodegeneration and were not
available for follow-up phenotyping. Further studies in
Ashkenazi Jewish or other populations are needed to rep-
licate our findings and determine the penetrance of this
variant for diabetes and other phenotypes observed in
Wolfram syndrome. We also observed that two of the
eight homozygotes were positive for islet-cell autoanti-
bodies. This was consistent with results from a previous
study of 50 individuals with Wolfram syndrome in which
10% of the individuals with Wolfram syndrome were pos-
itive for autoantibodies [28] compared with 86% of indi-
viduals with type 1 diabetes. This suggests that the pres-
ence of autoantibodies should not be used to exclude the
possibility of Wolfram syndrome in individuals diagnosed
with young-onset diabetes.
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Cow 536 CFMWCELSVVILLESTGLGLVRASVGYFLFLFALPILVFALALMGVVQLA 585

Mouse 536 CFMWCELSVVILLQSTGLGLVRASIGYFLFLFALPILVAGLALMGTVQFA 588

Rat 539 CFMWCELSVVILLQSTGLGLVRASIGYFLFLFALPILVAGLALMGTVQFA 588

Chicken 522 CFMWCELSVVILRESSGIGLVRASIGYFLFLFALPVLGVGIALMCLVHFI 571

Zebrafish 534 CFIWCEVCVTLLQESTVLGLMRSVVGYLLFFFALPVLSLALAAVMLVQLV 583

Fruit fly 483 TLSWLQVCIATSQSSTVFGVMRAALGLAGIVLFLPLFGIVALLVPVFVAI 532

Frog 511 CFMWCELSVVIIRESTTIGLIRASVGYFLFLFALPILIVGIVVMCIVHFI 560
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Fig. 2 Location of the p.R558C
variant in WFS1 protein and
conservation across species. (a)
Predicted structure of wolframin
protein (adapted from Tranebjærg
et al [41] ©1993–2018,
University of Washington,
Seattle, WA, USA) with the
locations of the nine putative
transmembrane domains. The
p.R558C variant is located in an
extracellular loop. (b) Multiple
sequence alignment of amino
acids in the neighbourhood of the
558 position across various
species. Arginine is strongly
conserved across species
including mammals and
vertebrates. Chimp, chimpanzee;
ER, endoplasmic reticulum
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Using genotype and sequence data from two Ashkenazi
Jewish case–control cohorts for type 2 diabetes, we demon-
strated that the p.R558C variant is associated with an in-
creased risk of diabetes in heterozygous carriers. Although
common variants at theWFS1 gene locus have been associat-
ed with an increased risk of type 2 diabetes, heterozygous
loss-of-function mutations in WFS1 did not show an associa-
tion with risk for type 2 diabetes (ESM Table 3). The p.R558C
variant has a more severe phenotype in heterozygous individ-
uals and a less severe phenotype in homozygous individuals
compared with loss-of-function variants. Virtually all of the
mutations in WFS1 that have been associated with autosomal
dominant phenotypes, such as diabetes [6], congenital cataract
[8], sensorineural hearing loss [5] and optic atrophy (without
diabetes), correspond to missense mutations. Unlike loss-of-
function variants, missense mutations can have a dominant
negative effect on protein function [38] and this may explain
the association of the p.R558C variant with risk for type 2
diabetes in heterozygotes.

Most of the mutations in WFS1 that have been reported
in the literature are based on sequencing of individuals
that have been clinically diagnosed with Wolfram syn-
drome. As a result, there is likely to be an ascertainment
bias against mutations that lead to less severe forms of the
syndrome. Indeed, we first identified this variant in a
targeted sequencing study of individuals with non-
autoimmune diabetes [15]. Our study highlights the poten-
tial of large-scale DNA sequencing studies to identify mu-
tations that cause less severe forms of Mendelian disease.
It is likely that similar mutations remain to be discovered
for other recessive disorders.

A number of recessive disease-causing mutations that have
high frequency in the Ashkenazi Jewish population have been
identified over several decades [39]. Carrier screening is rec-
ommended for many of these recessive diseases in Ashkenazi
Jewish individuals [40]. The p.R558C variant has an estimat-
ed carrier frequency of 1/36 in Ashkenazi Jewish individuals,
similar to that of disorders such as Tay–Sachs disease [39].
Therefore, this variant should be added to panels of genetic
variants that are routinely screened for in individuals of
Ashkenazi Jewish descent.

In conclusion, the p.R558C variant represents a frequent
cause of a mild form of Wolfram syndrome in individuals of
Ashkenazi Jewish ancestry that is difficult to diagnose clini-
cally. Genetic testing for this variant in individuals diagnosed
with early-onset diabetes and who are negative for autoim-
mune antibodies can identify individuals with undiagnosed
Wolfram syndrome. Timely diagnosis of Wolfram syndrome
can improve an individual’s prognosis, detect Wolfram
syndrome-related complications and enable genetic counsel-
ling of family members. Our results add to the complexity of
genotype–phenotype relationships between mutations in
WFS1 and human disease.
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