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Abstract 
Mutations in the WFS1 gene have been reported in Wolfram syndrome 
(WFS), a rare and autosomal recessive disorder defined by early onset of di-
abetes mellitus and progressive optic and hearing impairment. Only few data 
are available concerning the association between clinical and molecular as-
pects of the WFS. We present a consanguineous family with a patient pre-
senting an early onset of WFS and severe manifestations. Sequencing of 
WFS1 gene was performed for all the family members to search for responsi-
ble mutation and bioinformatics tools were conducted to predict its effect on 
structure and function of the protein. We have detected a novel frameshift 
mutation in the proband at homozygous state and at the heterozygous state in 
the parents who have no WFS manifestations. In silico analysis predicted the 
pathogenicity of the mutation and could lead to a complete loss of its func-
tion. Thus, 3D modeling showed that the mutation abolishes the interaction 
of the CaM binding region to the N-terminal of WFS1 and then impairs the 
WFS1-CaM complex formation. Genotype-phenotype correlation study shows 
that the novel mutation predisposes to early onset of diabetes and severe 
symptoms observed in the proband. We also report the effect of the frame-
shift mutation on the CaM-WFS1 impaired binding, and we discuss its possi-
ble consequence in pancreatic β-cells dysfunction and its role in the early on-
set of diabetes. In conclusion, the combination of impaired functions of 
WFS1 including unproper interaction of the CaM, Ca2+ uptake, mitochondri-
al dysfunction, and apoptosis under the ER stress could be involved in the 
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severe phenotype and early onset of WFS of our patient. 
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1. Introduction 

Wolfram syndrome (WFS) (MIM 222300) is a rare hereditary disorder described 
for the first time in 1938, with an estimated prevalence worldwide from 1/55.000 
to 1/770.000 [1]. It is a progressive neurodegenerative disease, started with di-
abetes mellitus (DM) and optic atrophy (OA) in the first decade followed by di-
abetes insipidus and hearing impairment (HI) in the second decade, by neuro-
pathic bladder in the third decade, and could be followed by neurological com-
plications in the fourth decade [2]. Nonetheless, other neurological and psychia-
tric manifestations could be observed such as ataxia and peripheral neuropathy 
[3]. The inheritance mode of WFS is usually autosomal recessive caused mainly 
by mutations in WFS1 gene mapped to chromosome 4p16.1 [4]. WFS1 gene con-
tains eight exons encoding a transmembrane 890-amino acid protein called wol-
framin an N-glycosylated ER (endoplasmic reticulum) membrane protein [5]. The 
Wolframin protein (WFS1) is composed of an N-terminal cytoplasmic domain, 
nine transmembrane segments, and C-terminal luminal domain [6]. It is has been 
likely involved in several functions including its role in the unfolded protein re-
sponse within the ER lumen, which is essential to cellular homeostasis and integr-
ity [7]. On the other hand, Wolframin has been identified to be one of the calmo-
dulin (CaM) targets and interacting in a Ca2+ dependent manner [8] [9].  

To date, little is known about Wolfram syndrome and few studies in small pa-
tient cohorts, have described mutations in the WFS1 gene, distributed mainly on 
C-terminal domain [10]. Previous studies provided some evidence for a geno-
type-phenotype correlation [11] [12] and reported that WFS1 loss of function 
caused by frameshift and nonsense mutations, lead to glucose intolerance and 
progressive pancreatic β cells apoptosis, via ER stress activation pathway [13] 
[14] [15] [16].  

We present a family including a patient with an early onset of WFS and severe 
manifestations. The result of WFS1 gene sequencing showed a novel homozyg-
ous frameshift mutation leading to loss of function. Bioinformatic tools revealed 
that this mutation leads to a truncated protein and molecular modeling showed 
that this mutation disturbs the WFS1-CaM interaction. Moreover, we review 
additional previously described truncated mutations leading to complete or par-
tial loss of function of WFS1 and we compared the resulting patient’s phenotype. 

