WFS1-Related Disorder (Wolfram
Syndrome / DIDMOAD): Comprehensive
Disease Characteristics Report

Disease: WFS1-Related Disorder (Wolfram syndrome type 1; DIDMOAD) MONDO ID:
MONDO:0700293 - OMIM: #222300 - Category: Mendelian (monogenic) Report basis: 17
confirmed findings, 41 papers reviewed across 5 investigative iterations

Summary

WES1-Related Disorder — clinically known as Wolfram syndrome or by the acronym
DIDMOAD (Diabetes Insipidus, early-onset Diabetes Mellitus, Optic Atrophy, and
Deafness) — is a rare, predominantly autosomal recessive, progressive
neurodegenerative and neuro-endocrine disorder caused by loss-of-function variants in
the WFS1 gene, which encodes the endoplasmic reticulum (ER) membrane protein
wolframin. Wolframin regulates ER calcium homeostasis and the unfolded protein response
(UPR); its loss produces chronic, unresolvable ER stress that drives apoptosis of highly
secretory and metabolically demanding cell types. The result is a stereotyped but variable
clinical sequence: childhood-onset, insulin-dependent, autoantibody-negative diabetes mellitus
(~age 6), followed by optic atrophy, central diabetes insipidus (~age 10), and sensorineural
hearing loss (~age 8), with later neurological, urological, and psychiatric involvement (PMID:
25764693; PMID: 23981289).

The disease mechanism is now well characterized as a coherent causal chain: biallelic WFS1
loss — chronic ER stress with activation of all three UPR arms (PERK, IRE1a/XBP1, ATF6) —
inositol-1,4,5-trisphosphate receptor (IP3R)-mediated cytosolic Ca?*" dysregulation -
mitochondrial dysfunction and impaired proinsulin processing — apoptosis of pancreatic -
cells, retinal ganglion cells, hypothalamic vasopressin neurons, and cochlear/brainstem
neurons, with non-cell-autonomous oligodendroglial white-matter loss contributing to
neurodegeneration (PMID: 27434582; PMID: 28271591; PMID: 41896889; PMID: 39198924).
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Prognosis is poor: median age at death is approximately 39 years, most often from respiratory
failure secondary to brainstem atrophy (PMID: 31337416). There is currently no disease-
modifying therapy. Management is multidisciplinary and supportive — the ER-calcium
stabilizer dantrolene was safe but ineffective in a phase Ib/Ila trial, and GLP-1 receptor
agonists give glycemic benefit in some patients but no proven neuroprotection (PMID:
34185708; PMID: 42597412). The first international clinical consensus (Delphi) management
guidelines were recently published (PMID: 42428113). The broader "wolframinopathy"
spectrum includes a milder autosomal dominant Wolfram-like syndrome and allelic dominant
deafness/optic atrophy, while a distinct Wolfram syndrome type 2 is caused by CISD2 and
operates through mitochondrial iron/ROS toxicity (PMID: 36764396; PMID: 42339507).

1. Disease Information

Wolfram syndrome (WFS; OMIM #222300) is a rare recessive neuro-endocrine degenerative
disorder, historically named DIDMOAD for its cardinal features: Diabetes Insipidus, early-
onset Diabetes Mellitus, Optic Atrophy, and Deafness (PMID: 25764693). It is an ultra-rare,
progressive neurodegenerative disease characterized by early-onset diabetes mellitus and
irreversible loss of vision secondary to optic nerve degeneration (PMID: 37181110).

Key identifiers:

MONDO MONDO:0700293

OMIM #222300 (Wolfram syndrome type 1)

Gene
OMIM *606201

(WFS1)

Orphanet ORPHA:3463 (Wolfram syndrome)

D10 E13.x (other specified diabetes) with syndromic coding; cross-referenced to E23.2
(diabetes insipidus)

MeSH D014929 (Wolfram Syndrome)
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Synonyms / alternative names: DIDMOAD syndrome; Wolfram syndrome type 1 (WFS1); the
"wolframinopathies” spectrum. Allelic dominant disorders include DFNA6/14/38 (low-
frequency sensorineural hearing loss) and WFS1-related dominant optic atrophy.

Source type: The information here derives predominantly from aggregated disease-level
resources (OMIM, Orphanet, systematic reviews, natural-history cohorts) and primary
literature, supplemented by individual case reports illustrating diagnostic pathways. Cohort
data (e.g., the Washington University natural-history study) provide individual-patient-derived
aggregate statistics (PMID: 23981289).

