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Wolfram syndrome is a rare multisystem disease characterized by
childhood-onset diabetes mellitus and progressive neurodegener-
ation. Most cases are attributed to pathogenic variants in a single
gene, Wolfram syndrome 1 (WFS1). There currently is no disease-
modifying treatment for Wolfram syndrome, as the molecular con-
sequences of the loss of WFS1 remain elusive. Because diabetes
mellitus is the first diagnosed symptom of Wolfram syndrome, we
aimed to further examine the functions of WFS1 in pancreatic β
cells in the context of hyperglycemia. Knockout (KO) of WFS1 in
rat insulinoma (INS1) cells impaired calcium homeostasis and pro-
tein kinase B/Akt signaling and, subsequently, decreased cell via-
bility and glucose-stimulated insulin secretion. Targeting calcium
homeostasis with reexpression of WFS1, overexpression of WFS1’s
interacting partner neuronal calcium sensor-1 (NCS1), or treatment
with calpain inhibitor and ibudilast reversed deficits observed in
WFS1-KO cells. Collectively, our findings provide insight into the
disease mechanism of Wolfram syndrome and highlight new tar-
gets and drug candidates to facilitate the development of a treat-
ment for this disorder and similar diseases.

diabetes | calcium signaling | cell viability | Akt | ibudilast

Wolfram syndrome is an orphan autosomal recessive genetic
disorder that affects approximately 1 in 500,000 people

worldwide and is characterized by diabetes insipidus, diabetes
mellitus, optic nerve atrophy, and deafness (hence the acronym
DIDMOAD) (1). Typically, a progressive childhood-onset of
nonautoimmune, insulin-dependent diabetes mellitus is the first
diagnosed symptom at around age 6 y (2). There is currently no
disease-modifying treatment for Wolfram syndrome, and pa-
tients usually die in mid-adulthood (3). Up to 90% of cases can
be attributed to pathogenic variants in the Wolfram syndrome 1
(WFS1) gene, which encodes for the protein wolframin (WFS1)
(4). The remaining cases are due to mutations in the CISD2 gene
(a.k.a.WFS2) or other unknown genes (2). Heterozygous carriers
of WFS1 sequence variants compose approximately 1% of the
world’s population and are at enhanced risk of psychiatric disorders
and hearing loss (5–7). WFS1 is a transmembrane protein and
appears to localize to the endoplasmic reticulum (ER) (8). It is
expressed in most tissues but at higher levels in the brain, heart, and
pancreatic β cells (9). Although the endogenous functions of WFS1
remain unclear, several recent studies have suggested that WFS1
regulates ER stress (10, 11), mitochondrial health (12), and calcium
homeostasis (13–15).
This study further investigates how WFS1 regulates calcium

homeostasis in the context of diabetes mellitus. Calcium is a
universal second messenger, and its concentration in the differ-
ent cellular compartments must be tightly regulated for proper
cell functions (16). In particular, intact calcium homeostasis is
integral to the survival of pancreatic β cells (17, 18) and insulin
secretion from these cells (19–21). In addition, dysregulation of
calcium signaling has been proposed as a mechanism of many

diseases, such as Alzheimer’s disease (22), cancer progression
(23), and diabetes mellitus (24, 25).
Here we show that KO of WFS1 in rat insulinoma (INS1) cells

led to elevated resting cytosolic calcium, reduced stimulus-
evoked calcium signaling, and, consequently, hypersusceptibility
to hyperglycemia and decreased glucose-stimulated insulin se-
cretion. Overexpression of WFS1 or WFS1’s interacting partner
neuronal calcium sensor-1 (NCS1) reversed the deficits observed
in cells lacking WFS1. Moreover, calpain inhibitor XI and ibu-
dilast rescued resting cytosolic calcium, cell viability, and insulin
secretion in WFS1-KO cells. These findings further our un-
derstanding of Wolfram syndrome and other diseases caused by
impaired calcium homeostasis.

