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Wolfram syndrome 1 (WS1) is a rare genetic disorder 
caused by WFS1 variants that disrupt wolframin, an 
endoplasmic reticulum-associated protein essential 
for cellular stress responses, Ca2+ homeostasis, and 
autophagy. Here, we investigated how the c.316-1G>A 
and c.757A>T WFS1 mutations, which yield partially 
functional wolframin, affect the molecular functions of 
b-cells and explored the therapeutic potential of the
glucagon-like peptide 1 receptor (GLP-1R) agonist
liraglutide. Pancreatic b-cells obtained from patient-
derived induced pluripotent stem cells (iPSCs) carrying 
this WFS1 variant exhibited reduced insulin processing 
and impaired secretory granule maturation, as evidenced 
by proinsulin accumulation and decreased prohormone 
convertase PC1/3. Moreover, they exhibited dysregulated 
Ca2+ fluxes due to altered transcription of Ca2+-related 
genes, including CACNA1D, and significantly redu-
ced SNAP25 levels, leading to uncoordinated oscilla-
tions and poor glucose responsiveness. Affected cells
also showed increased autophagic flux and heightened
susceptibility to inflammatory cytokine-induced apopto-
sis. Notably, liraglutide treatment rescued these defects 
by normalizing Ca2+ handling, enhancing insulin process-
ing and secretion, and reducing apoptosis, likely through 
modulation of the unfolded protein response. These find-
ings underscore the importance of defining mutation-
specific dysfunctions in WS1 and support targeting the 
GLP-1/GLP-1R axis as a therapeutic strategy. 

ARTICLE HIGHLIGHTS 
• The molecular basis of WFS1-related mutations re-
mains poorly investigated, and no definitive therapies
exist for Wolfram syndrome 1.

• We dissected the molecular defects associated with
c.316-1G>A and c.757A>T WFS1 mutations in pa-
tient-derived induced pluripotent stem cell islets and
analyzed whether they are potential therapeutic tar-
gets of the glucagon-like peptide 1 receptor agonist
liraglutide.

• We found impaired insulin granule maturation, al-
tered Ca21 fluxes, increased autophagic activity, and 
heightened susceptibility to inflammatory apoptosis in 
mutated cells. 

• Liraglutide restored critical b-cell functions suggest-
ing a route for personalized therapy based on WFS1
mutations.
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Wolfram syndrome 1 (WS1) is a rare autosomal recessive 
disease characterized by childhood-onset diabetes and op-
tic atrophy, followed by hearing loss, diabetes insipidus, 
urinary dysfunctions, and ultimately leading to premature 
death (1). The disease is caused by pathogenic variants in 
the WFS1 gene, which encodes wolframin, a transmembrane 
endoplasmic reticulum (ER) protein involved in ER stress 
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Figure 1—Endocrine phenotype of WFS1 SC islets. A: Schematic summary of iPSC generation from patient with WS1 and gene targeting 
for Cas9 correction of the c.316G>A-carrying allele. B: Schematic of differentiation protocol mimicking development of pancreatic pro-
genitors (PPs) and pancreatic b-cells (SC islets). C: Representative flow cytometry dot plots showing the percentage of PDX11 , NKX6-11 , 
and INS1 cells in WFS1 and WFS1wt/757A>T at the PP and SC islets stages. PE, phycoerythrin; SSC, side scatter. D: Immunostaining of
WFS1 and WFS1wt/757A>T SC islets stained for NKX6-1 and insulin. Nuclei were counterstained with Hoechst. Scale bar is 100 mm. 
E: Uniform Manifold Approximation and Projection (UMAP) from unsupervised clustering of transcriptional data from scRNA-seq of 
WFS1 and WFS1wt/757A>T SC islets. F: Violin plots detailing log-normalized unique molecular identifiers (UMIs) of WFS1 gene in WFS1 
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and WFS1wt/757A>T endocrine clusters. G: Violin plots detailing log-normalized UMIs of CHGA and pancreatic hormones (INS, GCG, 
SST, and PPY) in WFS1 and WFS1wt/757A>T endocrine clusters. H: Graphical representation of the relative percentage of both monohor-
monal (a-, b-, d-, and PP) and polyhormonal cells in the endocrine clusters of WFS1 and WFS1wt/757A>T from scRNA-seq data. I: Violin 
plot detailing log-normalized UMIs of b-cell maturation markers in WFS and WFS1wt/757A>T endocrine clusters. *P < 0.05, **P < 0.01, 
***P < 0.001 by Mann-Whitney nonparametric test. 

regulation (2). In pancreatic b-cells, wolframin also modu-
lates insulin biosynthesis, Ca21 homeostasis, and autoph-
agy, preserving survival and function (3–6). WS1 b-cells 
display reduced insulin secretion, elevated proinsulin-to-
insulin ratio, and are highly susceptible to stress-induced 
apoptosis (7–9). Despite various preclinical and clinical ef-
forts, no definitive therapy is available (8,10,11). Multiple 
drug repurposing strategies, focusing on chemical chaper-
ones, ER Ca21 stabilizers, and stress-targeted compounds, 
have been explored, but clinical evidence of delayed dis-
ease progression remains elusive (10). 
Growing evidence supports glucagon-like peptide 1 recep-

tor (GLP-1R) agonists as promising alternatives, given their 
pleiotropic effects on different tissues (12) and multiple 
processes, including ER stress (13), autophagy (14), Ca21 

handling (15), and b-cell–specific processes such as insulin 
secretion (16). An off-label clinical trial in pediatric WS1 pa-
tients showed liraglutide was well tolerated, slowing pancre-
atic endocrine and neuronal deterioration (17). Similarly, 
dulaglutide reversed glucose intolerance in wolframin-
deficient mice, while exenatide and dulaglutide improved 
b-cell function in WS1-induced pluripotent stem cells 
(iPSC)–derived b-cells (18). However, how specific WFS1 
variants alter b-cell function and GLP-1R agonists reverse 
these defects remains insufficiently explored. 
We previously characterized a WS1 patient harboring 