2. Material and Methods 
2.1. Subjects 

We studied a consanguineous family where the daughter presents severe wol-
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fram syndrome. The minimum diagnostic criteria for WFS were childhood oc-
currence of diabetes mellitus (DM) and optic atrophy (OA). 

Written consent to participate in the study was obtained from the involved 
individuals in this study. The probands underwent comprehensive physical 
exams, including endocrinological, ophthalmological, and neurological assess-
ments. 

In addition, 100 healthy individuals from the same ethnocultural group were 
tested as controls. These controls should have neither personal nor family histo-
ry of diabetes or any other disorder. All controls provided informed consent.  

2.2. Methods  
2.2.1. DNA Extraction  
Total DNA was extracted from peripheral blood leucocytes using phenol- 
chloroform standard procedures [17].  

2.2.2. WFS1 Gene Sequencing 
For the analysis of WFS1 gene (NM_006005), all exons and their encompassing 
intronic regions were amplified using specific primers (Table 1), by PCR reac-
tion in a thermal cycler (GenAmp PCR System 9700; Applied Biosystem). PCR 
reactions were performed in 25 μl reaction mixtures containing 100 ng of total 
DNA, 10 µM of each primer, 2 mM MgCl2, 10 mM dNTP, 1 × PCR buffer and 2 
U Taq DNA polymerase. The reaction mixture was incubated at 94˚C for 5 min  
 

Table 1. Primers sequences used for PCR-Sanger sequencing. 

Exons Sequence PCR product Annealing temperature 

2 
F: 5’ GATCCTGTATGGAGTGTCTGGC 3’ 
R: 5’GCTGAACTGCAGAGGACCTGGC3’ 

473 pb 65˚C 

3 
F: 5’ AGGCAAACAGTGGCTTTCTGGG 3’ 
R: 5’ ATGGGGCTCAAGTGGGGTAGGG 3’ 

415 pb 65˚C 

4 
F: 5’ CTGGTGTGACCCCATTTCTGCC 3’ 
R: 5’ CTTGGAGATACCAACACAAGCC3’ 

518 pb 65˚C 

5 
F: 5’ CAGATGTCCATGCATCCTTCCC 3’ 
R: 5’ CTGTCCTCACAGGGAAGGTCCC3’ 

462 pb 65˚C 

6 
F: 5’ ATCCCCAGAACGTAGGATGCCC3’ 
R: 5’ CAGCGTCCAGAACACTGAGCCC3’ 

421 pb 65˚C 

7 
F: 5’ AGCTCCTTTCTTAGCTTGGCCC 3’ 
R: 5’ CTTTGTTAGGCGCGAACCTCCC 3’ 

372 pb 65˚C 

8-1 
F: 5’ TGGTGATGGGAAAACGCAAGGG 3’ 
R: 5’ ACATGAAGCACACCAGGTAGGG 3’ 

884 pb 65˚C 

8-2 
F: 5’ CCCATGCAGAGCCCTACACGCG 3’ 
R: 5’ GCTTGGCCAGCAGCTTAAGGCG 3’ 

942 pb 66˚C 

8-3 
F: 5’ CCTGGAAGGAGACCAACATGGC 3’ 
R: 5’ TCAGGCTCAGGGTGGAGATGGC 3’ 

887 pb 68˚C 

8-4 
F: 5’ TTTTCTTCCCATTCCTGTCGGC 3’ 

R: 5’ TTCATTCAACAGGAGTGCAGGC 3’ 
911 pb 65˚C 
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for denaturation, followed by 30 cycles of 94˚C for 40 s, annealing temperature 
for 40 s (Table 1), 72˚C for 40 s, and a final extension of 10 min at 72˚C. The 
PCR products were separated by electrophoresis on a 2% agarose gel stained 
with ethidium bromide. The PCR products were purified and directly Sanger 
sequenced on both strands using ABI PRISM 1.1 Big Dye terminator chemistry 
(Applied Biosystems) on the ABI 3100 Genetic Analyzer (Applied Biosystems). 
The blast homology search was performed using the program available at the 
National Center for Biotechnology Information website in comparison with the 
updated consensus Cambridge sequence (GenBank Accession No. NC_000004.12). 
Sanger sequencing was used also to perform the segregation analysis within the 
family. 