2. Etiology

Primary cause — genetic. WFS1-Related Disorder is a purely monogenic disease. Classic
Wolfram syndrome is caused by biallelic (recessive) loss-of-function variants in WFS1,
encoding wolframin, an ER-embedded transmembrane protein functioning in ER calcium
homeostasis and the unfolded protein response (PMID: 25764693). There is no environmental,
lifestyle, toxic, or infectious cause — the disease is entirely genetically determined, though
glycemic control and complication management modify morbidity (PMID: 31337416).

Genetic risk factors. Causal variants lie in WFS1 (chromosome 4p16.1). A distinct allelic gene,
CISDZ2 (4q24), causes Wolfram syndrome type 2 (see Sections 4 and 15). Consanguinity and
founder effects are the principal population-level risk amplifiers: a genetically confirmed
Ecuadorian coastal cluster (Santa Elena) reported the highest local prevalence worldwide
(~1/12,000), with ~50% consanguinity and 23/26 patients homozygous (PMID: 41998697).

Genetic modifiers. Genotype itself is the principal modifier of severity: variant type (in-frame
vs out-of-frame/truncating) and location relative to transmembrane domains predict onset
(PMID: 42524523).

Protective factors. No environmental protective factors are established. The primary
"protective” genetic influence is milder variant class — in-frame variants outside
transmembrane domains (notably the Ashkenazi Jewish founder allele c.1672C>T, p.Arg558Cys)
produce a milder phenotype with later onset (PMID: 42524523).

Gene-environment interactions. No true gene-environment interactions are documented for
disease causation. The dominant environmental modifier of outcome (not risk) is quality of
glycemic control and multidisciplinary complication management.
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3. Phenotypes

The phenotype spectrum has been quantified in a Washington University cross-sectional
cohort (n=18, ages 5.9-25.8) and longitudinal audiology studies (PMID: 23981289; PMID:
29945639).
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Quantitative evidence: "Seventeen (94%) had diabetes mellitus with the average age of diabetes
onset of 6.3 + 3.5 years. Diabetes insipidus was diagnosed in 13 (72%) at an average age of 10.6
+ 3.3 years. Seventeen (94%) had optic disc pallor and defects in color vision, 14 (78%) had
hearing loss and 13 (72%) had olfactory defects, eight (44%) had impaired vibration sensation"
(PMID: 23981289). Longitudinal audiology (n=40): "Mean age of diagnosis for SNHL was 8.3
years (SD = 5.1) with 75% prevalence. HFA worsened over time for both ears" (PMID:
29945639).

Quality-of-life impact. Progressive, irreversible vision and hearing loss, insulin-dependent
diabetes, and neurogenic bladder impose severe cumulative disability. Psychiatric morbidity
and, in advanced disease, brainstem-mediated bulbar/respiratory dysfunction dominate late
quality of life. Formal per-phenotype QOL instrument data (EQ-5D/SF-36) are limited in this
ultra-rare disease.

4. Genetic / Molecular Information

Causal genes. - WFS1 (HGNC:12762; OMIM 606201; chromosome 4p16.1) — encodes wolframin,
an 890-amino-acid ER transmembrane glycoprotein. Cause of Wolfram syndrome type 1 (OMIM
#222300). - CISD2 (HGNC:24212; OMIM 611507; chromosome 4q24) — cause of Wolfram
syndrome type 2 (WFS2; OMIM #604928).

Pathogenic variant landscape. Variant types span the full loss-of-function spectrum:
missense, nonsense, frameshift (out-of-frame indels), and splice-site variants. Classification
follows ACMG/AMP guidelines (pathogenic, likely pathogenic, VUS). A representative novel VUS
— heterozygous WFS1 ¢.1550G>C (p.Arg517Pro) — was classified using PM2_Supporting (allele
frequency 0.000077) and PP3_Moderate (REVEL deleterious prediction) (PMID: 41613956).

Genotype-phenotype / severity correlation. A severity scoring system based on variant type
(in-frame vs out-of-frame) and location relative to transmembrane domains (six severity
classes) was applied to 324 patients: score correlated with earlier onset of diabetes mellitus
and, less consistently, optic atrophy, but not hearing loss or central DI. "Patients with in-frame
variants outside transmembrane domains showed milder disease, especially the WEFS1
c.1672C>T (p.Arg558Cys) variant... whereas out-of-frame variants showed the earliest onset"
(PMID: 42524523). Consistently, the systematic review of dominant Wolfram-like syndrome
found "Patients with missense mutations in WFS1 had a lower number of clinical
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manifestations, less chance of developing diabetes insipidus, but a younger age at onset of
hearing impairment compared to patients with nonsense mutations or deletions causing
frameshift" (PMID: 36764396).