Results
Loss of WFS1 Disrupts Cellular Calcium Homeostasis. Several studies
have implicated a role for WFS1 in regulating calcium homeo-
stasis, including resting cytosolic calcium (12, 14), ER calcium
storage (13), and agonist-induced ER calcium release (12, 15).
To study the effects of WFS1 depletion on calcium homeostasis
in pancreatic β cells, we compared stable INS1 832/13 rat insu-
linoma cell lines with normal expression (WFS1-WT) or loss of
WFS1 (WFS1-KO). Two WFS1-KO clones were created using
clustered regularly interspaced short palindromic repeats
(CRISPR) with a guide RNA (gRNA) targeting an early, con-
served exon (SI Appendix, Fig. S1). All experimental results
shown were obtained from WFS1-KO clone 1, and key findings
were validated in WFS1-KO clone 2 (SI Appendix, Fig. S3). The
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WFS1-WT cell line was obtained from a clone with no CRISPR
modification in the same preparation. We also generated stable
WFS1-overexpressing (WFS1-OE) cells on the WFS1-KO
background for validation experiments. Loss of WFS1 in WFS1-
KO cells, as well as the successful reexpression of WFS1, was
verified using Western blot analysis (Fig. 1A and SI Appendix,
Fig. S1E).
To confirm a previous observation that INS1 cells with re-

duced WFS1 expression show higher resting cytosolic calcium
levels (14), we measured resting cytosolic calcium in both cell
lines using the ratiometric cytosolic calcium dye Fura-2-AM. As
expected, WFS1-KO cells showed an elevated resting cytosolic
calcium level at baseline compared with WFS1-WT cells, which
was normalized by reexpressing WFS1 (Fig. 1B). Similar results
were obtained using the nonratiometric cytosolic calcium dye
Fluo-4-AM (SI Appendix, Fig. S2A). We also found that calpain
activity was elevated in WFS1-KO cells (Fig. 1C), suggesting that
our WFS1-KO cells recapitulate the deficits observed in an
earlier WFS1-knockdown cell model (14).
WFS1-KO cells show decreased inositol 1,4,5-trisphosphate receptor-dependent
ER calcium release. Because the loss of WFS1 expression has been
linked to increased ER stress (10, 11) and reduced ER calcium re-
lease (12, 15), we next investigated agonist-induced calcium release
from the ER in WFS1-WT and WFS1-KO cells. To measure ER
calcium release via the inositol 1,4,5-trisphosphate-receptor (InsP3R),
we used adenosine triphosphate (ATP) as the agonist for cells in
calcium-free buffer. Measurements with Fura-2-AM dye showed re-
duced ATP-induced InsP3R-dependent ER calcium release into the

cytosol in WFS1-KO cells (Fig. 1D). Compared with the WFS1-WT
cells, WFS1-KO cells exhibited a significant reduction in the maxi-
mum amplitude, area under the curve, and rate of rise (Fig. 1 E–G).
Similar observations were made when cells were loaded with Fluo-4-
AM dye (SI Appendix, Fig. S2 E–H). Reintroducing WFS1 into
WFS1-KO cells fully rescued the maximum amplitude and rate of
rise (Fig. 1 E–G) and partially rescued the area under the curve
(Fig. 1F). Several effects of the loss of WFS1 on ER calcium filling
have been described in different cell lines (13, 15). In INS1 cells, ER
calcium loading, as assessed by treatment with 1 μM thapsigargin, was
not altered following the loss of WFS1 (SI Appendix, Fig. S2 B–D).
Furthermore, the protein expressions of InsP3R1 and InsP3R3 were
not different between WFS1-WT and WFS1-KO cells (SI Appendix,
Fig. S2 I–K).
WFS1-KO cells show decreased ER-mitochondrial calcium transfer. The
ER releases calcium via the InsP3R not only into the cytosol, but
also into mitochondria at specialized interorganellar junctions
called mitochondria-associated ER membranes (MAMs) (26).
Dysregulation of MAMs has been implicated in Alzheimer’s
disease (27), diabetes mellitus (28, 29), and Wolfram syndrome
(15). Therefore, we hypothesized that reduced cytosolic InsP3R-
dependent calcium transients (Fig. 1 D–G) would be correlated
with a reduction in mitochondrial calcium uptake in WFS1-KO
cells. As expected, mitochondrial calcium uptake, as measured
with the calcium sensor mito-gCaMP6F, was significantly lower
in WFS1-KO cells after stimulation with ATP (Fig.1 H–K). Using
two independent cellular fractionation protocols, we found that
WFS1 was present in the crude mitochondrial fraction, which

