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AbstrAct
Background: Wolfram Syndrome 1 (WS1) has 
been characterized on the basis of mutation 
in the WFS1 gene encoding a calcium storage 
wolframin endoplasmatic reticulum transmem-
brane glycoprotein. 

Case Presentation: We observed a WS 
10-years old female subject, with Type 1 dia-
betes-mellitus (DM), that had compound het-
erozygous WSF1 mutations but without other 
symptoms generally observed in WS subjects, 
such as optic atrophy or neurodegeneration. 

Results: Decreased copper, ceruloplasmin, 
and transferrin levels, pointing to a copper 
deficiency, were associated with a new c.1870-
3A>G mutation in the ATP7B gene, while lower 
calcium levels were associated with WSF1 mu-
tations. An omega-3 fatty acids therapy was 
administrated to the subject in the attempt to 
ameliorate diabetes symptoms, restored copper 
deficiency, and normal calcium levels.

Conclusions: This specific case report pro-
vides new insights into the potential interplay 
of ATP7B mutation in shaping a milder WS 
clinical picture.

IntroductIon

Wolfram syndrome (WS) is a rare disease1, estimat-
ed to afflict about 1 in 770,000 in the UK and af-
fecting about 1% of the world’s population (https://

www.orpha.net/consor/cgi-bin/index.php). Accord-
ing to the draft International Classification of Dis-
eases (ICD-11), WS is categorized as a specified 
diabetes mellitus (DM; subcategory 5A16.1), and 
is also known as insipidus-diabetes mellitus-op-
tic atrophy-deafness syndrome (DIDMOAD). Two 
types of WS have been characterized on the basis 
of mutations in different genes: WS1, with muta-
tion in WFS1 encoding for a calcium storage wol-
framin endoplasmatic reticulum (ER) transmem-
brane glycoprotein, and WS2, caused by CISD2 
mutations, which codes for a protein located in ER 
and mitochondria. WS is considered a prototype of 
ER disease2-4. Eukaryotic cells have a defense sys-
tem called the “unfolded protein response”, which 
protects cells from ER stress5. ER stress enhances 
WFS1 expression, suggesting that WFS1 mutations 
increase susceptibility to ER stress that leads to 
cell death and WS onset6,7. 

cAse report

In this case study, a 10-year-old female subject 
(named here as ‘Investigational Subject’ ISj) was 
first admitted at the San Raffaele Hospital, Italy, 
with type 1 diabetes. ISj was screened for a number 
of Type 1 diabetes and WS genes and was found to 
be a compound heterozygous for c.316-1G> A and 
c.757 A>T mutations in the WFS1 gene, classified 
as rare with uncertain significance and likely patho-
genic. Based on these data, a diagnosis of WS1 was 
made.  Unexpectedly, she had a mild WS1 symp-
tomatology, showing no deficit in the optic nerve 



2 R. Squitti, G. Cerchiaro, I. Giovannoni, P. Francalanci, M. Siotto, P. Maffei, M.C. Rongioletti

(Table 1). While ferritin and iron were within the 
normal range, excluding iron deficiency, copper 
status levels were disturbed, with a copper deficien-
cy typified by decreased copper (pediatric normal 
range 11.8-24.8 µmol/L8) and ceruloplasmin (Table 
1). This result was unexpected since type 1 diabetes 
has been associated with a higher level of copper in 
general circulation7. The increase of the Cp:Tf ratio 
likely reflects processes of both oxidative stress and 
inflammation9,10. To investigate the copper deficien-
cy associated to WS, ISj mother (Mo), ISj father 
(Fa), and three additional WS1 subjects (S1, S2, and 
S3) had copper panel evaluation (Table 1).  While 
Fa and the three WS1 subjects showed normal to 
high levels, Mo had copper and ceruloplasmin lev-
els lower than the normal range (Table 1). To fur-
ther investigate copper deficiency, DNA from ISj 
and Mo blood was extracted and analyzed for the 
entire coding sequence of ATP7B gene. ATP7B mu-
tations cause Wilson’s disease (WD), an inherited 
metabolic disorder of impaired copper transport. 
Sequencing analysis showed in ISj a heterozygous 
condition for a new variant c.1870-3A>G and in 
Mo a compound heterozygosity for two variants: 
c.98T>C (p.M33T) and c.1870-3A>G (Figure 4). 

or hearing problems, but characterized by type 1 
diabetes (data not shown). The WS subject came 
to our attention for copper status evaluation, since 
emerging evidence7 associated high levels of cop-
per to type 1 diabetes. 