2.2.3. Sequence Alignment and Pathogenicity Prediction 
The sequence alignment of the WFS1 gene was performed using the ClustalW 
program (https://www.ebi.ac.uk/Tools/msa/clustalo/).  

To investigate the pathogenicity of the novel WFS1 variant, VarSome software 
was used https://varsome.com, V6.7, Lausanne, Switzerland). Varsome is a po-
werful annotation tool and search engine for human genomic variants [18]. For 
novel variant, Varsome provides multiple evidence supporting the benignity or 
pathogenicity and the verdict is reported according to the American College of 
Medical Genetics (ACMG) guidelines. 

The assessment of the possible impact of an amino acid substitution on the 
protein structure and the possible effect on the protein function was performed 
using Protter (https://wlab.ethz.ch/protter/start/), Prot-param program  
(https://web.expasy.org/protparam/). Finally, MetaDome  
(https://stuart.radboudumc.nl/metadome/) used the gnomAD for population 
variations and ClinVar for pathogenic variants and allowed to create genetic in-
tolerance regions at the amino acid resolution for whole human protein do-
mains. 

2.2.4. In Silico Protein Analysis 
We focused ours in silico investigations on the p.A214SfsXr72 variant. There are 
currently no 3-D crystal structures for any part of the WFS1 protein. Even in 
SWISS-MODEL server, no identified templates were found for comparative 
modeling, since the sequence of the ER lumenal domain containing the wanted 
residues was not submitted. Therefore, RaptorX Structure Prediction program 
has been an alternative that servers for predicting protein secondary and tertiary 
structure, binding site, and GO annotation (http://raptorx.uchicago.edu/). The 
superposition of the wild type and mutated models ensures the calculation of the 
RMSD and the PyMOL software (V2.4.1) performed molecules interactions. 

The 3-D crystal structure model of the human CaM was available (PDB code 
2jc6). Wolframin residues (2-285) are the interaction region with CaM. The 
docking study starts with the definition of a binding site. The size and location 
of this binding site are adjusted interactively and visualized in PyMOL. Subse-
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quently, the necessary files for the receptor definition and ligand are generated. 
The docking calculations and the results are visualized from within PyMOL. 
Docking results shows the 3-D structure and location of CaM binding to the 
WFS1 protein and their interactions. 

3. Results 
3.1. Clinical Findings 

The proband is a 30-year-old female, with a previous history of diabetes mellitus 
treated with insulin since the age of 3 years presented to her usual follow-up at 
the endocrinology outpatient clinic. She consulted at the age of 7 years to the 
ophthalmology department because of progressive loss of vision, and she was 
diagnosed with optic atrophy. At the age of 20 years old, she reported a progres-
sive bilateral loss of hearing, and audiometric examination showed a bilateral 
high-frequency hearing impairment. The patient also reported dysuria and in-
termittent urinary incontinence since the age of 18 years old, which were related 
to a neurogenic bladder and pyelocaliceal dilation (PCD). The patient reported 
persistent polydipsia even though her diabetes was controlled, and further ex-
ploration was in favor of a central diabetes insipidus. Neurological examination 
showed cerebellar ataxia with autonomic neuropathy or dysautonomia affecting 
the nerves VIII, IX, and X. The patient also reported difficulties of swallowing, 
for which a digestive endoscopy and manometry were conducted and showed 
gastroduodenal hypokinesia. There were no similar cases in her family, and her 
parents and her sister had normal blood glucose levels, and fundus examination 
showed no optic atrophy (Figure 1(a)).  

3.2. Genetic Study and Pathogenicity Prediction  

The molecular analysis of the WFS1 gene in the patient revealed a novel homo-
zygous frameshift mutation c.639_642delGGCG in exon 6 (p.A214SfsX72). The 
mutation was inherited from her heterozygous parents, who were first cousins, 
and was absent in her sister (Figure 1(b)) and 100 sequenced controls. The Mul-
tiple sequence alignment across several species revealed that the p.A214SfsX72 
mutation is located in an evolutionarily conserved position of WFS1 protein 
(Figure 1(c)). 