Fig. 1. WFS1 regulates intracellular calcium homeostasis in INS1 cells. (A) Western blot confirming the loss of WFS1 protein in WFS1-KO cells and the
reexpression of WFS1 in WFS1-KO cells (WFS1-OE). (B) WFS1-KO cells exhibited significantly elevated resting cytosolic calcium compared with WFS1-WT cells,
which could be rescued by reexpressing WFS1. (C) WFS1-KO cells showed significantly higher calpain activity than WFS1-WT cells. (D) Averaged traces of 8 to
18 coverslips for each cell type in response to 50 nM ATP. (E–G) Compared with WFS1-WT cells, WFS1-KO cells showed decreased maximum amplitude, area
under the curve, and rate of rise for the cytosolic calcium traces shown in D. Reexpressing WFS1 fully rescued the maximum amplitude and rate of rise and
partially rescued area under the curve. (H) Averaged traces of 15 coverslips for each cell type (both WFS1-WT and WFS1-KO cells stably expressing mito-
gCaMP6F) in response to 100 nM ATP. (I–K) Compared with WFS1-WT cells, WFS1-KO cells showed decreased maximum amplitude, area under the curve, and
rate of rise for the mitochondrial calcium traces shown in H.
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contains MAM proteins (SI Appendix, Fig. S2 L and M). This
observation is consistent with several previously published pro-
teomic analyses of the MAM structure (30–32), supporting a role
of WFS1 at the MAM.

WFS1-KO Cells Show More Severely Impaired Calcium Signaling due
to Hyperglycemia. Chronic hyperglycemia, or glucose toxicity, is a
hallmark of diabetes mellitus and impairs β cell physiology,
particularly intracellular calcium signaling (19, 33–35). To mimic
glucose toxicity in Wolfram syndrome, we treated both WFS1-
WT and WFS1-KO cells with additional 30 mM glucose for 24 h
before calcium imaging was performed. In the high-glucose en-
vironment, resting cytosolic calcium in WFS1-WT cells rose
significantly to a level comparable to that in WFS1-KO cells at
baseline (Fig. 2A). In contrast, resting cytosolic calcium in
WFS1-KO cells treated with extra glucose remained at the same
level as that in untreated WFS1-KO cells, suggesting that un-
treated WFS1-KO cells had already achieved a maximal resting
cytosolic calcium level. In response to increasing glucose con-
centrations (+0, 15, or 30 mM glucose for 24 h), both WFS1-WT
and WFS1-KO cells showed a concentration-dependent re-
duction in ATP-evoked ER calcium release into the cytosol
(Fig. 2B). Nevertheless, WFS1-KO cells showed a lower calcium
response at 0 mM and 15 mM additional glucose compared with
WFS1-WT cells at the same concentrations. The response for
both cell lines converged to a minimal level at the highest glucose
concentration tested (+30 mM).

Further analyses of maximum amplitude, area under the
curve, and rate of rise suggest that WFS1-KO cells at baseline
showed an ATP response similar to that in WFS1-WT cells
treated with 15 mM glucose, and that WFS1-KO cells treated
with 15 mM showed a similar response as WFS1-WT cells
treated with 30 mM glucose (Fig. 2 C–E). These observations
indicate that at baseline, WFS1-KO cells already show defects in
calcium signaling comparable to those in WFS1-WT cells under
diabetic hyperglycemia, which may result in an acceleration of
functional impairments following hyperglycemia in WFS1-KO cells.

Overexpression of WFS1’s Interacting Partner NCS1 Rescues Calcium
Homeostasis in WFS1-KO Cells. Neuronal calcium sensor-1 (NCS1)
is a regulator of calcium-dependent signaling pathways (36), such
as survival (37) and insulin secretion (38), and was recently im-
plicated in the disease mechanism of Wolfram syndrome in fi-
broblasts (15). WFS1 and NCS1 interaction has been reported
previously, which we corroborated with coimmunoprecipitation
experiments (Fig. 3A). Unlike what was previously observed in
fibroblasts, we saw no difference in NCS1 protein expression
between INS1 WFS1-WT and WFS1-KO cells, suggesting tissue-
specific regulation (SI Appendix, Fig. S4 A and B). Given reports
indicating that NCS1 protein expression is increased in response
to cell stress (37, 39), we assessed NCS1 protein expression
following hyperglycemia. We found that glucose toxicity led to an
approximate 1.5-fold increase in NCS1 protein expression in
WFS1-WT cells after 48 h (Fig. 3 B and C). In contrast, in WFS1-KO