two compound heterozygous WFS1 variants (c.316-1G>A 
and c.757A>T) associated with diabetes, optic atrophy, 
and a chronic inflammatory state (17,19,20). The c.316-
1G>A allele yields multiple transcripts, including some 
with premature termination codons (PTC) subjected to 
nonsense-mediated decay and others retaining a func-
tional wolframin C-terminus. Under inflammatory condi-
tions and exogenous stress, PTC-containing transcripts 
accumulate and drive b-cell death (20). Yet, the specific 
functional consequences of these WFS1 variants and 
whether GLP-1R agonists can mitigate the resulting b-cell 
defects have not been fully investigated. 
In this study, we examined the molecular mechanisms un-

derlying dysfunction in iPSC-derived b-cells from this WS1 
patient and explored how the GLP-1R agonist liraglutide 
might counteract the altered cellular pathways. Our findings 
strengthen use of liraglutide as a promising therapeutic op-
tion for WS1 and feature the potential for personalized or al-
ternative treatments based on specific WFS1 mutations. 

RESEARCH DESIGN AND METHODS 
Cell Culture 
Two WFS1 and three WFS1wt/757A>T iPSC clones from a 
female WS1 patient were previously described (20) and 

tested negative for mycoplasma (MycoAlert, Lonza). Pan-
creatic b-cell differentiation followed a published protocol 
(20). At the final stage, iPSC-derived b-cells (SC islets) 
were detached with 0.5 mmol/L EDTA, transferred to Pe-
tri dishes, and kept in suspension culture using CMRL 
1066 medium supplemented with 10% FBS, 1% penicil-
lin/streptomycin, 1% L-glutamine, 10 mmol/L Alk5i II, 
1 mmol/L T3, 10 mmol/L nicotinamide, 10 mmol/L H1152, 
and 100 units/mL DNase I. Exogenous stress was induced 
by 50 or 500 nmol/L thapsigargin (8–16 h) or proinflam-
matory cytokines (1,000 units/mL interferon-g, 10 ng/mL 
tumor necrosis factor-a, and 50 units/mL interleukin-1b, 
for 48 h). For autophagy assessment, 100 nmol/L bafi-
lomycin A1 was applied for 2 h. For apoptosis studies, 
1 mmol/L liraglutide was added concomitantly to thap-
sigargin or cytokines. 

Flow Cytometry 
SC islets were dissociated with trypsin, and live cells 
were identified with LIVE/DEAD Fixable Violet (Thermo 
Fisher Scientific). Following fixation (Cytofix/Cytoperm, 
BD Biosciences) and permeabilization (Phosflow Perm 
Buffer III), cells were stained with intracellular antibodies 
(Supplementary Table 1). Apoptosis was assessed using 
propidium iodide and FITC annexin V (BD Biosciences). 
Data were collected on a FACS Canto (BD Biosciences) and 
analyzed with FlowJo 10 software. 

Immunofluorescence 
SC islets were fixed with 4% paraformaldehyde in PBS 
for 20 min at room temperature, quenched in 15 mmol/L 
glycine, and permeabilized/blocked in PBS with 0.4% Tri-
ton X-100, 2% BSA, and 5% FBS. Primary antibodies 
(Supplementary Table 1) were applied overnight at 4�C, 
followed by secondary antibodies (Supplementary Table 1) 
for 1 h at room temperature. Nuclei were stained with 
Hoechst 33342. Confocal images were acquired using 
Olympus FluoVIEW FV 3000 and analyzed in Fiji. 

Transmission Electron Microscopy 
SC islets were fixed in 2.5% glutaraldehyde in 0.1 mol/L 
cacodylate buffer for 30 min at room temperature, post-
fixed in reduced osmium, then stained with 0.5% uranyl 
acetate. After graded ethanol and acetone dehydration, 
samples were embedded in Epon resin and sectioned on a 
Leica UC7 ultramicrotome. Grids were examined with a 
Talos L120C G2 transmission electron microscope (TEM; 
Thermo Fisher Scientific) at 120 kV. 
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Figure 2—Wolframin alteration determines impaired insulin processing. A: Dynamic human insulin secretion expressed as fold change 
over t = 0 secretion in 0.5 mmol/L glucose (n = 5 for WFS1 and n = 6 for WFS1wt/757A>T). *P < 0.05 by unpaired two-tailed t test. B: Insulin 
content expressed as international unit (IU) per islet equivalent (IEQ). Data are presented as mean ± SD (n = 6). **P < 0.01 by unpaired 
two-tailed t test. C: Proinsulin-to-insulin ratio quantification of insulin secreted when clusters were perfused with 11 mmol/L glucose 1 
IBMX. Data are presented as mean ± SD (n = 5–6). ****P < 0.0001 by unpaired one-tailed t test. D: Violin plots reporting the log-normalized 
expression and expression levels measured by RT-qPCR of the SNARE complex-related VAMP2 and SNAP25 genes in the endocrine 
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clusters of WFS1 and WFS1wt/757A>T SC islets. ****P < 0.0001 by Mann-Whitney nonparametric test. E: The expression levels measured by RT-
qPCR of SNAP25 and VAMP2 genes in WFS1 and WFS1wt/757A>T SC islets (n = 5). **P < 0.01 by unpaired two-tailed t test. F: Log-normalized ex-
pression of PCSK1 gene in the endocrine clusters from scRNA-seq experiment and analysis of its expression levels by RT-qPCR in WFS1 and 
WFS1wt/757A>T SC islets (n = 5). ****P < 0.0001 by Mann-Whitney nonparametric test for scRNA-seq; and *P < 0.05 by unpaired two-tailed t test 
for RT-qPCR. G: Immunoblot analysis of PC1/3 expression in WFS1 and WFS1wt/757A>T SC islets. H: Relative quantification of PC1/3 to GAPDH 
(housekeeping) expression in WFS1 and WFS1wt/757A>T SC islets (n = 4). *P < 0.05 by unpaired one-tailed t test. 