The novel frameshift c.639_642delGGCG in exon 6 of WFS1 gene leads to a 
premature stop codon (p.A214SfsX72) and according to the Varsome program it 
causes the total removal of the nine transmembrane domains in a short non-
functional protein of 286 amino acids instead of 890 amino acids (Figure 1(d)). 
The remaining 286 aa of the N-terminal represents a truncated WFS1 protein, 
which is likely to be degraded after translation. MetaDome software showed that 
this residue is an intolerance region for any mutation. Besides, the ProtParam 
program showed a 1.7-fold increase of the instability index in the mutated pro-
tein. These bioinformatics tools predicted that p.639_642delGGCG is most likely 
damaging the WFS1 protein. 
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Figure 1. (a) Pedigree of WFS family. Black circle: affected female; white square: unaffected male; white circle: unaffected female; 
arrow: the proband. (b) Sanger sequencing results of WFS1 gene. The proband has a novel frameshift mutation at codon 214 
(p.A214SfsX72) in exon 6 of WFS1 caused by the homozygous deletion mutation (c.639_642delGGCG). (c) Multiple sequence 
alignment of N-terminal region of WFS1 from different species (Human, Rat, Mouse Bovine) using ClustalW. The red back-
ground indicated mutated residue. The blue background indicated CaM-binding region of wolframin protein (90-186). (d) The 
position of the nonsense and frameshift mutations in WFS1. Predicted structure of the wolframin with nine putative transmem-
brane domains, and position of the novel mutation in WFS1 indicated by the red dot. Mutations are color-coded according to 
their mutation groups: complete loss of function (blue) and partial loss of function (green). 

3.3. Effect of the p.A214SfsX72 Mutation on the 3D WFS Protein  
Structure and Its Interaction with CaM Protein 

The 3-D modeling of the wild type and mutated WFS1 proteins showed the ab-
sence of the first helix (residues 67 - 77) in the mutated protein. Also, the root 
means square deviation or RMSD was significantly high (7.58 Å > 2) suggesting 
the overall modified structure of the mutated WFS1 protein compared to the 
wild type (Figure 2).  

The proteomic analysis identified that wolframin is one of the Calmodulin 
(CaM) binding protein targets [8]. Therefore, the N-terminal cytoplasmic do-
main of WFS1 protein (residues 2-285) contains its interaction region with CaM 
protein indicating that the p.A214SfsX72 mutation could affect the CaM binding 
ability of WFS1 protein. Indeed, we suggest that p.A214SfsX72 mutation ab-
olishes this binding since the missing helix present multiple interactions within 
the neighborhood amino acids and the CaM protein (Figure 2).  
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Figure 2. Cartoon representation of the model structure of wild-type (pink color) and mutated (blue color) WFS1 and CaM (yel-
low color). Left: Overall structure and superposition of the two WFS1 models. Right: N-terminal WFS1 region and CaM binding 
region. Zoom on the interaction between wt-WFS1 and CaM binding region (orange dotted line) and mutated-WFS1 and Ca-M 
binding region (green dotted line). Missed helix (residues 67 - 77) in the mutated model colored with blue color. 

3.4. Genotype-Phenotype Correlation Analysis 

We generated a mutational spectrum of nonsense and frameshift mutations of 
the WFS1 according to Human Gene Mutation Database (HGMD) 
(http://www.hgmd.cf.ac.uk/ac/index.php). We selected 15 WFS1 known muta-
tions, including 6 nonsense and 9 frameshift mutations in previously described 
patients with Wolfram syndrome, mainly located in exon 8 (Table 2). Exon 8 is 
the longest WFS1 exon with 1.812 Kbp and encodes the nine transmembrane 
domains and the C-terminal extracellular region of wolframin (Figure 1(d) and 
Table 2). We aimed to study the genotype-phenotype correlation. For this pur-
pose, we divided the 15 mutations according to the predicted consequences on  
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Table 2. Nonsense and frameshift mutations with complete and partial loss of WFS function. 