Fig. 2. WFS1-KO cells show more severely impaired calcium signaling due to hyperglycemia. Cells were incubated for 24 h with normal medium (CTRL) or
medium with 15 mM or 30 mM additional glucose (15G and 30G, respectively) before imaging. (A) WFS1-WT cells showed elevated resting cytosolic calcium
after incubation with 30G, whereas WFS1-KO cells showed no change. (B) Averaged traces of 12 to 25 coverslips for each condition in response to 50 nM ATP.
(C–E) Quantification of maximum amplitude, area under the curve, and rate of rise for the cytosolic calcium traces shown in B. Glucose toxicity caused
impairment of ATP-evoked calcium transients in a concentration-dependent manner. However, WFS1-KO cells showed a more impaired response at CTRL and
15G. At 30G, WFS1-WT and WFS1-KO cells were equally impaired.
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cells, a significant decrease in NCS1 protein expression was observed
(Fig. 3 B and C). NCS1 mRNA level was not changed between the
different conditions (SI Appendix, Fig. S4C), indicating that WFS1
likely regulates NCS1 protein levels posttranscriptionally.
Next, we overexpressed NCS1 in WFS1-KO cells and found

that NCS1 overexpression fully rescued both the ATP-evoked
ER calcium release (Fig. 3 E–H) and the resting cytosolic cal-
cium (Fig. 3I). Overexpressing the empty vector with a green
fluorescence protein (GFP) marker alone did not affect calcium
response in WFS1-KO cells, suggesting that neither the transfection

process nor the GFP signal interfered with our measurement.
Consistent with a previous study (15), these results indicate that
NCS1 plays a role in the disease mechanism of Wolfram syndrome
and is a potential target for treatment, as has been reported for
other conditions (40, 41).

Calpain Inhibitor XI and Ibudilast Rescue Cell Viability and Resting
Cytosolic Calcium in WFS1-KO Cells. Because intracellular calcium
is an important determinant of cell viability, we measured cell
viability in WFS1-WT and WFS1-KO cells using a luminescent

Fig. 3. Overexpression of WFS1’s interacting partner NCS1 rescues calcium homeostasis in WFS1-KO cells. (A) For coimmunoprecipitation, mouse brain lysate
was incubated with NCS1 antibody or rabbit IgG as control. Immunoblots were incubated with antibodies as indicated. (B) Representative blot showing
protein abundance of NCS1 in WFS1-WT and WFS1-KO cells treated for 48 h with an additional 30 mM glucose (30G). (C) Quantification of B (10 to 12 independent
preparations for each condition), with values normalized to CTRL. Whereas WFS1-WT cells showed an increase in NCS1 level, WFS1-KO cells showed a decrease. (D)
Western blot confirming the overexpression of NCS1 in WFS1-KO cells. (E) Averaged traces of 9 to 32 coverslips for each cell type in response to 50 nM ATP.
Overexpression of NCS1 rescued ATP-evoked cytosolic calcium response in WFS1-KO cells. (F–H) Quantification of maximum amplitude, area under the curve, and rate
of rise for the cytosolic calcium traces shown in E. (I) Overexpression of NCS1 rescued elevated resting cytosolic calcium in WFS1-KO cells.
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ATP-based assay. First, we established that knocking out WFS1
in INS1 cells did not reduce cell viability at baseline (Fig. 4A) or
proliferation over 1 wk (Fig. 4B). Following hyperglycemia (ad-
ditional 30 mM glucose for 48 h), we observed an ∼40% re-
duction in cell viability in WFS1-KO cells, compared with only a
15% reduction in WFS1-WT cells (Fig. 4C). The reduction in
viability in WFS1-KO cells could be rescued by WFS1 reex-
pression (SI Appendix, Fig. S5A). These findings are supported
by previous reports showing that WFS1 deficiency causes pro-
gressive loss of pancreatic β cells (42, 43).
Calpain inhibitor and ibudilast rescue cell viability in WFS1-KO cells. To
reverse the hyperglycemia-induced loss of cell viability pharma-
cologically, six different compounds previously shown to affect
calcium homeostasis and WFS1- or NCS1-dependent processes
were tested in WFS1-WT, WFS1-KO, and WFS1-OE cells (SI
Appendix, Fig. S5A). Two of these compounds, calpain inhibitor
XI (also known as AK295 or CX295) and ibudilast (also known
as AV-411 or MN-166), fully rescued cell viability back to
baseline in all three cell lines. Subsequently, we found that cal-
pain inhibitor XI and ibudilast did not significantly affect cell
viability at baseline (Fig. 4C) and reversed the glucose toxicity-
induced loss of cell viability in a dose-dependent manner in
WFS1-KO cells (SI Appendix, Fig. S5 B–E). Calpain inhibitor
XI is a reversible inhibitor of calpain 1 and 2 (44) and shows