Functional consequences. Recessive WFS1 variants are loss of function (reduced/absent
functional wolframin — ER stress). Certain heterozygous dominant WFSI variants act via
dominant-negative or gain-of-toxic-function mechanisms producing constitutive ER stress:
"A novel heterozygous mutation of the WFS1 gene leading to constitutive endoplasmic
reticulum stress is the cause of Wolfram syndrome" (PMID: 28271591).

Origin. Germline; no somatic/oncologic role in the Mendelian disorder (a separate literature
implicates WFS1 as a transcriptional hub in prostate cancer, unrelated to the inherited
syndrome — PMID: 40345286).

Allele frequency. Pathogenic WFS1 variants are individually rare (e.g., p.Arg517Pro at
0.000077 in gnomAD); founder alleles are regionally enriched (Ashkenazi p.Arg558Cys;
Ecuadorian exon-8 variants; Palestinian CISDZ ¢.109G>C with carrier rate 1:40) (PMID:
41613956; PMID: 41998697; PMID: 42339507).

Modifier genes / epigenetics /| chromosomal abnormalities. No specific modifier genes
beyond the primary genotype are established. No epigenetic mechanism or large-scale
chromosomal abnormality is characterized as causal; the disease is driven by point mutations
and small indels in WFS1/CISD2.

5. Environmental Information

Not applicable as a cause. WFS1-Related Disorder has no environmental, toxic, radiation,
occupational, lifestyle, or infectious etiology. The disease is entirely genetic (PMID: 31337416).
Environmental factors influence only the management/outcome dimension — chiefly glycemic
control, which modifies diabetic complication burden but does not alter the underlying
neurodegenerative trajectory.
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6. Mechanism / Pathophysiology

(0

1.

rdered causal chain

Biallelic loss-of-function WFS1 variants reduce or abolish functional wolframin, an ER-
membrane protein — loss of ER calcium homeostasis and UPR regulation (PMID:
25764693).

2. Wolframin deficiency — chronic, unresolvable ER stress, because WFS1 is itself a UPR

component; "Because WFS1 is a UPR component, mutant WFS1 might cause unresolvable
ER stress conditions and cell apoptosis, the major causes underlying WS symptoms" (PMID:
28271591).

3. ER stress activates all three UPR arms — PERK (T p-PERK, ATF4), IREla (T XBP1s, phospho-

IREla), and ATF6 (PMID: 41896889).

4. ER stress — IP3R dysfunction - disturbed cytosolic Ca** homeostasis, which "in turn,

alters mitochondrial dynamics" (inhibited fusion, altered trafficking, augmented
mitophagy) — delayed neuronal development (PMID: 27434582).

. In parallel, ER stress impairs proinsulin-to-insulin processing, with accumulation of
proinsulin and an increased proinsulin/insulin ratio — B-cell secretory failure (PMID:
41896889).

6. Combined ER-stress, Ca?*, and mitochondrial insults — apoptosis of high-secretory / high-

metabolic cells: pancreatic B-cells, retinal ganglion cells, hypothalamic arginine-
vasopressin (AVP) neurons, cochlear and brainstem neurons (PMID: 16215705; PMID:
35452662).

7. Branch — non-cell-autonomous injury: white-matter/myelin loss implicates

oligodendroglia in optic neuropathy and brain neurodegeneration, indicating the process is
not purely neuron-autonomous (PMID: 39198924).

8. Cumulative cell loss — clinical DIDMOAD (B-cell loss — DM; RGC/optic nerve loss — optic

D

atrophy; AVP neuron loss — central DI; cochlear loss — SNHL) — progressive
neurodegeneration — brainstem atrophy - respiratory failure - death (~39 yr) (PMID:
31337416).

etail by category

* Molecular pathways: Unfolded protein response (PERK-eIF2a-ATF4, IRE1a-XBP1, ATF®6).
ER Ca?* signaling via IP3R and ryanodine receptors. Suggested GO terms: GO:0030968 (ER
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unfolded protein response); GO:0006816 (calcium ion transport); GO:0034976 (response to
endoplasmic reticulum stress).

* Cellular processes: Apoptosis (G0:0006915), autophagy/mitophagy (G0:0000422), impaired
mitochondrial fusion/dynamics (GO:0008053), impaired regulated secretion.

* Protein dysfunction: Loss of function of wolframin (recessive) or dominant-negative
constitutive ER stress (some heterozygous variants). Wolframin also localizes to insulin
secretory granules and contributes to intragranular acidification.

» Metabolic changes: Impaired glucose-stimulated insulin secretion; accumulated
proinsulin; energy-metabolism compromise from mitochondrial dysfunction.

* Immune system: Not autoimmune — diabetes is autoantibody-negative. However, elevated
inflammatory cytokines (IFN-y, IL-1B, TNF-a) and the oxidative-stress marker isoprostane
were observed in trial subjects, suggesting a secondary inflammatory/oxidative component
(PMID: 34185708).