Mutation group 
Age of  
onset 

Exon 
Nucleotide  
change 

Amino acid  
change 

Type of  
mutation 

Homo/ 
Hetero 

First  
description 

Complete loss of function 1.8 4+8 
c.409_424dup + 
c.1193_1243dup 

p.V142X + 
p.V415fs 

Nonsense +  
Frameshift 

Homo [12] 

Complete loss of function 4.3 5 c.599delT p.L200fs Frameshift Homo [12] 

Complete loss of function 1.5 7 c.740_741delTT p.F247fs Frameshift Homo [12] 

Complete loss of function 1.7 8 c.1096C > T p.Q366X Nonsense Homo [1] 

Complete loss of function 1 8 c.1362_1377del16 p.Y454fs Frameshift Homo [31] 

Complete loss of function 1.3 8 c.1619G > A p.W540X Nonsense Homo [12] 

Complete loss of function 4.2 8 p.1775_1776insGGAT p.E593fs Frameshift Homo [12] 

Complete loss of function 5.1 8 c.1838G > A p.W613X Nonsense Homo [2] 

Complete loss of function 3.3 8 c.1919_1929del p.L640fs Frameshift Homo [12] 

Complete loss of function 3 6 c.639_642del p.A214Sfs Frameshift Homo Our study 

Partial loss of function 2.6 7 + 8 
c.740_741delTT + 
c.2048T > C 

p.F247fs + 
p.M683R 

Frameshift + 
missense 

Comp Hetero [12] 

Partial loss of function 3.7 5 + 8 c.599delT + c.2006A > G 
p.L200fs + 
Y669C 

Frameshift + 
missense 

Comp Hetero [1] 

Partial loss of function 4 8 
c.1251_1252delinsG + 
c.1973delA 

p.F417fs + 
p.K658fs 

Frameshift Comp Hetero [12] 

Partial loss of function 8.5 8 c.1943G > A p.W648X Nonsense Homo [32] 

Partial loss of function 4.9 8 c.1997G > A p.W666X Nonsense Hetero [33] 

Homo: Homozygous; Hetero: Heterozygous; Comp Hetero: Compound Heterozygous; (?): Unknown. 
 

wolframin function [5] into a group with partial loss of function and a group 
with complete loss of function in which we included our homozygous frameshift 
mutation (p.A214SfsX72). 

Comparison of age at onset of WFS between these two groups revealed that 
mean age at WFS onset was 2.71 ± 1.52 years in individuals carrying mutations 
with a predicted complete loss of function, 4.74 ± 2.25 years in those carrying 
mutations with a predicted partial loss of function. 

Using the following approach, we showed that the mutation’s nature and its 
consequence on WFS1 function could define the WFS age at onset. Unfortu-
nately, clinical data were incomplete and did not allow any statistically signifi-
cant correlation between the two different groups of mutations and other clinical 
features of the WFS. 

4. Discussion 
4.1. p.A214SfsX72 Responsible for WFS1 Loss of Function 

Wolfram syndrome is an autosomal recessive rare hereditary neurodegenerative 
disease. The Juvenile-onset of DM and OA is the current ascertainment criteria 
for WFS [19]. WFS1 gene was discovered in 1998 and described as responsible 
for most WFS [10]. Till now, more than 300 different mutations spread over the 
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entire coding region in WFS1 have been identified, but most of these mutations 
are located in the exon 8 encoding the nine transmembrane domains and the 
C-terminal tail of wolframin [20]. Mutations in WFS1 gene are typically inacti-
vating, suggesting that a loss of function causes the disease phenotype [21]. 

In this study, we identify a novel mutation located in exon 6 of WFS1 
c.639_642delGGCG, (p.A214SfsX72) which was disease-causing only in its ho-
mozygous status in the patient and his heterozygous parents did not present any 
feature of WFS. The mutation p.A214SfsX72 was within an evolutionarily con-
served region in N-terminal tail and bioinformatics tools predicted it to be dele-
terious. Indeed, it causes a frameshift and leads to a premature stop codon at po-
sition 286 producing a truncating protein in which all the domains were re-
moved and retains only the N terminal tail. This mutation leads to loss of func-
tion based on computational analysis and compared with previously reported 
frameshift and nonsense mutations (Table 2).  