RNA Extraction, Retrotranscription, and Quantitative 
RT-PCR 
Total RNA was isolated with the mirVana Kit (Thermo 
Fisher), treated with TURBO DNase (Thermo Fisher), and 
reverse-transcribed using SuperScript IV (Invitrogen). Gene 
expression was profiled via TaqMan Array microfluidic cards 
(Applied Biosystems) containing 48 endocrine markers 
(Supplementary Table 2) or SYBR-based quantitative RT-PCR 
(RT-qPCR) (Supplementary Table 3) on a QuantStudio 12K 
Flex (Applied Biosystems). Results were normalized to 
GAPDH and reported as 2� DCt or 2� DDCt. 

Single-Cell RNA Sequencing 
WFS1 and WFS1wt/757A>T SC islets were dissociated and 
captured on the Chromium 10X platform (v3). Reads 
(�150 million/sample) were aligned to hg38 (GENCODE 
v31). Quality filtering removed cells with <200 or >7,000 
genes, or >25% mitochondrial content. Data were analyzed 
in Seurat v4 (R v4.0.3), using variable gene selection, princi-
pal component analysis, Uniform Manifold Approximation 
and Projection, and shared nearest neighbor clustering (res-
olution, 0.5). Clusters were identified by comparing top 
cluster genes with existing single-cell pancreas atlases 
(21,22). Differentially expressed genes were selected with 
log2 fold change >1 and adjusted P < 0.01. Gene ontology 
enrichment analysis was performed directly from the home 
page of the Gene Ontology Consortium website (https:// 
geneontology.org/). 

Dynamic Perifusion and Insulin Content Analysis 
For dynamic insulin secretion, 200 SC islet clusters were 
placed in a BioRep Perifusion system. Stimulation buffers 
contained 0.5 mmol/L glucose, then 11 mmol/L glucose ± 
50 mmol/L 3-isobutyl-1-methylxanthine (IBMX), 11 mmol/L 
glucose ± 1 mmol/L liraglutide, or 30 mmol/L KCl. Perifu-
sates were collected each minute, and insulin/proinsulin 
levels were measured by ELISA (Mercodia, RayBiotech). Re-
sults are shown as fold over basal secretion measured at 
the end of the acclimatization period at 0.5 mmol/L glu-
cose. For insulin content measurement, 250 SC islet clus-
ters were lysed in M-PER reagent (Thermo Fisher) and 
assayed by ELISA (Mercodia, RayBiotech). Insulin content 
was then expressed in international units per islet equiva-
lent, where one islet equivalent corresponds to the volume 
of a standard islet of �150 mm in diameter, thus normaliz-
ing for variations in islet size. 

Ca2+ Flux Assay 
SC islet clusters were plated on Matrigel-coated optical plates 
(Greiner) for 2–3 days. Cells were loaded with 1 mmol/L 

Fluo-4 AM (Invitrogen) in HEPES-buffered solution, and 
then imaged every 2 s on a Zeiss Axio Observer.Z1. After 
1 min, secretagogues were added, and fluorescence changes 
were recorded for up to 300 s. Signals from 10 cells in each 
of two different in vitro differentiation protocols (for a total 
of 20 cells) were processed in Fiji, MATLAB, and R software 
to quantify oscillation amplitude, period, plateau fraction, 
and coactivity, as previously described (23,24). 

Western Blot 
Protein lysates were prepared in M-PER reagent (Thermo 
Fisher) or a buffer containing 65 mmol/L Tris, pH 6.8, 
4% SDS, 1.5% b-mercaptoethanol, and protease/phos-
phatase inhibitors. Samples were quantified (Pierce BCA), 
separated by SDS-PAGE, and transferred to polyvinylidene 
fluoride membranes. Blots were blocked in Tris-buffered sa-
line with 0.1% Tween 20 and 5% milk or BSA, and incubated 
overnight at 4�C with primary antibodies (Supplementary 
Table 1), followed by horseradish peroxidase-conjugated 
secondaries. Bands were visualized using SuperSignal 
West Pico PLUS (Thermo Fisher) and quantified in Fiji. 

Statistical Analysis 
Analyses were performed in GraphPad Prism 9.0.1 soft-
ware. Two-group comparisons used unpaired or paired 
Student t tests or Mann-Whitney tests. Multiple compari-
sons were assessed by one-way or two-way ANOVA with 
the Dunn-�S�ıd�ak correction. Significance was set at P < 
0.05. Data are shown as mean ± SD unless otherwise 
stated, with details on statistical tests provided in figure 
legends. 

Data and Resource Availability 
Raw data from the single-cell RNA sequencing (scRNA-
seq) experiment have been submitted and are awaiting 
publication in the Gene Expression Omnibus database un-
der BioProject PRJNA1109747. Any additional raw data 
not directly included in this manuscript or deposited in 
an online repository are available from the corresponding 
authors upon request. 

RESULTS 
WFS1 iPSCs Efficiently Differentiate In Vitro Into the 
Pancreatic Lineage but Show Less Mature Endocrine 
Phenotype and Impaired Insulin Secretion 
In our previous study, we generated patient-derived iPSCs 
(WFS1) and the isogenic line in which the c.316-1G>A 
mutation was genetically corrected (WFS1wt/757A>T), re-
storing the wild-type isoform of wolframin (20) (Fig. 1A). 

diabetesjournals.org/diabetes Torchio and Associates 1277 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
d
i
a
b
e
t
e
s
j
o
u
r
n
a
l
s
.
o
r
g
/
d
i
a
b
e
t
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
7
4
/
7
/
1
2
7
3
/
8
0
3
0
2
0
/
d
b
2
4
0
7
2
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
0
 