* Tissue damage: Oxidative stress and apoptosis; in WFS2, mitochondrial iron overload and
ROS toxicity (PMID: 42339507).

* Subcellular compartments: ER (GO:0005783), mitochondria (G0O:0005739), secretory
granules.

* Cell types (CL): pancreatic p-cell (CL:0000169), retinal ganglion cell (CL:0000740),
oligodendrocyte (CL:0000128), neuron (CL:0000540).

Upstream vs downstream

Upstream: WFS1 mutation — wolframin loss — ER stress. Midstream: UPR activation, IP3R/
Ca?* dysregulation, mitochondrial dysfunction, impaired proinsulin processing. Downstream:
apoptosis of target cells — organ-specific clinical manifestations - brainstem
neurodegeneration.
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WFS1 LoF — wolframin loss — chronic ER stress — UPR (PERK/IREla/ATF6)
| |
v v
IP3R — cytosolic Ca2+t impaired proinsulin
| processing (B-cell)
v |
mitochondrial dysfunction «—!
|
v
APOPTOSIS: B-cells, RGCs, AVP neurons, cochlear/brainstem
+ oligodendroglial white-matter loss (branch)
|
v
DM(~6yr) — Optic atrophy — DI(~10yr) — SNHL(~8yr) — brainstem
atrophy — respiratory failure (~39yr)
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7. Anatomical Structures Affected
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Level Structure Ontology Evidence
Endocrine pancreas
Organ (islets) UBERON:0000006  B-cell loss —» DM (PMID: 16215705)
. Optic atrophy, RGC loss (PMID:
Organ Optic nerve UBERON:0000941
35452662)
Hypothalamus (AVP
Organ UBERON:0001898  Central DI (PMID: 23981289)
neurons)
Organ Cochlea / inner ear UBERON:0001844  SNHL (PMID: 29945639)
) Atrophy - respiratory failure (PMID:
Organ Brainstem UBERON:0002298
31337416)
Organ ) Neurogenic bladder (PMID:
Urinary bladder UBERON:0001255
(secondary) 23981289)
. Demyelinating lesions,
) CNS white matter / ] -
Tissue I UBERON:0002316  oligodendroglial loss (PMID:
myelin
y 39198924; PMID: 41245872)
Cell Pancreatic -cell CL:0000169 ER-stress apoptosis
. . Distinct-from-mitochondrial loss
Cell Retinal ganglion cell CL:0000740
pattern
Cell Oligodendrocyte CL:0000128 White-matter contribution
Endoplasmic . . . .
Subcellular ] G0:0005783 Primary site of wolframin action
reticulum
. ) Altered dynamics, downstream
Subcellular Mitochondria G0:0005739

dysfunction

Body systems: endocrine, nervous (central + autonomic + sensory), special sensory (visual,
auditory, olfactory), genitourinary. Lateralization: manifestations are characteristically
bilateral (bilateral optic atrophy, bilateral SNHL).
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8. Temporal Development

Onset: pediatric/childhood, insidious and progressive. Diabetes mellitus is typically the first
manifestation (~age 6), followed over years by optic atrophy, central DI (~age 10), and SNHL
(~age 8) (PMID: 23981289).

Progression: chronically progressive across all domains — high-frequency hearing worsens
over time with greater decline in younger patients (PMID: 29945639); visual acuity declines
steadily (PMID: 42597412). No remission occurs; the course is monotonic and life-limiting.

Stages: (early) childhood diabetes + emerging optic atrophy — (intermediate) DI, SNHL,
urologic and neurologic involvement — (advanced/end-stage) brainstem atrophy, bulbar/
respiratory compromise.

Disease duration: chronic, lifelong. Critical intervention window: the early-childhood period
around/before B-cell and neuronal loss is the presumed therapeutic window for ER-stress-
modulating or regenerative approaches (inferred from mechanism; not yet clinically
validated).

9. Inheritance and Population

Epidemiology. Ultra-rare. Commonly cited prevalence estimates are on the order of 1/500,000—
1/770,000 in outbred populations; consanguineous founder clusters reach far higher local
prevalence — a genetically confirmed Ecuadorian coastal cluster reported ~1/12,000, the
highest worldwide, with WFS1 positive in 26 (69%) patients and 23 homozygous (PMID:
41998697). In a Pan-India monogenic diabetes study, Wolfram syndrome (n=15) was the most
common syndromic form among youth-onset monogenic diabetes (PMID: 40466744).