4.2. Severe Phenotype Correlated to p.A214SfsX72 

Related to complete or partial loss of function, patients could present phenotype 
with variable severity. Our proband with severe phenotype presented diabetes 
mellitus early at the age of 3 years followed by bilateral optic atrophy at the age 
of 7 years and hearing impairment at the age of 20 years. Therefore, our patient 
was diagnosed with DM much earlier than OA and hearing loss. Compared with 
previously reported patients with frameshift, nonsense and missense mutations 
and for whom clinical features details were reported (Table 3) our proband pre-
sented the earliest diabetes age of onset. The genotype-phenotype analysis 
showed that age at onset of WFS among the individuals carrying mutations with 
complete loss of function is earlier than those carrying mutations with partial 
loss of function that agrees with our in-silico prediction for the proband having 
an early age of onset. This finding lines the meta-analysis data by Cano et al. 
[11], suggesting that mutations leading to a loss of function predispose to an ear-
lier onset of diabetes. On the other hand, additional symptoms were also re-
ported in most severe WFS phenotypes including, cataract and neurological de-
fect [10] [22], but our patient seems presented more complicated and severe 
phenotype with cerebellar ataxia and renal and gastric dysfunctions which could 
be related to the type and effect of the responsible p.A214SfsX72 mutation. Thus, 
and based on clinical data availability related to the details of phenotype and the 
loss of function of WFS1 protein, we picked five WFS1 mutations including two 
frameshifts (F883fsX951 and F883fsX950) and two nonsense (p.Q486X and 
Q194X) mutations (Table 3). Our data analysis revealed that the two selected 
frameshift mutations led to mutated proteins carrying an extended C-terminal 
region and that p.Q486X mutation led to a short protein with only 3 out of 9 
transmembrane domains. However and as the Q194X mutation, our novel fra-
meshift mutation p.A214SfsX72 generates only a part of the N-terminal of WFS1 
protein and which is probably responsible for the very severe phenotype of our 
proband (Figure 3). 
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Table 3. Clinical features associated to the WFS1 mutated gene in our study compared to the litterature. 

Case 
WFS1  
loss of 
function 

Age 
(years) 

Sex 
Family 
history 

DM, age of 
diagnosis 

OA, age of 
diagnosis 

HI, age of  
diagnosis 

Other features,  
age of diagnosis 

Reference 

Homozygous,  
Frameshift 
(p.A214SfsX72) 

+ 30 F Negative 
Type I, 3 
years 

Bilateral, 7 
years 

Bilateral, 20 years 

Abnormal MRI:  
cerebellar ataxia 

Dysuria and intermittent  
urinary incontinence 

Gastro duodenal hypokinesia 

Our study 

Homozygous,  
Frameshift (F883fsX951) 

+ 42 M Negative ?, 8 years ?,12 years ?, 10 years Abnormal EEG [21] 

Heterozygous  
Frameshift (F883fsX950) 

+ 20 F Negative ?, 7 years ?, 11 years ?,13 years Cataract [21] 

Homozygous,  
nonsense (p.Q486X) 

+ 35 M Negative ?, 7 years 
Bilateral, 10 
years 

Ability deceased  
in the late third 
decade of life, 30 
years 

Hydronephrosis and  
hydroureter 

Hyperreflexia in the lower 
limbs 

[34] 

Heterozygous,  
nonsense (p.Q194X) 

+ 31 F Negative ?, 5 years ?, 16 years ?,? 
Retarded puberty 

Cataract diabetic retinopathy 
[18] 

Compound heterozygous, 
missense  
(p.F350I + p.G674R) 

- 42 M Negative 
Type I, 28 
years 

Bilateral, 42 
years 

Bilateral No [10] 

Heterozygous,  
missense (p.H313Y) 

- 24 M Negative 
Type I, 10 
years 

Bilateral, 24 
years 

Bilateral, 2.5 years Left-sides glaucoma, 24 years [10] 

DM: Diabetes Mellitus; OA: Optic Atrophy; HI: Hearing Impairment; MRI: Magnetic resonance imaging; EEG: Electroencephalo-
gram; ?: Not indicated. 
 