J
u
l
y
 
2
0
2
6

https://geneontology.org/
https://geneontology.org/


Figure 3—WFS1 SC islets show morphological defects in secretory granule maturation. A: TEM images of sections from WFS1 and 
WFS1wt/757A>T SC islets indicating morphologies of mature secretory granules (MG), immature secretory granules (IG), and transform-
ing secretory granules  (TGs). MGs contain a dark core of condensed insulin surrounded by a large halo; IGs are located near the Golgi 
network and have no halo; TGs are close to the nucleus or mitochondria (mit) and have a narrow halo. B: TEM images showing the 
insulin secretory granules in WFS1 and WFS1wt/757A>T SC islets. The different cell types (A, b, and d) are also highlighted. Scale bar is 
5 mm. Quantification of the total number (C) and IGs, TGs, and MGs (D) per cell in WFS1 and WFS1wt/757A>T SC islets (n = 12). **P < 0.01 by 
unpaired two-tailed t test.     
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Figure 4—Calcium flux dynamics is altered in WFS1 SC islets. A: Imaging of calcium flux using Fluo-4 dye in WFS1 and WFS1wt/757A>T 

SC islets after 50-, 75-, and 250-s stimulation with 0.5 mmol/L glucose (Glu), 11 mmol/L glucose supplemented with IBMX, and 30 mmol/L 
KCl, respectively. Objective magnification: �10. B: Mean fluorescence signal (F/F0) over time in WFS1 and WFS1wt/757A>T SC islets indi-
cating [Ca21]i elevation in response to stimulation with 11 mmol/L glucose 1 IBMX. Peak (the maximum value of each oscillation), period 
(the length of time between two peaks), and active duration (A0, the length of time for Ca21 oscillation measured at half of the peak height) 
are indicated within the WFS1 graph. The timing of b-cell activation and deactivation are highlighted in the WFS1wt/757A>T graph (n = 20-). 
C: Mean period upon stimulation, active and silent duration of oscillation, and plateau fraction measured in WFS1 and WFS1wt/757A>T 

b-cells (n = 20 cells from two different in vitro differentiation protocols, represented by white and blue circles, respectively). *P < 0.05, 
**P < 0.01 by Mann-Whitney nonparametric test. 
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WFS1 and WFS1wt/757A>T iPSCs were terminally differen-
tiated into SC-derived islets (Fig. 1B) to evaluate the im-
pact of WFS1 mutations on differentiation efficiency. 
However, the expression of PDX1 at the pancreatic pro-
genitor stage and of NKX6-1 and insulin at the end of 

differentiation revealed no evident defects in the pancre-
atic differentiation capacity of WFS1 cells compared with 
their genetically corrected counterparts (20) (Fig. 1C and D). 
These data were confirmed by the expression of genes in-
volved in pancreatic development, production of hormones 

Figure 5—Dysregulation of the insulin secretory machinery in WFS1 SC islets. A: Graphical representation of calcium oscillations in 15 
WFS1 or WFS1wt/757A>T cells after stimulation with 11 mmol/L glucose (Glu) supplemented with IBMX, followed by 30 mmol/L KCl. 
B: Mean coactivity coefficient in WFS1 or WFS1wt/757A>T cells stimulated with 11 mmol/L glucose supplemented with IBMX (n = 20). ***P < 
0.001 by unpaired two-tailed t test. C: Violin plot reporting the log-normalized expression of the calcium-related genes RGS4, CACNA1C, 
CACNA1D, and WNT4 in the endocrine clusters of WFS1 and WFS1wt/757A>T SC islets. **P < 0.01, ***P < 0.001 by Mann-Whitney non-
parametric test. D: Expression levels measured by RT-qPCR of CACNA1C-D and WNT4 genes in WFS1 and WFS1wt/757A>T SC islets 
(n = 5). *P < 0.05, **P < 0.01 by unpaired two-tailed t test. 

1280 Liraglutide Is Beneficial in Wolfram Syndrome Diabetes Volume 74, July 2025 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
d
i
a
b
e
t
e
s
j
o
u
r
n
a
l
s
.
o
r
g
/
d
i
a
b
e
t
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
7
4
/
7
/
1
2
7
3
/
8
0
3
0
2
0
/
d
b
2
4
0
7
2
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
0
 
J
u
l
y
 
2
0
2
6



Figure 6—Liraglutide restores calcium flux and secretory impairments. A: (Top) Dynamic insulin secretion expressed as fold change over 
basal secretion of WFS1 SC islets stimulated with 11 mmol/L glucose, followed by an additional stimulation with 11 mmol/L glucose sup-
plemented with 1 mmol/L liraglutide or (bottom) stimulated with 11 mmol/L glucose supplemented with IBMX (red) or liraglutide (blue) (n = 5). 
*P < 0.05, **P < 0.01 by unpaired two-tailed t test. B: Mean period (length of time between two peaks), active (length of time for each Ca21 

oscillation measured at half of the peak height, referred to as active duration), and silent duration (electrically silent “triggering” phase, which 
culminates in membrane depolarization) of oscillations, plateau fraction (which measures the proportion of time spent in active phase over a 

diabetesjournals.org/diabetes Torchio and Associates 1281 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
d
i
a
b
e
t
e
s
j
o
u
r
n
a
l
s
.
o
r
g
/
d
i
a
b
e
t
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
7
4
/
7
/
1
2
7
3
/
8
0
3
0
2
0
/
d
b
2
4
0
7
2
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
0
 
J
u
l
y
 
2
0
2
6



single period) in WFS1 b-cells following 11 mmol/L glucose stimulation, without or with 1 mmol/L liraglutide (n = 20 from two different in vitro 
differentiation protocols, represented by white and blue circles, respectively). *P < 0.05, **P < 0.01 by Mann-Whitney nonparametric test. 
C: Graphical representation of calcium oscillations in 15 WFS1 b-cells after stimulation with 11 mmol/L glucose supplemented with 
IBMX or liraglutide, followed by 30 mmol/L KCl. D: Mean coactivity coefficient (number of cells with similar peak profiles; n = 20). ***P < 
0.001 by unpaired two-tailed t test. E: RT-qPCR analysis of the expression levels of CACNA1D and the SNARE complex-related genes 
SNAP25 and VAMP2 in WFS1 SC islets treated or not with 1 mmol/L liraglutide (n = 4). *P < 0.05 by unpaired one-tailed t test. 