ISj underwent a complete metabolomics analy-
sis carried out by Metabolon (North Carolina, NC, 
USA; Supplemental Tables 1 and 2). This work 
revealed abnormalities in pathways that use copper 
as cofactor. Copper is an essential trace metal and 
a co-factor for a number of vital enzymes in metab-
olism involved in various metabolic pathways6. In 
particular, the results showed: (a) decreased levels 
of two metabolites linked to the polyamine cycle: 
4-guanidino butanoate and beta-alanine; (b) de-
creased level of one metabolite linked to the amino 
acid tryptophan cycle: chinurenine; (c) decreased 
levels of two metabolites resulting from the catab-
olism of ascorbate: threonate and oxalate (Figures 
1, 2. and 3). Therefore, ISj was screened for a panel 
of copper and associated metal biological variables, 
including measures of copper, iron, ceruloplasmin, 
transferrin, ferritin, percentage of transferrin satu-
ration (% TfSat), ceruloplasmin-transferrin (Cp:Tf) 
antioxidant system as revealed by the Cp:Tf ratio 

Figure 1. Polyamine 
cycle: role of copper 
enzymes

https://www.cellr4.org/wp-content/uploads/sites/2/2019/11/Supplemental-Material-e2735.pdf
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of normal reported as representative of a “normal” 
value of urine human copper excretion11,12). Howev-
er, after the D-pen challenge test, the value raised 
to 291 μg/day, which is higher than 200 μg/24 h (5x 
ULN). According to Nicastro et al11, this might be 
associated to asymptomatic WD subjects.  

ISj began an omega-3 fatty acids (OM3FA) 
eicosapentaenoic acid (EPA) therapy to amelio-
rate the type 1 diabetes symptoms. After 3 months 
under OM3FA/EPA therapy, ISj’s transferrin and 
bilirubin values remained lower, while copper and 

The new variant c.1870-3A>G was not detected in 
300 control chromosomes, 1000 genomes Project 
database nor in ClinVar archive, and was then clas-
sified as rare with an “uncertain significance”. In 
silico study (https://www.interactive-biosoftware.
com/alamut-visual/) indicated that c.1870-3A>G 
mutation could affect the splicing site of the mRNA 
with a high probability of producing an incorrect 
mRNA maturation that is translated into a protein 
of altered size and shape (Figure 5).  

To exclude the possibility of WD, the Kay-
ser-Fleischer Ring examination was performed 
on both ISj and Mo, and it resulted negative. Mo 
also underwent a measure of 24 hours (24 h) urine 
copper concentrations in basal conditions and after 
1000 mg/day of D-penicillamine (D-pen; “D-pen 
challenge test”). Mo’s 24 h urine copper was 4 µg/
day, within the normal range (40 μg/day; upper limit 

Figure 2. Metabolic way of tryptophan/kynurenine.

Figure 3. Metabolic way of ascorbate. 



4 R. Squitti, G. Cerchiaro, I. Giovannoni, P. Francalanci, M. Siotto, P. Maffei, M.C. Rongioletti

metabolites have been returned to normal levels 
(Supplemental Table 3 and Supplemental Table 
4). Long-chain omega-3 fatty acids/EPA have been 
shown to have beneficial effects in the management 

ceruloplasmin levels reached normal range, as 
shown in Table 1 (second column). In line with this 
finding, changes in the activity of the copper en-
zymes described above (data not shown) and other 

Figure 4. Chromatography from Sanger technique of the mutation c.1870-3A>G presented in ISj and Mo. 

Figure 5. The figure shows the result of the pathogenicity prediction using the bioinformatics tool ‘Alamut’ (https://www.
interactive-biosoftware.com/alamut-visual/). As indicated, the mutation could have the effect of altering the splicing site of the 
messenger RNA with a high probability of producing an incorrect maturation of the same messenger RNA that is translated 
into a protein of altered size and shape. 

https://www.cellr4.org/wp-content/uploads/sites/2/2019/11/Supplemental-Material-e2735.pdf
https://www.cellr4.org/wp-content/uploads/sites/2/2019/11/Supplemental-Material-e2735.pdf


A case of a mild Wolfram Syndrome with concomitant ATP7B mutation 5

of various inflammatory and pro-oxidant states. 
The primary role of EPA is as an anti-inflamma-
tory agent, and its appropriate use has been proven 
to be effective in both experimental and clinical 
trials in reducing concentrations of inflammatory 
markers, such as cytokines and leukotrienes, and 
have shown some effects on diabetes13. Docosahex-
aenoic acid (DHA) supplementation improves liver 
steatosis and insulin sensitivity in children with 
non-alcoholic fatty liver disease14 , which has been 
associated with a mild copper deficiency15. Also, we 
can speculate potential beneficial effects of DHA 
on copper deficiency, in line with our observation.  