Inheritance pattern. Predominantly autosomal recessive (biallelic WFS1 or CISD2). "The
transmission of the disease takes place in an autosomal recessive mode but autosomal
dominant mutations responsible for WS-related disorders have been described" (PMID:
31337416). A milder autosomal dominant Wolfram-like spectrum exists — "autosomal
dominantly inherited WFLS has a relatively mild phenotype compared to autosomal recessive
WS" (PMID: 36764396).

Penetrance / expressivity. High/near-complete penetrance for the recessive form but highly
variable expressivity — variable organ involvement and onset ages even within families.
Anticipation: not a feature (not a repeat-expansion disorder). Founder effects /

12
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consanguinity: major drivers of regional prevalence (Ecuadorian exon-8 variants; Ashkenazi
p-Arg558Cys; Palestinian CISDZ2 ¢.109G>C, carrier rate 1:40) (PMID: 41998697; PMID: 42339507,
PMID: 42524523).

Demographics. No strong sex predilection reported for classic recessive WFS. Enriched in
populations with high consanguinity. Age distribution skews pediatric-onset with adult
progression.

10. Diagnostics

Clinical diagnosis rests on the DM + optic atrophy dyad, classically coexisting juvenile-onset
diabetes mellitus and optic atrophy, confirmed molecularly (PMID: 41411089). Recognition of
bilateral optic atrophy in an autoantibody-negative diabetic child prompts genetic testing:
"Identifying the presence of bilateral optic atrophy in him during an ophthalmological
evaluation led to a closer clinical assessment for Wolfram syndrome" (PMID: 42392675).
Central diabetes insipidus (AVP deficiency) can serve as an early symptom-based screening
indicator (PMID: 41080637).

Laboratory features: early-onset, insulin-dependent, pancreatic-autoantibody-negative
diabetes (distinguishes from autoimmune type 1); water-deprivation testing / low copeptin for
central DI; audiometry (high-frequency SNHL first).

Imaging: MRI shows brainstem/cerebellar atrophy and white-matter abnormalities, including
progressive, seemingly inflammatory demyelinating lesions in a subset (7/17; 41% with =1 MS-
evocative lesion) (PMID: 41245872). OCT shows RNFL/ganglion-cell-layer thinning with a
pattern distinct from mitochondrial optic neuropathies (PMID: 35452662).

Genetic testing (confirmatory). Biallelic WFS1 variants on next-generation/whole-exome
sequencing establish diagnosis; single-gene WFS1 testing, targeted panels (monogenic
diabetes / optic atrophy / hearing loss panels), WES, and WGS are all applicable. CISDZ2 testing
for WFS2.

Biomarkers. Serum/plasma neurofilament light chain (NfL) is elevated, reflecting ongoing
slow neurodegeneration, though it does not correlate with current clinical/neuroimaging
metrics and has limited utility as a progression monitor (PMID: 35495027; PMID: 41929703).
Pancreatic stone protein/regenerating protein (PSP/reg) is a candidate circulating marker
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of ER-stressed B-cells: "PSP/reg levels are elevated in cell culture and mouse models of Wolfram
syndrome, a prototype of ER stress-induced diabetes" (PMID: 30914711). Brain metabolites and
mitochondrial DNA copy number are under investigation (PMID: 42042926).

Differential diagnosis: type 1 diabetes (autoimmune, autoantibody-positive); genetic optic
neuropathies — OPAl-related dominant optic atrophy, Leber hereditary optic neuropathy
(LHON), POLG-related optic neuropathy ("mutations in OPA1 (n=9), WFS1 (n=7), POLG (n=3)...
LHON (n=17)") (PMID: 41411089); other monogenic/syndromic diabetes (MODY, mitochondrial
MIDD).

Screening: cascade genetic testing of relatives; carrier screening in founder populations;
consider WFS1 in the genetic evaluation of autoantibody-negative early-onset diabetes even
without full syndromic features (PMID: 41613956).

11. Outcome / Prognosis

Prognosis is poor and life-limiting. "Prognosis is poor, death occurs at the median age of 39
years with a major cause represented by respiratory failure as a consequence of brain stem
atrophy and neurodegeneration” (PMID: 31337416).

Morbidity/disability: progressive blindness, deafness, insulin-dependent diabetes, neurogenic
bladder, peripheral neuropathy, and neuropsychiatric burden accumulate to severe multi-
domain disability. Complications: diabetic complications, recurrent urinary tract infections
(neurogenic bladder), aspiration and respiratory compromise from bulbar/brainstem
involvement.