and autoantigens of b-cells, and insulin secretion and glu-
cose sensing (Supplementary Fig. 1A). 
To deeply investigate the endocrine compartment, we 

performed scRNA-seq analysis on 4,594 WFS1 cells and 
2,215 and WFS1wt/757A>T cells from SC islets (Supplementary 
Fig. 1B–G). The unsupervised clustering uncovered seven 
subpopulations, based on the top upregulated genes 
(Supplementary Fig. 1H and I and Fig. 1E) (25). Although 
the downregulation of the WFS1 gene in WFS1 SC islets was 
expected (20) (Fig. 1F), interestingly, we found significantly 
higher expression of INS (5.92 ± 0.88 vs. 3.90 ± 1.13; 
P < 0.001) in these cells compared with WFS1wt/757A>T , 
but a slight reduction of CHGA (4.48 ± 0.90 vs. 4.89 ± 
1.02; P < 0.01) and PPY (0.80 ± 1.21 vs. 1.97 ± 1.18; P < 
0.01) (Fig. 1G). While the average expression levels of 
GCG and SST were comparable (Fig. 1G), there was a con-
sistent difference between the subpopulations within the 
endocrine compartments. Indeed, WFS1 SC islets had a 
greater proportion of b-cells, but significantly lower ma-
ture a-cells, d-cells, and pancreatic polypeptide cells 
than WFS1wt/757A>T (Fig. 1H). Moreover, WFS1 cells dis-
played significantly higher levels of the early endocrine 
markers MAFB and ISL1, but reduced expression of NEU-
ROD1, NKX2-2, NKX6-1, and FEV than WFS1wt/757A>T ,
and WFS1 endocrine cells showed a FEV-to-ISL1 ratio �1, 
whereas it was >2 in WFS1wt/757A>T (Fig. 1I). Consistent 
with the evidence that the onset of FEV preceding ISL1 initia-
tion is indicative of a-/b-cell fate and, vice versa, the expres-
sion of ISL1 over FEV predicts an immature, polyhormonal 
profile (25), we found reduced expression of MNX1 in WFS1 
SC islets (0.37 ± 0.57 vs. 1.21 ± 0.87; P < 0.001), a transcrip-
tion factor pivotal for b-cell–like maturation (Fig. 1I). 
Moreover, we observed high frequency of INS1/GCG1/SST1 

or INS1/GCG1/PPY1 polyhormonal cells in WFS1 (12.2%) 
compared with WFS1wt/757A>T (6.4%) SC islets (Fig. 1H). 
Further evaluation of the differentially expressed late b-cell 
markers UCN3, SYT4, CFAP126, and MAFA supported the 
hypothesis that WFS1 SC islets displayed a less mature phe-
notype than their gene-edited counterpart (Fig. 1I and 
Supplementary Fig. 2A). Of note, biological pathway analy-
sis of scRNA-seq data revealed alterations in the secretory 
machinery, calcium-related activities, insulin signaling, and 
inflammatory response (Supplementary Fig. 2B–D). 
We then investigated how the immature phenotype in-

fluenced glucose responsiveness, revealing a pronounced 
defect encompassing both insulin secretory capacity and 
total insulin amount in WFS1 SC islets (Fig. 2A and B and 
Supplementary Fig. 3A). Interestingly, the proinsulin-
to-insulin ratio upon high glucose stimulation was altered 
in WFS1 cells compared with WFS1wt/757A>T (4.12 ± 0.95 

vs. 0.69 ± 0.14; P < 0.01), suggesting a disruption in the 
normal processing of insulin in mutant cells, underlying 
b-cell stress or damage (Fig. 2C). 

WFS1 SC Islets Display Dysregulated Insulin Secretion 
Machinery and Altered Ca2+ Dynamics 
As the exocytosis of insulin-containing granules in pancre-
atic b-cells is essential to their function, we investigated 
the pathways involved in the priming and fusion of secre-
tory granules with plasma membrane preceding their 
Ca21-dependent exocytosis and consequent insulin release 
(26). The transcriptional levels of the synaptosomal-protein 
of 25 kD (SNAP25) interacting with the vesicle-associated 
membrane protein 2 (VAMP2) were significantly reduced 
in WFS1 SC islets compared with the gene-edited counter-
part (Fig. 2D and E), supporting a defect of the secretory 
machinery. We also observed a reduction of PCSK1 gene 
expression (Fig. 2F) and its protein product PC1/3 (Fig. 2G 
and H) in WFS1 SC islets compared with WFS1wt/757A>T , 
indicating impaired insulin processing. These data were 
consistent with the morphology of secretory granules (27) 
(Fig. 3A and B). Indeed, while there is no difference in the 
total number of insulin granules, they appeared more im-
mature in WFS1 b-cells than in their genetically corrected 
counterparts (Fig. 3C and D). 
To deeply understand the mechanisms driving the impair-

ment of insulin secretion in WFS1 SC islets, we measured 
the Ca21 dynamics in response to high glucose stimulation 
or high glucose supplemented with IBMX. While Ca21 con-
centrations oscillated synchronously in WFS1wt/757A>T SC is-
lets, they did not propagate simultaneously through the cells 
in WFS1 SC islets, which appeared also affected by delayed b 
deactivation (Supplementary Fig. 3B and Fig. 4A and B). In-
deed, Ca21 oscillations changed their average peak during 
the transition from low to high glucose concentrations and 
increased their period and time in the active phase in WFS1 
SC islets compared with their WFS1wt/757A>T counterpart 
(Fig. 4C). Conversely, the silent duration was reduced in 
WFS1 SC islets, while the plateau fraction did not show sig-
nificant differences between the genotypes (Fig. 4C). The 
analysis of Ca21 oscillations after high glucose plus IBMX 
stimulation and the mean of coactivity supported the evi-
dence of asynchronous waves in WFS1 compared with 
WFS1wt/757A>T SC islets (Fig. 5A and B). 
We then examined the expression of RGS4, encoding for 