antiapoptotic/prosurvival properties in models of several diseases
in vitro and in vivo (45–50). Ibudilast was developed as a phos-
phodiesterase 4 (PDE4) inhibitor and is approved in Japan for the
treatment of patients with asthma and poststroke dizziness (51).
Calpain inhibitor and ibudilast rescue resting cytosolic calcium in WFS1-KO
cells. To investigate a possible mechanism of drug action, we
tested whether calpain inhibitor XI and ibudilast could rescue
resting cytosolic calcium following the loss of WFS1. A sustained
elevation in resting cytosolic calcium level can lead to harmful
cellular processes resulting in cell death (16) and impaired insulin
secretion (19). Both calpain inhibitor XI and ibudilast lowered the
resting cytosolic calcium level in WFS1-KO cells to that in WFS1-
WT cells (Fig. 4 D and E), underscoring that disrupted calcium
signaling is an important contributor to Wolfram syndrome pa-
thology and can be targeted with calpain inhibitor XI and ibudilast.

WFS1-KO Cells Show Decreased Insulin Secretion, Which Can Be Reversed
by Calpain Inhibitor XI and Ibudilast. In addition to reduced β cell mass
(Fig. 4), decreased glucose-stimulated insulin secretion has been
observed in studies investigating animal models with WFS1 de-
ficiency and corresponding pancreatic islets (43, 52, 53). Measure-
ment of glucose-stimulated insulin secretion showed that
stimulation with 9 mM glucose significantly increased insulin se-
cretion in WFS1-WT cells but not in WFS1-KO cells (Fig. 5A). This

Fig. 4. Calpain inhibitor XI and ibudilast rescue cell viability and resting cytosolic calcium in WFS1-KO cells. (A) Measurement of cell viability of WFS1-WT and
WFS1-KO cells showed no difference under control conditions on day 1. (B) Measurement of growth over 7 d showed no difference between WFS1-WT and
WFS1-KO cells. (C) Measurement of cell viability normalized to CTRL conditions. WFS1-KO cells showed a significantly larger reduction in cell viability compared with
WFS1-WT cells. Cell viability in both cell lines was rescued by 10 μM calpain inhibitor XI (CI) and 10 μM ibudilast (IBU). Treatment combinations were as indicated for 48
h. (D and E) A 24-h treatment with 10 μM CI or IBU reversed elevated cytosolic calcium levels in WFS1-KO cells without affecting WFS1-WT cells.
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resulted in a significantly lower insulin secretion rate in WFS1-KO
cells compared with WFS1-WT cells at 9 mM glucose. Adding ei-
ther calpain inhibitor XI or ibudilast reversed the impairment of
glucose-stimulated insulin secretion in WFS1-KO cells. Treatment
with calpain inhibitor XI did not affect insulin secretion in WFS1-
WT cells and rescued secretion in WFS1-KO cells. Similar to an-
other PDE4 inhibitor, roflumilast (54), ibudilast enhanced insulin
secretion at baseline in both cell lines. Following glucose stimula-
tion, ibudilast ameliorated the difference between WFS1-WT and
WFS1-KO cells.
WFS1-KO cells show decreased insulin receptor and protein kinase B/Akt
signaling. Studies performed in animal models lacking the insulin
receptor (IR) and insulin-like growth factor I (IGF1) receptor
indicate that insulin also exerts an important effect on β cells,
and that IR signaling regulates survival and insulin secretion in β
cells (55–57). Therefore, we examined the expression levels of
proteins involved in the insulin signaling network. Total IR and
protein kinase B (Akt) were similar among the WFS1-WT,
WFS1-KO, and WFS1-OE cells (Fig. 5B and SI Appendix, Fig.
S6 A and B). Phosphorylation of the insulin receptor (pIRβ-
Y1150/1151) and Akt (pS473 and pT308) was significantly re-
duced in WFS1-KO cells (Fig. 5 B–F). Reintroducing WFS1 in
WFS1-KO cells significantly increased pIRβ-Y1150/1151 and
rescued pAkt-S473. These data suggest that disruption of IR and
Akt signaling plays a role in Wolfram syndrome pathology.