 

Figure 3. Schematic illustration of five mutated WFS1 proteins caused by truncating mutations in Wolfram syndrome (a) 
Full-length human WFS1 is 890 aa long and contains nine transmembrane domains. (b) Schematic representation of WFS1 deriv-
atives caused by truncated mutations including the novel p.A214SfsX72 mutation. 
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4.3. p.A214SfsX72 Loss of Function Consequences 

It is hard to predict exactly the effect of the loss of function mutations on the bi-
ological and molecular functions of wolframin that are clearly elucidated. In-
deed, it has been reported that wolframin protein is likely involved in calcium 
homeostasis and is a negative regulator of ER stress and described as a target for 
CaM. Wolframin has been shown to interact with CaM in a Ca2+ dependent 
manner and proteomic approaches lead to identifying Ca2+/CaM-mediated sig-
naling pathway [8]. Indeed, the N-terminal cytoplasmic domain (E90-W186) in 
wolframin has been identified to be the CaM-binding region and likely forms a 
compact conformation [8]. Based on the effect of the frameshift mutation 
p.A214SfsX72 on the deletion of all domains and part of the N-terminal tail, we 
aimed to study the effect on its interaction with CaM using molecular modeling. 
The 3-D protein modeling shows that the p.A214SfsX72 mutation caused mis-
folding of WFS1 protein and abolishing the CaM binding site and then impair-
ing the WFS1-CaM binding and interaction. These findings strongly suggest not 
only the pathogenic effect of the novel mutation but also that CaM binding 
could be important in regulating wolframin function, and therefore, wolframin 
may participate in a novel Ca2+ signaling transduction system. In addition, 
CaM-AC8 complex plays a key role in integrating the cAMP-Ca2+ [23], and 
Kondo et al. showed that WFS1 is important for glucose and GLP1 (Gluca-
gon-like peptide-1) induced cAMP (Cyclic adenosine monophosphate) produc-
tion [24]. WFS1 mutations impairing these interactions lead to reduction of 
cAMP activity and insulin mRNA synthesis. Thus, mutated WFS1 translocates 
back to the ER, contributing to the UPR (Unfolded Protein Response) activation 
and to the inhibition of insulin biosynthesis and secretion [25] (Figure 4). This 
consequence on β-Cell function in Wolfram Syndrome was also analyzed by 
functional study performed on fibroblast cells from patients with different WFS1 
mutations. Indeed, results revealed that WFS1 deficient β-Cells showed in-
creased levels of ER stress molecules and decreased insulin content. In addition, 
when these WFS1 deficient β-Cells were exposed to experimental ER stress, their 
insulin processing was impaired and were unable to enhance insulin secretion in 
response to glucose and other secretagogues [15]. Besides, Plaas et al., described 
a Wfs1 mutant rats (Wfs1-ex5-KO232 rats) in which exon 5 of the Wfs1 gene is 
deleted resulting in a loss of 27amino acids from the protein. This Wfs1 mutant 
rat model mimics the human WFS conditions and showed progressive glucose 
intolerance, leading to diabetes mellitus, glycosuria, and hyperglycemia, accom-
panied by decreased glucose-stimulated insulin secretion [14].  