the regulator of G protein signaling 4, a negative regulator 
of insulin secretion in pancreatic b-cells (28), and CACNA1C 
and CACNA1D genes, coding for calcium voltage-gated 
channel subunit alpha1 C (CACNA1C) and D (CACNA1D), 
respectively. The scRNA-seq revealed RGS4 upregulation 
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Figure 7—Abnormal autophagy is restored by liraglutide. A: Expression levels measured by RT-qPCR of BECN1, ATG10, ATG12, and 
SQSTM1 genes in WFS1 and WFS1wt/757A>T SC islets. GAPDH was used as housekeeping (n = 5). **P < 0.01, ***P < 0.001 by unpaired 
two-tailed t test. B: Representative immunoblot for analysis of SQSTM1 and LC3-II in WFS1 and WFS1wt/757A>T SC islets treated or not 
with 100 nmol/L bafilomycin A1 for 2 h. C: Levels of SQSTM1 and LC3-II normalized to GAPDH in WFS1 SC islets expressed as fold 
change over WFS1wt/757A>T SC islets. Data are reported as mean ± SD (n = 3). D: Levels of SQSTM1 and LC3-II normalized to GAPDH in 
WFS1 and WFS1wt/757A>T SC islets 2 h after 100 nmol/L bafilomycin treatment expressed as fold change over untreated cells. Data are re-
ported as mean ± SD (n = 3). *P < 0.05, **P < 0.01 by paired two-tailed t test. E: RT-qPCR analysis of the expression levels of SQSTM1 in 

diabetesjournals.org/diabetes Torchio and Associates 1283 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
d
i
a
b
e
t
e
s
j
o
u
r
n
a
l
s
.
o
r
g
/
d
i
a
b
e
t
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
7
4
/
7
/
1
2
7
3
/
8
0
3
0
2
0
/
d
b
2
4
0
7
2
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
0
 
J
u
l
y
 
2
0
2
6



1284 Liraglutide Is Beneficial in Wolfram Syndrome                                                                 Diabetes Volume 74, July 2025 

(1.50 ± 1.02 in WFS1 vs. 1.32 ± 1.06 in WFS1wt/757A>T; 
P < 0.01) and concomitant CACNA1D decrease (0.10 ± 
0.28 in WFS1 vs. 0.27 ± 0.44 in WFS1wt/757A>T; P < 0.001) 
(Fig. 5C) in WFS1 SC islets, indicating a strong inhibition of 
calcium release at least partly due to an impairment of 
Ca21 channels. RT-qPCR analysis confirmed a statistically 
significant decrease of CACNA1D mRNA (Fig. 5D), suggest-
ing that CACNA1D is relevant for insulin secretion in WS1. 
Moreover, WFS1 SC islets showed more than twofold lower 
levels of WNT4 compared with their corrected counterparts 
(0.004 ± 0.0038 vs. 0.014 ± 0.007; P < 0.05). WNT4 con-
trols Ca21 signaling in response to glucose challenge (29), 
suggesting that the Wnt pathway is affected in WS1 and 
may contribute to impairments in glucose-stimulated insu-
lin secretion (GSIS) (Fig. 5D). 

All together, these results highlight the dysregulation 
of several b-cell–specific pathways, ultimately leading to 
impaired b-cell function in WS1. 

The GLP-1R Agonist Liraglutide Restores the Ca2+ 

Oscillation and Secretory Impairments, Increasing 
Glucose Responsiveness and Insulin Release 
Finally, we investigated whether the mechanisms we 
found dysregulated in patient-derived WFS1 SC islets 
might be positively impacted by liraglutide treatment and, 
therefore, whether their targeting might account for the 
efficacy of liraglutide in this patient (17). We first in-
spected the effect of acute liraglutide treatment on glu-
cose responsiveness and insulin secretion in WFS1 SC 
islets. Liraglutide increased insulin secretion after a sec-
ond stimulation with high glucose concentration com-
pared with the first stimulation with high glucose alone. 
The same effect (twofold increase) was observed when 
liraglutide was used in combination with high glucose 
and IBMX stimulation (Fig. 6A) or high glucose alone 
(Supplementary Fig. 4A) in comparison with untreated cells. 
Indeed, while the period did not significantly changed be-
tween the two experimental groups, the active phase of os-
cillations was lower in liraglutide-treated SC islets (2.66 ± 
1.17 vs. 4.13 ± 2.55; P < 0.05), and consistently, the silent 
period of oscillations significantly increased (2.28 ± 1.13 vs. 
1.67 ± 2.66; P < 0.01) (Fig. 6B). Accordingly, the mean of 
coactivity rose to 67% after liraglutide exposure compared 
with untreated cells (Fig. 6C and D). Interestingly, the acute 
administration of liraglutide ameliorated average peak and 
Ca21 oscillations in both WFS1 and WFS1wt/757A>T SC is-
lets treated with 50 nmol/L thapsigargin (TG) for 8 h to 
induce sustained activation of ER stress (Supplementary 
Fig. 4B–D), supporting the hypothesis that GLP-1R agonists 
can actively counteract cellular stress-dependent impair-
ments. Moreover, liraglutide restored the defects of the 

exocytosis machinery as well as the calcium voltage-gated 
channels as demonstrated by increased transcription of 
both SNAP25 (0.048 ± 0.019 vs. 0.023 ± 0.011; P < 0.05) 
and CACNA1D (0.0083 ± 0.0014 vs. 0.0052 ± 0.0014; 
P < 0.05). Of note, the drug did not have any significant 
impact on VAMP2 (Fig. 6E). 