Discussion
WFS1 Regulates Intracellular Calcium Homeostasis.Here we describe
how intracellular calcium is globally dysregulated in WFS1-KO β
cells. Consistent with previous studies in the field (12, 14, 15, 25),
WFS1-KO cells showed elevated resting cytosolic calcium and
reduced ATP-evoked calcium transients from the ER to both the
cytosol and mitochondria. The exact mechanism of WFS1-
dependent InsP3R dysfunction is unclear; however, we were
able to rule out reduced expression of InsP3Rs or decreased ER-
calcium loading as causes. There remain several possible and not
mutually exclusive explanations. First, WFS1 may interact di-
rectly with the InsP3R (15) and positively regulate InsP3R
function similar to NCS1 (58, 59). Second, WFS1 may function
as a calcium-permeable ion channel (60). Taken together, our
data on calcium signaling in a cellular disease model of Wolfram
syndrome emphasize that WFS1 is a versatile regulator of
calcium homeostasis.
WFS1-KO cells are predisposed to hyperglycemia-induced impairments.
When cells were challenged with glucose toxicity, WFS1-KO
cells showed more severely impaired calcium signaling compared
with WFS1-WT cells. Similar to wild-type rat islet cells that had
been cultured in high glucose over 1 wk (33), WFS1-KO cells
showed no further increase in resting cytosolic calcium level.
Therefore, we propose that at baseline, WFS1-KO cells already

Fig. 5. WFS1-KO cells show decreased insulin secretion, which can be reversed by calpain inhibitor XI and ibudilast. (A) Measurement of glucose-stimulated
insulin secretion at baseline (2.5 mM glucose) and after stimulation (9 mM glucose) using insulin ELISA. WFS1-WT cells showed significantly higher insulin
secretion than WFS1-KO cells under control conditions. Treatment with 10 μM calpain inhibitor XI or 10 μM ibudilast ameliorated the difference between
WFS1-WT and WFS1-KO cells. (B) Representative blot showing protein abundance of the insulin signaling pathway. (C and D) Quantification of A (3 to 10
independent preparations). Compared with WFS1-WT cells, WFS1-KO showed significant reductions in pIRβ (Y1150/1151) and pAKT (S473). Reexpression of
WFS1 in WFS1-KO cells increased pIRβ and pAKT expression levels to at least those in WFS1-WT cells. (E) Representative blot showing protein abundance of
pAKT (T308). (F) Quantification of D (seven independent preparations). pAKT (T308) was significantly down-regulated in WFS1-KO cells. (G) Proposed model.
Loss of WFS1 results in global calcium dysregulation, which impairs cell viability and insulin secretion. Calpain inhibitor XI and ibudilast can restore proper β
cell function, suggesting them as drug candidates for the treatment of Wolfram syndrome and similar diseases.
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show signaling impairments like “diabetic” cells. Such impair-
ments predispose them to more severe hyperglycemia-induced
defects, as supported by the lower cell viability seen in WFS1-KO
cells following hyperglycemia. This may explain why patients
with Wolfram syndrome develop more degenerative symptoms
progressively with age.
WFS1-KO cells show impaired IR and Akt signaling. Decreased IR and
Akt signaling, likely linked through defects in PI3K and
mTORC2 signaling (61), may contribute to the impaired insulin
secretion (62) and cell viability (63, 64) of WFS1-KO cells. Re-
duced protein kinase B/Akt signaling may be due to elevated
cytosolic calcium level (65, 66). In addition, protein phosphatase
2A (PP2A) also reduces the phosphorylation of IR, Akt, and
other insulin-signaling molecules and is known to be hyper-
activated in diabetic states (67). Although we saw no changes in
the protein expression of the catalytic subunit of PP2A (PP2Ac;
SI Appendix, Fig. S6 C and D), PP2A activity is regulated by
multiple factors, including calcium (68) and posttranslational
modifications (67). Alternatively, the reduced insulin secretion in
WFS1-KO cells may down-regulate the insulin signaling path-
way. Akt signaling could be a new drug target for Wolfram
syndrome, as has been previously investigated in other condi-
tions, including obesity and type 2 diabetes mellitus (69).