Prognostic factors: genotype (out-of-frame/truncating variants — earliest onset,
presumptively worse trajectory; in-frame extramembrane variants — milder course) (PMID:
42524523). Prompt diagnosis and multidisciplinary management decrease morbidity/mortality
via prevention/treatment of complications (PMID: 31337416). Candidate prognostic biomarkers
(NfL, PSP/reg) remain investigational.
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12. Treatment

No disease-modifying therapy exists. "There is currently no treatment to delay, halt, or
reverse the progression of Wolfram syndrome, raising the urgency for innovative therapeutics
for this disease" (PMID: 31420094). Care is multidisciplinary and supportive, now guided by
the first international consensus: all 35 Delphi statements reached =80% agreement across
diagnosis/genetics, neuro-ophthalmology, neurology, endocrinology, urology, gastroenterology,
and psychiatry (PMID: 42428113).

Pharmacotherapy / supportive (NCIT-suggested): - Insulin (NCIT:C2271) — all WFS patients
with DM require insulin. - Desmopressin/DDAVP for central diabetes insipidus. - Hearing
aids / cochlear implants; low-vision rehabilitation; bladder management (intermittent
catheterization, anticholinergics); psychiatric care.

GLP-1 receptor agonists (NCIT:C98005 class): improve glycemia in some patients (a New
Zealand cohort reported HbAlc fall and insulin-dose reduction — PMID: 42324630), but the
largest evaluation (n=84; 35.7% on GLP-1 RA) found "No statistically significant changes in
HbAlc or body mass index... at one or two years. Best-corrected visual acuity (LogMAR)
declined significantly at two years, consistent with expected disease progression" — i.e., no
proven neuroprotective/visual benefit, with GI adverse effects in 56.7% (PMID: 42597412;
PMID: 41959758).

Experimental / disease-modifying (investigational): - Dantrolene sodium (ryanodine-
receptor/ER-Ca?* stabilizer): first-ever Wolfram interventional trial (phase Ib/IIa, open-label).
"Dantrolene sodium was well tolerated by Wolfram syndrome patients. Overall, B cell
functions were not significantly improved"; visual and neurological functions were not
improved at 6 months (PMID: 34185708). - Pipeline strategies under development: ER-
homeostasis/chemical-chaperone modulators, gene therapy, and regenerative/B-cell
replacement approaches (PMID: 37181110; PMID: 31420094).

Pharmacogenomics / personalized medicine: genotype-guided prognostication (severity
scoring) is emerging; no established pharmacogenomic dosing rules.
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13. Prevention

There is no primary prevention for this monogenic disease other than reproductive genetic
counseling. Key measures:

* Genetic counseling (autosomal recessive; 25% recurrence risk for carrier couples),
especially important in consanguineous and founder populations (PMID: 31337416).

* Carrier screening in founder populations (e.g., Ashkenazi p.Arg558Cys; Palestinian CISD2).

* Prenatal / preimplantation genetic testing available once familial variants are known.

 Cascade genetic testing of at-risk relatives.

* Secondary prevention (early detection): consider WFS1 in autoantibody-negative early-
onset diabetes; symptom-based screening using DI as an early indicator (PMID: 41080637;
PMID: 41613956).

» Tertiary prevention: multidisciplinary management to prevent/treat complications and

reduce morbidity/mortality (PMID: 42428113).

Immunization and public-health/environmental interventions are not applicable (non-
infectious, non-environmental).

14. Other Species / Natural Disease

» Taxonomy / orthologs: WFS1 is conserved across mammals; mouse Wfs1 (NCBI Gene
22393) and rat orthologs exist, plus zebrafish orthologs used in modeling. CISD2 (WFS2) is
likewise conserved.

» Natural disease: No well-characterized naturally occurring companion-animal Wolfram
syndrome analog is established in the reviewed literature; the disease is studied primarily
through engineered models rather than spontaneous animal disease.

« Comparative biology: Rodent Wfs1 models recapitulate ER-stress-driven -cell apoptosis
and diabetes and white-matter/RGC phenotypes, supporting evolutionary conservation of
the disease mechanism (PMID: 16215705; PMID: 39198924).

» Transmission: Not applicable (genetic, non-zoonotic).
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15. Model Organisms

Model Type Key phenotype recapitulation Evidence

Progressive glucose intolerance &

B-cell-conditional Wfs1 KO ) insulin deficiency by ~12 wk; | B-

Mammalian, . . PMID:
mouse (RIP2-Cre; floxed exon o cell mass, Tapoptosis, T BiP,

conditional KO . 16215705
8) dilated ER, fewer secretory

granules

Wfs1-knockdown MIN6 In vitro T apoptosis, TBiP and CHOP (UPR/  PMID:
insulinoma line cellular ER-stress markers) 16215705

) T p-PERK, XBP1s, ATF4, pIRE1q;
Mutant-WFSI-transfected In vitro . . . PMID:
proinsulin accumulation,
MING6 cellular . o . . 41896889
T proinsulin/insulin ratio