WFS1 SC Islets Show Enhanced Autophagic Flux 
Under Basal Conditions 
The loss of wolframin has been reported to disrupt Ca21 dy-
namics, triggering the activation of autophagy and mitoph-
agy (30,31). To give a deeper insight into the mechanisms 
responsible for reduced insulin secretion in WFS1 SC islets, 
we first analyzed the transcription levels of the key regula-
tors ATG10, ATG12, and BECN1 participating in autophago-
some formation, but we did not find statistically significant 
differences between WFS1 SC islets and their corrected 
counterpart, except for significantly reduced ATG10 tran-
scripts in WFS1 SC islets (0.0056 ± 0.0010 vs. 0.0098 ± 
0.0017). Surprisingly, the autophagy substrate SQSTM1 
mRNA was strongly upregulated in WFS1 compared with 
WFS1wt/757A>T SC islets (0.24 ± 0.10 vs. 0.033 ± 0.004; P < 
0.01) (Fig. 7A). Moreover, patient-derived SC islets showed 
reduced LC3-II and SQSTM1 expression levels compared 
with their corrected counterparts (Fig. 7B and C), suggesting 
that enhanced autophagic degradation occurs in WFS1 SC is-
lets. We further explored the autophagic flux by treating SC 
islets with bafilomycin A1, which inhibits autophagic degra-
dation blocking the endolysosomal acidification. We ob-
served increased levels of LC3-II in bafilomycin-treated 
WFS1wt/757A>T , which was even higher in WFS1 SC islets. 
Consequently, SQSTM1 protein levels were higher in WFS1 
SC islets compared with their corrected counterpart, suggest-
ing that WFS1 mutation enhanced the autophagic flux (Fig. 
7B and D). These results are indeed concordant with the in-
crease of SQSTM1 transcripts (Fig. 7A), which constitutes an 
attempt at restoring SQSTM1 protein levels in basal condi-
tions. We then explored the potential impact of liraglutide 
on the autophagic pathway in WFS1 SC islets and found 
that the GLP-1R agonist increased LC3-II and the LC3-II– 
to–LC3-I ratio, suggesting autophagy induction, and boosted 
protein level of SQSTM1 without significant changes in its 
transcripts, probably caused by transient accumulation due 
to enhanced autophagosome formation (Fig. 7E–G). 

Chronic Liraglutide Exposure Protects WFS1 SC  
Islets From Thapsigargin and Proinflammatory 
Cytokines-Induced Apoptosis 
We demonstrated that patient-derived SC islets are sus-
ceptible to cellular stress and proinflammatory cytokines- 
induced cell death (20). Strikingly, both early and late 

WFS1 SC islets before and after treatment with 1 mmol/L liraglutide (n = 4). *P < 0.05 by unpaired one-tailed t test. F: Representative im-
munoblot for analysis of SQSTM1 and LC3-II in WFS1 SC islets treated or not with 100 nmol/L baflomycin A1 and/or 1 mmol/L liraglutide 
for 2 h. G: SQSTM1 and LC3-II levels normalized to GAPDH and the LC3-II/I ratio in WFS1 after liraglutide and/or baflomycin A1 treatment 
are presented as fold changes relative to untreated WFS1 SC islets. Data are reported as mean ± SD (n = 3). *P < 0.05, ****P < 0.0001. 
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Figure 8—Liraglutide protects from stress and inflammation-induced apoptosis. A: Schematic summary of chronic treatment with 
1 mmol/L liraglutide in WFS1 SC islets exposed either to TG for 16 h or to inflammatory cytokines (interferon [IFN]-g, tumor necrosis factor 
[TNF]-a and interleukin [IL]-1b) for 48 h. B: Representative FACS plots for analysis of annexin V (Ann.V) and propidium iodide (PI)-stained 
WFS1 cells after treatment with TG or cytokines, in presence or not of liraglutide. Early and late apoptosis was measured as the percent-
age (%) of Ann.V and PI-positive cells, respectively, in WFS1 SC islets after exposure to TG (C) or cytokines (D), with or without chronic 
treatment with liraglutide. Data are expressed as mean ± SD (n = 3). **P < 0.01, ***P < 0.001 by two-way ANOVA with the Dunn-S��ıda� k

diabetesjournals.org/diabetes Torchio and Associates 1285 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
d
i
a
b
e
t
e
s
j
o
u
r
n
a
l
s
.
o
r
g
/
d
i
a
b
e
t
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
7
4
/
7
/
1
2
7
3
/
8
0
3
0
2
0
/
d
b
2
4
0
7
2
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
0
 
J
u
l
y
 
2
0
2
6



correction. E: Relative expression of ATF4, HSPA5, and PDIA4 genes in WFS1 SC islets, 16 h after TG exposure ± liraglutide, and estima-
tion plot including the mean of difference of ATF4, HSPA5, and PDIA4 mRNAs following chronic treatment with liraglutide (n = 3). *P < 
0.05 by one-tailed t test. F: Relative expression of ATF4, HSPA5, and PDIA4 genes in WFS1 SC islets, 48 h after proinflammatory cytokine 
exposure ± liraglutide, and estimation plot including the mean of difference of ATF4, HSPA5, and PDIA4 mRNAs following chronic treat-
ment with liraglutide (n = 4). *P < 0.05 by one-tailed t test. 

apoptosis were prevented in liraglutide-treated SC islets 
exposed to TG or proinflammatory cytokines (Fig. 8A), 
as the percentage of annexin V1 and propidium iodide-
positive cells were comparable to the untreated and 
more than twofold lower than WFS1 SC islets exposed 
to stressors (Fig. 8B–D). The ability of liraglutide to mit-
igate apoptosis correlated with enhanced UPR. Indeed, 
we observed differences in basal and TG-stimulated un-
folded protein response activation between WFS1 and 
WFS1wt/757A>T SC islets (Supplementary Fig. 5). By eval-
uating the expression changes of ER stress-related markers, 
we found a significant increase of ATF4 (mean difference 
0.48 ± 0.27; P < 0.05), HSPA5 (mean difference 1.92 ± 
0.79; P < 0.05), and PDIA4 (mean difference 0.62 ± 
0.34; P < 0.05) in WFS1 cells exposed to liraglutide and 
TG (Fig. 8E), and of ATF4 (mean difference 0.22 ± 0.14; 
P < 0.05), HSPA5 (mean difference 0.35 ± 0.25; P < 
0.05), and PDIA4 (mean difference 0.23 ± 0.11; P < 
0.05) in WFS1 cells exposed to liraglutide and proin-
flammatory cytokines (Fig. 8F). 