Furthermore, we measured, through the induc-
tively coupled plasma mass spectrometry (ICP-
MS), the content of other metals and metalloid in 
the serum of subject ISj, Mo, and three subjects 
affected by WS (named S1, S2, and S3; Table 2). 
ISj’s metal levels were measured before and after 
a three-month period of OM3FA therapy. Among 
the elements analyzed, calcium was decreased in 
all WS affected subjects (S1, S2, and S3) and ISj 
before OM3FA therapy), showing a shared molec-
ular feature, as described in literature1. Calcium 
levels increased in subject ISj after treatment, 
approaching normal values (Table 2). It has been 
reported that wolframin protein binds to sarco/en-
doplasmic reticulum Ca2+-ATPase (SERCA) and 
modulates its function16. SERCA is a mammalian 
membrane-bound protein sustaining Ca2+ trans-
port and involved in cell Ca2+ signaling and ho-
meostasis17. The activation of SERCA can sustain 
high ER calcium levels even under pathological 
conditions that could prevent death of neurons and 
β cells16,17. WS1 mutations can affect wolframin 
-SERCA interaction, resulting in low level of cal-
cium, in line with our observation of lower levels 
of calcium detected in the serum of WS subjects 
(Table 2), and in ISj before OM3FA/EPA therapy. 
Since ISj’s calcium levels approached normal val-
ues after the OM3FA/EPA therapy, we can specu-
late that the treatment had some beneficial effects 
in maintaining SERCA activity. Vanadium was 
also consistently increased in both ISj and Mo 
(40 times higher than normal range), while levels 
were within the reference range in other WS sub-
jects. The abnormalities found in Vanadium may 
be ascribed to the ATP7B c.1870-3A>G mutation 
or to a source of environmental contamination or 
exposure associated to ISj and Mo living area (Ta-
ble 2).

The substitution of an adenosine (A) with a 
guanine (G) at the negative splice site of exon 6 
(c.1870-3A>G) produces an alteration in splicing of 
mRNA, and results in an altered ATPase7B pro-
tein18. The presence of heterozygosity of the c.1870-
3A> G mutation classifies ISj as healthy ATP7B 
carriers. This mutation can explain the levels be-
low the normal values of copper and ceruloplasmin 
observed in ISj and in Mo. Table 3 shows the single 
nucleotide polymorphisms (SNPs) of the ATP7B 
gene identified in ISj and Mo. Of note, is the fact 
that Mo presents the missense variant p.M33T in 
exon 2. The VarSome-clinical platform indicated 
that the p.M33T mutation is rare [frequency of the 
least frequent allele in the normal population (Mi-
nor allele frequency) MAF <0.01] and classified as 
genetic variant “with uncertain significance”. The 
fact that this mutation was not inherited by ISj is 
suggestive that the two mutations c.1870-3A>G and 
M33T lie on different chromosomes according to 
the Mendelian law of segregation of alleles. This 
suggests a high probability that Mo is a compound 
heterozygote for c.1870-3A>G / M33T, and that 
both ATP7B copies are altered. The clinical and 
biological meaning of the p.M33T variant remains 
unknown and further works are needed to reveal 
whether it has a clinical impact in WD onset. In 
an anamnestic interview, Mo reported that she suf-
fered from anorexia at the age of 20 which could be 
suggestive of asymptomatic WD, although a diag-
nosis cannot be posed since she is in good health. 
While type I diabetes is associated with elevated 
levels of serum/plasma copper7, ISj, diagnosed with 
type I diabetes, had lower than normal basal levels 
that normalized after a three months OM3FA/EPA 
therapy. Although speculative, it cannot be exclud-
ed that the c.1870-3A>G ATP7B mutation could 
have exerted modulation effects on WS1 mutation 
penetrance, or on the complications associated with 
diabetes type I, contributing to the relatively mild 
clinical picture exhibited by ISj. The ATP7B gene 
is a highly polymorphic gene, and its mutations or 
single SNPs can have very different effects in rela-
tion to the “biological context”. For example, two 
SNPs K832R and R952K have recently been iden-
tified as risk factors for Alzheimer’s disease19-23, as 
modulators of levels of non-ceruloplasmin copper. 
Their effect seems to be cancelled by the c.1870-
3A>G heterozygous mutation identified in ISj and 
Mo who shows no altered levels of non-ceruloplas-
min copper (data not shown).
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Data are reported as ng/ml, measured in serum samples after a 24 hour fast.