White-matter/oligodendroglial

Whole-body Wfs1 rodent & Mammalian / and retinal-ganglion-cell PMID:

patient iPSC-derived models cellular phenotypes; optic neuropathy/ 39198924
neurodegeneration

B-cell-specific Cisd2 KO Mammalian, Impaired insulin secretion, PMID:

mouse (WFS2 model) conditional KO disrupted Ca?* handling 40189101

T mitochondrial labile iron

) (+25%), T mitochondrial ROS
In vitro . . PMID:
(+28%); ER/mito damage partially
cellular . . . 42339507
reversible with deferiprone + N-

WFS2 patient fibroblasts
acetylcysteine

Documented evidence: "Analysis of islets from betaWfs(-/-) mice revealed a reduction in beta
cell mass, enhanced apoptosis, elevation of a marker of endoplasmic reticulum stress
(immunoglobulin heavy chain-binding protein [BiP]), and dilated endoplasmic reticulum with
decreased secretory granules by electron microscopy" and "WfsKD cell lines had significantly
increased apoptosis and elevated expression of the genes encoding BiP and C/EBP-homologous
protein (CHOP)" (PMID: 16215705).

Recapitulation & limitations: Mouse and cellular Wfs1 models faithfully reproduce ER-stress-
driven B-cell failure and key neurodegenerative features (RGC/white-matter), making them
strong platforms for PB-cell and optic-neuropathy studies. Limitations include incomplete
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modeling of the full human multi-system temporal sequence and of the late brainstem/
respiratory endpoint. iPSC-derived neurons/organoids enable patient-specific, human-context
study of neurodegeneration.

Wolfram syndrome type 2 (CISD2/WFS2) — a distinct allelic disease. WFS2 is caused by
recessive CISD2 mutations and operates through mitochondrial iron and ROS toxicity rather
than the primary ER-stress/UPR mechanism of WFS1: "Patient fibroblasts exhibited profound
mitochondrial and endoplasmic reticulum damage, with increased mLI (+25%, p < 0.0001) and
mROS (+28%, p < 0.0001)" (PMID: 42339507). WFS2 features "childhood-onset, autoantibody-
negativity and insulin-deficiency" diabetes (PMID: 40189101) plus GI bleeding, platelet
dysfunction, psychiatric morbidity, and congenital heart defects; a Palestinian founder
mutation (CISD2 c.109G>C, carrier rate 1:40) exemplifies its founder epidemiology.

Mechanistic Model / Interpretation

The 17 confirmed findings converge on a single, internally consistent model of an ER-stress
neurodegenerative/neuro-endocrine disease. The unifying logic is that wolframin normally
buffers ER calcium and resolves the UPR; without it, the cells with the greatest secretory/
metabolic ER load — insulin-secreting B-cells, AVP-secreting hypothalamic neurons, and high-
firing/high-metabolic retinal ganglion, cochlear, and brainstem neurons — cannot cope with
chronic ER stress and die by apoptosis. This elegantly explains the otherwise disparate
DIDMOAD tetrad as tissue-specific readouts of a shared subcellular lesion. The
oligodendroglial/white-matter branch adds a non-cell-autonomous dimension that helps
account for the broader neurodegenerative and MRI findings.

The genotype-severity data (PMID: 42524523) reinforce a dose-of-function model: truncating
variants abolishing wolframin cause the earliest, most severe disease, whereas in-frame
variants that preserve partial function (Ashkenazi p.Arg558Cys) are milder. The therapeutic
corollary — and the field's central challenge — is that by the time of diagnosis, irreversible cell
loss has occurred, and both dantrolene (ER-Ca?* stabilization) and GLP-1 RAs (B-cell support)
have failed to alter the neurodegenerative trajectory. This motivates earlier intervention
windows and mechanistically upstream strategies (chaperones, gene therapy, regenerative -
cell approaches).
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Evidence Base — Key Literature

19



OpenScientist Report

PMID Contribution Type

Defines disorder, DIDMOAD, OMIM 222300, recessive .
25764693 . . Review
WEFS1, wolframin ER function

Ultra-rare progressive neurodegeneration; .
37181110 . . . Review
pathophysiology & therapeutic strategies

ER stress — IP3R/Ca?* — mitochondrial dynamics causal .
27434582 hai In vitro/model
chain

28271591 Constitutive ER stress & apoptosis from mutant WFS1 In vitro

Multi-arm UPR activation + impaired proinsulin ) o
41896889 . . ] In vitro/clinical
processing; isolated diabetes