Restoring ER homeostasis required functional Wolframin which is a UPR 
component that is activated by the accumulation of misfolded or unfolded pro-
teins [26]. Mutations in WFS1 generate wolframin deficiency, resulting in un-
folded protein accumulation and inappropriate UPR activation which might lead 
to apoptosis [27]. Infancy-onset WFS had been proved to be caused by β-cell loss 
and Langerhans islets atrophy, via ER stress [28] (Figure 4). Besides, during ER  
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Figure 4. Schematic illustration of the structure and function of WFS1 under normal and disease conditions. In Wolfram syn-
drome, mutations in WFS1 gene causing loss of function of the WFS1 protein leads to 1) NCS1 degradation, no formation of the 
complex with IP3R1 and decreased ER-mitochondria Ca2+ transfer. Therefore, the WFS1/NCS1/IP3R1 complex and VDAC1 are 
non-functional, Ca2+ cannot be properly transferred from the ER to mitochondria and activate the TCA cycle leading to mito-
chondrial respiratory chain deficiency. 2) Mutated WFS1 is unable to recruit the ER transcription factor ATF6α to the E3 ligase 
HRD1 under ER stress conditions. ATF6α escapes from the proteasome-dependent degradation, leading to chronic hyperactiva-
tion of ATF6α signaling and apoptosis. 3) Mutated WFS1 compromises complex formation between AC8 and calmodulin which 
alters cAMP activity, responsible for increasing insulin secretion and the protein folding demand. When the ER stress response is 
activated, WFS1 translocates back to the ER, contributing to the UPR. This concomitantly inhibits insulin secretion and biosyn-
thesis. 
 

stress, WFS1 also plays a crucial role in regulating ATF6α (Activating Transcrip-
tion Factor 6 alpha). Indeed, in WFS, ATF6α is released from WFS1 and escapes 
from the proteosome-dependent degradation and it translocates from the ER 
membrane to the nucleus. ATF6α upregulates stress signaling targets and its 
hyperactivation is involved in β-cell apoptosis [25] (Figure 4). A functional 
study using HEK295T cell line showed that knocking down WFS1 up-regulates 
the mRNA levels of GRP78, XBP1, and CHOP, which are ER stress-related mo-
lecules. Furthermore, TUNEL assay and flow cytometry analysis showed that the 
transfection with wild-type WFS1 expression plasmid decreased cell apoptosis 
compared to mutant WFS1 expression plasmid. WFS1 mutant activated the un-
folded protein response (UPR) pathway and inducing dysregulated ER stress 
signaling and increasing the cell apoptosis [13]. These findings could explain the 
first and early manifestation in our proband with WFS. Also, WFS is characte-
rized by clinical manifestations affecting several organs as in mitochondrial dis-
eases has been also described with mitochondrial respiratory chain deficiency 
due to the role of WFS1 loss of function in the decrease of ER-mitochondria Ca2+ 
transferred and NCS1 (Neuronal Calcium Sensor 1) degradation [29]. In fact, 
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mutated WFS1 is involved in mitochondrial dysfunction and Ca2+ uptake. In 
healthy cells, WFS1 binds to NCS1 (Neuronal Calcium Sensor 1) and form with 
IP3R1 (Inositol 1, 4,5-Triphosphate Receptor, type 1) a complex to activate 
ER-mitochondria Ca2+ transfer via VDAC1 (Voltage-Dependent Anion Channel 
1). Ca2+ can be properly transferred from the ER to mitochondria and activate 
the TCA cycle and mitochondrial respiratory chain (Figure 4).  

Under certain metabolic conditions, La Morgia et al. discovered calcium mi-
shandling between the ER and the mitochondria, resulting in mitochondrial 
dysfunction. They revealed that wolframin protein is abundant in mitochondri-
al-associated ER membranes and that WFS1 protein is totally absent in pa-
tient-derived fibroblasts. They stated that a loss of function might result in im-
proper calcium influx within mitochondria [30]. 

Given these findings, we suggested that the combination of impaired func-
tions of WFS1 including improper WFS1-CaM interaction, Ca2+ uptake, mito-
chondrial dysfunction, and apoptosis under the ER stress could be involved in 
the severe phenotype and early onset of WFS in our patient.  

5. Conclusion 

In summary, we report severe WFS phenotype in a patient affected by novel 
WFS1 homozygous frameshift mutation resulting in total removal of the nine 
transmembrane domains which lead to a complete loss of WFS1 function. We 
also demonstrated by 3D modelling its effect on the CaM-WFS1 impaired inte-
raction and we discuss its possible consequence in pancreatic β-cells dysfunction 
such as mitochondrial respiratory chain deficiency, apoptosis and insulin secre-
tion/biosynthesis inhibition, and its role in the early onset of diabetes. 
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