A case of a mild Wolfram Syndrome with concomitant ATP7B mutation 7

 2. Ishihara H, Takeda S, Tamura A, Takahashi R, Yama-
guchi S, Takei D Yamada T, Inoue H, Soga H, Katagiri 
H, Tanizawa Y, Oka Y. Disruption of the WFS1 gene 
in mice causes progressive beta-cell loss and impaired 
stimulus-secretion coupling in insulin secretion. Hum 
Mol Genet 2004; 13: 1159-1170. 

 3. Riggs AC, Bernal-Mizrachi E, Ohsugi M, Wasson J, Fat-
rai S, Welling C, Murray J, Schmidt RE, Herrera PL, Per-
mutt MA. Mice conditionally lacking the Wolfram gene 
in pancreatic islet beta cells exhibit diabetes as a result 
of enhanced endoplasmic reticulum stress and apoptosis. 
Diabetologia 2005; 48: 2313-2321. 

 4. Fonseca SG, Fukuma M, Lipson KL, Nguyen LX, Allen 
JR, Oka Y, Urano F. WFS1 is a novel component of the 
unfolded protein response and maintains homeostasis of 
the endoplasmic reticulum in pancreatic beta-cells. J Biol 
Chem 2005; 280: 39609-39615. 

 5. Ariyasu D, Yoshida H, Hasegawa Y. Endoplasmic retic-
ulum (ER) stress and endocrine disorders. Int J Mol Sci 
2017; 18. pii: E382. doi: 10.3390/ijms18020382.

 6. Gaggelli E, Kozlowski H, Valensin D, Valensin G. Cop-
per homeostasis and neurodegenerative disorders (Alzhei-
mer’s, prion, and Parkinson’s diseases and amyotrophic 
lateral sclerosis). Chem Rev 2006; 106: 1995-2044. 

 7. Qiu Q, Zhang F, Zhu W, Wu J, Liang M. Copper in diabetes 
mellitus: a meta-analysis and systematic review of plasma 
and serum studies. Biol Trace Elem Res 2017; 177: 53-63. 

 8. Lin CN, Wilson A, Church BB, Ehman S, Roberts WL, 
McMillin GA. Pediatric reference intervals for serum 
copper and zinc. Clin Chim Acta 2012; 413: 612-615. doi: 
10.1016/j.cca.2011.12.005.

FundIng: 
RS thanks Fondazione Silvio Tronchetti Provera 2017-2018: 
Copper deficiency associated with WFS1 mutations and 
Ricerca Corrente. GC thanks to FAPESP (2019/04799-0), 
CAPES (Print Program) and CNPq.

conFlIct oF Interest:
RS is Chief Scientific Officer of IGEA Pharma N.V.; she has 
some shares in IGEA Pharma N.V., but does not receive mon-
etary compensation. 

ethIcAl ApprovAl:
All procedures were reviewed and approved by the Local In-
stitutional Review Committee and were in accordance with 
the 1964 Helsinki Declaration and its later amendments or 
comparable ethical standards. 

InFormed consent:
An informed consent was obtained from the subject partici-
pating in this research.  

AddItIonAl mAterIAl:
– Metabolic Data Panel Analyses 

reFerences

 1. Urano F. Wolfram syndrome: diagnosis, management, 
and treatment. Curr Diab Rep 2016; 16: 6. doi: 10.1007/
s11892-015-0702-6.



8 R. Squitti, G. Cerchiaro, I. Giovannoni, P. Francalanci, M. Siotto, P. Maffei, M.C. Rongioletti

17. Lewis D, Pilankatta R, Inesi G, Bartolommei G, Moncelli 
MR, Tadini-Buoninsegni F. Distinctive features of catalytic 
and transport mechanisms in mammalian sarco-endoplasmic 
reticulum Ca2+ ATPase (SERCA) and Cu+ (ATP7A/B) AT-
Pases. J Biol Chem 2012; 287: 32717-32727. 

18. Squitti R, Siotto M, Bucossi S, Polimanti R. In silico inves-
tigation of the ATP7B gene: insights from functional pre-
diction of non-synonymous substitution to protein structure. 
Biometals 2014; 27: 53-64. doi: 10.1007/s10534-013-9686-3.