Restoring Calcium Homeostasis in WFS1-KO Cells.
NCS1.We found that overexpressing NCS1 is a promising strategy
to restore calcium homeostasis in INS1 cells. NCS1 may nor-
malize calcium dysregulation through its enhancing effect on
InsP3R activity (58, 59) and its function as a calcium sensor (36).
Moreover, a recent study found that NCS1 was mislocalized in
adipocytes of a high-fat diet mouse model (70). Therefore, we
speculate that localization or functions of NCS1 are similarly
altered in “diabetic” WFS1-KO cells.
Calpain inhibitor XI and ibudilast. Pharmacologic interventions with
calpain inhibitor XI and ibudilast rescued resting cytosolic cal-
cium as well as cell viability and glucose-stimulated insulin se-
cretion of WFS1-KO cells. The specific mechanism of action for
both drugs in Wolfram syndrome has yet to be determined, but
we provide evidence that they act through normalizing calcium
homeostasis. Calpains, which are calcium-dependent cysteine
proteases, are typically regulated by changes in cytosolic calcium
(71). Calpain inhibitor XI reversibly inhibits the activity of
calpain-1, calpain-2, and, with a lower potency, another cysteine
protease, cathepsin B (Ki = 140 nM, 41 nM, and 6.9 μM, re-
spectively) (72). These Ki values were measured with purified
enzymes. In our experiments, μM concentrations of calpain in-
hibitor XI were required for functional effects in intact INS1
cells, which is consistent with previous cell-based studies (45–48).
Whereas a potential off-target effect on cathepsin B cannot be
excluded, inhibition of calpains and cathepsin B may work syn-
ergistically as a calpain-cathepsin axis has been proposed (73).
The calpain pathway should be further investigated in β cells in
the context of hyperglycemia, because calpain hyperactivity has
been observed in diabetic cardiomyocytes (74), and over-
expression of calpastatin, the endogenous inhibitor of calpain,
protects mice against diabetes (75). Our observation that calpain
inhibitor XI normalized resting cytosolic calcium in WFS1-KO
cells suggests feedback signaling between calcium-activated cys-
teine proteases and cytosolic calcium.
We hypothesize that ibudilast normalizes calcium through its

interaction with NCS1 (40). Furthermore, the effect of ibudilast on
PDE4—and hence cAMP levels—in WFS1-WT and WFS1-KO
cells merits investigation, because cAMP interacts with calcium
signaling pathways and is similarly implicated in cell viability and
insulin secretion of β cells (76–78). Ibudilast has already been ap-
proved for use in humans (51) and appears to be a safe candidate
for treating Wolfram syndrome. In addition to restoring β cell func-
tion, ibudilast may also reduce the neurodegenerative symptoms of

Wolfram syndrome, as it is known to reduce neurotoxic symptoms
(79–81) and is currently in clinical trials for multiple sclerosis (82) and
amyotrophic lateral sclerosis (83).

Proposed Model and Future Directions. Dysregulation in calcium
signaling has been implicated in the pathogenesis of diabetes
mellitus (25, 84) and neurodegeneration (85, 86), the two hall-
marks of Wolfram syndrome. Here we propose a disease model
for Wolfram syndrome in which global dysregulation of in-
tracellular calcium homeostasis disrupts associated pathways,
including calpain, NCS1, and Akt, and leads to reduced cell vi-
ability and insulin secretion (Fig. 5G). Calpain inhibitor XI and
ibudilast reversed deficits caused by the loss of WFS1, making
them promising drug candidates for the treatment of Wolfram
syndrome. This effect should be recapitulated in cell lines
expressing WFS1-variants as seen in patients, and then further
tested in an animal model of Wolfram syndrome (52, 53).
To advance our understanding of the disease mechanism of

Wolfram syndrome, the link between disrupted calcium and the
IR/Akt pathway should be further investigated. Importantly, the
IR signaling network is increasingly recognized as an essential
and druggable pathway both in β cells and the brain (87). Be-
cause Wolfram syndrome has been proposed as a model system
for diabetes mellitus and neurodegenerative diseases (2), we
expect that the findings presented in this paper will be relevant to
many fields of research.