DISCUSSION 
Wolframin contributes to several processes orchestrated 
by the ER, where it exerts its functions as a transmembrane 
protein. Wolframin modulates ER stress responses, regu-
lates intracellular Ca21 homeostasis, and acts at mitochon-
dria-associated ER membranes in different tissues (2–6). 
Given its involvement in several cellular pathways, patho-
genic variants in the WFS1 gene are expected to affect cell 
survival and function as missense, nonsense, and frameshift 
mutations produce variable RNA and protein defects (32) 
and account for the broad spectrum of WS1 clinical 
manifestations. 
In this study, we reported the alterations of cellular 

processes involved in endocrine function and survival 
of pancreatic b-cells in a WS1 patient harboring the 
c.316-1G>A mutation, generating two PTC-containing 
transcripts undergoing nonsense-mediated decay, as well 
as two open reading frame–conserving mRNAs that yield 
a partially functional wolframin (20). These atypical tran-
scripts contributed to an unconventional cellular response 
to ER stress, prompting an in-depth characterization of 
b-cell differentiation and functionality. 
Our data indicate that the WFS1 mutation determines 

an overall immature endocrine phenotype as revealed by 
the presence of high levels of early endocrine markers and 
the enrichment of INS1/GCG1/SST1 or INS1/GCG1/PPY1 

polyhormonal cells in patient-derived SC islets. While the 
percentage of INS1 cells was relatively high, their maturation 
was compromised compared with WFS1wt/757A>T SC islets, 

which exhibited higher transcription levels of the mature 
b-cell function gene signature. The morphology of insulin 
secretory granules supported a defect in their maturation 
processing as WFS1 b-cells exhibit more immature gran-
ules compared with the gene-edited counterparts. 
The immature endocrine phenotype reflected in im-

paired GSIS and was associated with enrichment gene 
ontology terms related to insulin signaling, secretory 
machinery, calcium-related activities, and inflammatory re-
sponse. Indeed, lower expression of SYT4, CFAP126, and 
WNT4 in WFS1 SC islets likely contributed to dysregulated 
Ca21 fluxes and GSIS (33–35). Moreover, SNAP25, a pivotal 
SNARE complex component for insulin exocytosis (36), 
was markedly reduced in WFS1 SC islets. Since SNAP25 
is important for synchronized Ca21 oscillations and ro-
bust insulin release (37), its downregulation, along with 
decreased CACNA1D (Cav1.3 channels) and WNT4, and 
increased RGS4, further explains the reduced insulin re-
sponse and asynchronous Ca21 flux (38,39). Additionally, 
diminished PC1/3 correlated with an increased proinsulin-
to-insulin ratio, reflecting impaired secretory granule 
maturation and ER stress (7–9). 
We also observed heightened autophagic flux in WFS1 

SC islets, possibly induced by misfolded protein accumula-
tion or defective insulin granule exocytosis. Secretory au-
tophagy promotes insulin secretion in b-cells both in vivo 
and in vitro under high glucose conditions (30). Although 
autophagy is generally protective in b-cells (40,41), its 
overactivation may disrupt insulin availability (30,42). 
GLP-1R agonists have shown promise as disease-

modifying agents (17,18). Indeed, the off-label liraglutide 
administration to the WS1 patient under investigation im-
proved C-peptide levels and decreased daily insulin needs 
(17). Consistent with the clinical data, our in vitro results 
show that liraglutide enhances GSIS in patient-derived SC 
islets by resynchronizing b-cells Ca21 fluxes, regulating au-
tophagy, and protecting against both thapsigargin- and in-
flammation-induced apoptosis. 
Mechanistically, GLP-1R agonists are known to im-

prove b-cell function under stress conditions. Exendin-4 
reduces translational downregulation of insulin and im-
proves cell survival in rat b-cells and in INS-1 cells upon 
ER stress induction (13). The GLP-1RA–mediated activa-
tion of the PI3K/Akt pathway enhances GSIS in b-cells 
and is critical for maintaining their survival and function 
(43,44). 
GLP-1RAs have multiple effects on b-cells that may 

account for restoring the functional impairments of the 
endocrine compartment in WFS1 SC islets treated with 
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liraglutide. The activation of GLP-1 signaling is known to 
promote PDX1 DNA binding, driving transcription of INS, 
MAFA, and PCSK1, thus enhancing b-cell maturation that 
we found impaired in patient-derived SC islets (45,46). 
Moreover, GLP-1RAs stimulate hyperpolarization-activated 
cyclic nucleotide-gated channels in b- and d-cells, thereby 
boosting Ca21 oscillation frequency (47) and improving 
their regularity during the first part of the b-cell response 
(48). The SNARE protein complexes that mediate insulin 
exocytotic processes are also targets of GLP-1RAs. The 
phosphorylation and upregulation of SNAP25 is induced 
by GLP-1RA, which restores a key component of the 
SNARE complex (49). Indeed, we observed that liraglutide 
increased CACNA1D, SNAP25, and various unfolded pro-
tein response–related chaperones, probably facilitating 
correct protein folding and mitigating proapoptotic ER 
stress, thereby inducing more efficient insulin granule 
exocytosis. Moreover, liraglutide treatment reduces in-
flammatory cytokine–induced apoptosis in WFS1 SC islets, 
confirming the anti-inflammatory properties previously 
reported in other tissues (50). Exendin-4 regulates au-
tophagic flux, lysosomal function, and cell survival in 
pancreatic b-cells via the RAPGEF4/EPAC2 (Rap gua-
nine nucleotide exchange factor 4) and downstream 
Ca21 signaling (14). Indeed, glucose-induced autophagy-
mediated insulin secretion was affected by impaired Ca21 

flux (42). 
The work described here and in the other studies men-

tioned above highlighted that GLP-1RAs target the cross 
talk between multiple cellular pathways driving GSIS and 
b-cell survival. This evidence supports the targeting of the 
GLP-1/GLP-1R axis as a therapeutic strategy for WS1. How-
ever, additional studies should dissect whether GLP-1R sig-
naling is involved in specific WFS1 mutation-driven defects, 
potentially guiding precision medicine approaches in WS1. 
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