19. McCann CJ, Jayakanthan S, Siotto M, Yang N, Osipova 
M, Squitti R Lutsenko S. Single nucleotide polymor-
phisms in the human ATP7B gene modify the properties 
of the ATP7B protein. Metallomics 2019; 11: 1128-1139. 
doi: 10.1039/c9mt00057g.

20 Mercer SW, Wang J, Burke R. In vivo modeling of the 
pathogenic effect of copper transporter mutations that 
cause Menkes and Wilson diseases, motor neuropathy, 
and susceptibility to Alzheimer’s disease. J Biol Chem 
2017; 292: 4113-4122. doi: 10.1074/jbc.M116.756163.

21. Squitti R, Polimanti R, Siotto M, Bucossi S, Ventriglia 
M, Mariani S, Vernieri F, Scrascia F, Trotta L, Rossini 
PM. ATP7B variants as modulators of copper dyshomeo-
stasis in Alzheimer’s disease. Neuromolecular Med 2013; 
15: 515-522. doi: 10.1007/s12017-013-8237-y.

22. Squitti R, Ventriglia M, Gennarelli M, Colabufo NA, El 
Idrissi IG, Bucossi S, Mariani S, Rongioletti M, Zanetti 
O, Congiu C, Rossini PM, Bonvicini C. Non-ceruloplas-
min copper distincts subtypes in alzheimer’s disease: a 
genetic study of ATP7B frequency. Mol Neurobiol 2017; 
54: 671-681. doi: 10.1007/s12035-015-9664-6.

23. Squitti R, Ventriglia M, Gennarelli M, Colabufo NA, El 
Idrissi IG, Bucossi S, Mariani S, Rongioletti M, Zanetti O, 
Congiu C, Rossini PM, Bonvicini C. Erratum to: Non-ce-
ruloplasmin copper distincts subtypes in Alzheimer’s dis-
ease: a genetic study of ATP7B frequency. Mol Neurobiol 
2017; 54: 682-683. doi: 10.1007/s12035-016-9734-4.

 9. Kozlov AV, Sergienko VI, Vladimirov Iu A, Azizova 
OA. [The antioxidant system of transferrin-ceruloplas-
min in experimental hypercholesterolemia]. Biull Eksp 
Biol Med 1984; 98: 668-671.

10. Altamura C, Squitti R, Pasqualetti P, Gaudino C, Palazzo 
P, Tibuzzi F, Lupoi D, Cortesi M, Rossini PM, Vernieri 
F. Ceruloplasmin/Transferrin system is related to clinical 
status in acute stroke. Stroke 2009; 40: 1282-1288. doi: 
10.1161/STROKEAHA.108.536714.

11. Nicastro E, Ranucci G, Vajro P, Vegnente A, Iorio R. 
Re-evaluation of the diagnostic criteria for Wilson dis-
ease in children with mild liver disease. Hepatology 
2010; 52: 1948-1956. doi: 10.1002/hep.23910.

12. Roberts EA, Schilsky ML; American Association for 
Study of Liver Diseases (AASLD). Diagnosis and treat-
ment of Wilson disease: an update. Hepatology 2008; 47: 
2089-2111. doi: 10.1002/hep.22261.

13. Stene LC, Ulriksen J, Magnus P, Joner G. Use of cod liver 
oil during pregnancy associated with lower risk of Type I 
diabetes in the offspring. Diabetologia 2000; 43: 1093-1098. 

14. Nobili V, Carpino G, Alisi A, De Vito R, Franchitto A, 
Alpini G, Onori P, Gaudio E. Role of docosahexaenoic 
acid treatment in improving liver histology in pediat-
ric nonalcoholic fatty liver disease. PloS One 2014; 9: 
e88005. doi: 10.1371/journal.pone.0088005.

15. Aigner E, Strasser M, Haufe H, Sonnweber T, Hohla F, 
Stadlmayr A, Solioz M, Tilg H, Patsch W, Weiss G, Stickel 
F, Datz C. A role for low hepatic copper concentrations in 
nonalcoholic fatty liver disease. Am J Gastroenterol 2010; 
105: 1978-1985. doi: 10.1038/ajg.2010.170.

16. Zatyka M, Da Silva Xavier G, Bellomo EA, Leadbeater 
W, Astuti D, Smith J, Michelangeli F, Rutter GA, Barrett 
TG. Sarco(endo)plasmic reticulum ATPase is a molecular 
partner of Wolfram syndrome 1 protein, which negative-
ly regulates its expression. Hum Mol Genet 2015; 24: 
814-827. DOI: 10.1093/hmg/ddu499.