T Dominant Wolfram-like spectrum; phenotype Systematic review
frequencies; genotype-phenotype (n=86)
Ecuadorian founder cluster; recessive/consanguineous
41998697 ) , Cohort
epidemiology
. Natural-history
23981289 Phenotype frequencies & ages of onset
cohort
L ) Natural-history
29945639 Longitudinal SNHL prevalence/progression
cohort
Genotype-based severity scoring (n=324); Ashkenazi
42524523 Cohort
allele
42597412 GLP-1 RA: no glycemic/visual benefit (largest cohort) Cohort
First international Delphi consensus management
42428113 . Consensus
guidelines
42339507 WEFS2/CISD2 mitochondrial iron/ROS toxicity Cohort/in vitro
40189101 CISD2 Ca?* handling; WFS2 diabetes Model
Prognosis (median death ~39 yr, respiratory failure); AR )
31337416 . . Review
inheritance
RGC loss pattern distinct from mitochondrial optic .
35452662 Clinical

neuropathies
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PMID Contribution

39198924 Oligodendroglial/white-matter role

16215705 B-cell-conditional KO mouse & MIN6 knockdown models
35495027 / . . - .
41929703 Elevated NfL biomarker (limited monitoring utility)
30914711 PSP/reg ER-stress p-cell biomarker

34185708 Dantrolene phase Ib/I1a: safe but ineffective

31420094 No disease-modifying therapy; treatment landscape
41411089 Optic-atrophy genetic differential (OPA1/POLG/LHON)
42392675 Diagnostic dyad triggering genetic testing

41245872 Expanded white-matter/demyelinating MRI spectrum
AT WES most common syndromic monogenic diabetes (Pan-

India)

Limitations and Knowledge Gaps

OpenScientist Report

Type
Mouse+iPSC

Model/in vitro

Clinical

Model/in vitro
Clinical trial
Review
Case-control
Case report

Retrospective

Cohort

1. Ultra-rarity limits cohort size and statistical power. Most phenotype-frequency figures
derive from single-center cohorts (n=18-40); confidence intervals are wide and

generalizability across ancestries is uncertain.

2. Prevalence estimates are imprecise and heavily influenced by founder/consanguineous

clusters; true global incidence remains poorly quantified.

3. Biomarker validation incomplete. NfL is elevated but does not correlate with clinical/

imaging metrics, limiting its use as a progression monitor; PSP/reg data are largely

preclinical. Robust surrogate endpoints for trials are lacking.

4. Mechanistic gaps in cell-type selectivity. Why specific neuronal populations (RGC, AVP,
brainstem) and B-cells are preferentially vulnerable is not fully explained beyond secretory/

metabolic load; the oligodendroglial contribution is newly recognized and incompletely

mapped.
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No effective therapy. Two rational strategies (dantrolene; GLP-1 RAs) failed to modify
neurodegeneration, and the therapeutic window/optimal intervention timing is undefined.

Quality-of-life and long-term natural-history data are sparse, particularly per-
phenotype QOL instruments and adult/end-stage trajectories.

Modifier genetics beyond primary genotype and any epigenetic contributions are
essentially unstudied.

Proposed Follow-up Experiments / Actions

1.

Prospective multinational natural-history registry with harmonized OCT, audiometry,
MRI (including white-matter/demyelination protocols), and serial NfL/PSP-reg to define
progression rates and validate surrogate endpoints.

. Trial-ready biomarker qualification: longitudinal NfL, PSP/reg, brain metabolites, and

mtDNA copy number as treatment-response markers; test whether combined panels
correlate with imaging progression.

. Earlier-window interventional trials: ER chaperones/UPR modulators (e.g., chemical

chaperones), and WFS1 gene therapy / gene editing, initiated before substantial cell loss
(childhood), using genotype (severity score) for stratification.

. Regenerative/B-cell approaches: iPSC-derived, gene-corrected B-cell or neuron

transplantation studies to test cell replacement in the ER-stress context.

. Mechanistic dissection of oligodendroglial vulnerability using patient iPSC-derived

oligodendrocyte and organoid co-culture models to test whether myelin protection slows
optic/CNS neurodegeneration.

. WES2-specific translation: evaluate iron chelation (deferiprone) + antioxidant (N-

acetylcysteine) combinations clinically, given partial reversibility of mitochondrial iron/ROS
toxicity in fibroblasts.

. Expand carrier/cascade screening in founder populations and integrate WFS1 into

monogenic-diabetes and optic-atrophy gene panels to improve early diagnosis and
counseling.
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Report compiled from 17 confirmed findings and 41 reviewed papers over 5 investigative
iterations. Evidence types span human clinical cohorts, model organism (mouse/iPSC) studies, in
vitro experiments, and systematic reviews, as annotated throughout.
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