Materials and Methods
Reagents. All chemicals used were obtained from Sigma-Aldrich unless stated
otherwise. Calpain inhibitor XI was purchased from Calbiochem; ibudilast,
from Cayman Chemical Company; and ATP, from AmericanBio. Stock con-
centrations of drugs were prepared in 100% DMSO (AmericanBio), ali-
quoted, and stored at −20 °C. For treatment, stock concentrations were
diluted in cell medium, and DMSO concentration was kept at <0.1% in all
experiments.

Generation of Stable Cell Lines and Cell Culturing. The WFS1-KO INS1 832/13
lines were generated by the Genome Engineering and iPSC Center (GEiC) at
the Washington University in St. Louis (SI Appendix, Fig. S1). gRNAs were
designed using CRISPOR (crispor.tefor.net) to target an early exon common
to all transcription isoforms, cloned under a U6 promoter, and validated
for cleavage activity in rat C6 cells by cotransfecting with a plasmid
expressing Cas9 under the CMV promoter (CMV-Cas9-NLS-HA). The most
active gRNA (5′-gctgctggagaatgtcgggcagg) construct was then cotrans-
fected with the Cas9 plasmid into INS1 cells using the nucleofection method in
solution P3 and the program DS-150, following the manufacturer’s (Lonza)
instructions.

The transfected pool was genotyped to confirm the presence of editing at
the target site before single cells were sorted into 96-well plates. Clones
grown from the sorted plates were genotyped at the target site to identify
those carrying out-of-frame indels in all alleles (deep sequencing analysis,
primers: F: 5′-aatacggcatagagcccatgatt, R: 5′-tggtctagcttgtgaagtagctg). Then
positive clones were expanded. Genotype was confirmed when cells were
transferred from a six-well plate to a T75 flask. An additional frozen vial of
cells was then thawed and tested to confirm good survival, and the culture
was tested for mycoplasma contamination before delivery.

WFS1-OE cells were generated by transfecting WFS1-KO clone 1 cells with
a pcDNA3.1 plasmid carrying the full-length WFS1 sequence (Addgene;
13011) using Lipofectamine 2000 (Thermo Fisher Scientific), followed by 4
wk of antibiotic selection with 2 mg/mL G418 (AmericanBio). WFS1-WT and
WFS1-KO cells stably expressing mito-gCaMP6F (a gift from D. Stefani, Uni-
versity of Padua) were generated by transfection with mito-gCaMP6F using
Lipofectamine 2000. GFP-positive cells were subsequently collected by
fluorescence-activated cell sorting (FACS). NCS1-OE and empty vector control
cells were generated by transfecting WFS1-KO clone 1 cells with a pIRES2-
EGFP plasmid (a gift from E. Gracheva, Yale University) with or without the
full-length NCS1 sequence using Lipofectamine 2000, then collected using
FACS. All INS1 cell lines were maintained at 37 °C and 5% CO2 in RPMI 1640
supplemented with 10% FBS, 1% Hepes, 1% sodium pyruvate, 50 μM
β-mercaptoethanol, and 1% penicillin/streptomycin (Gibco). The cell medium
for WFS1-OE, mito-gCaMP6F, NCS1-OE, and the empty vector control was
also supplemented with 1 mg/mL G418 for maintenance.
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Calcium Imaging. Here 2 × 105 cells were plated on each coverslip at 48 h
before imaging in INS1 medium without G418. Hepes-buffered saline
(140 mM NaCl, 1.13 mM MgCl2, 4.7 mM KCl, 2 mM CaCl2, 10 mM D-glucose,
and 10 mM Hepes, adjusted to pH 7.4 with NaOH) was used to prepare
calcium dye solution and during imaging. In calcium-free Hepes buffer, CaCl2
was replaced with MgCl2, and 0.1 mM EGTA was added to chelate calcium.
Fura-2-AM dye powder (Thermo Fisher Scientific) was dissolved to 4 μM in
calcium-containing Hepes buffer supplemented with 0.03% pluronic acid
(Thermo Fisher Scientific). On the day of imaging, each coverslip was in-
cubated in dye solution for 45 min in the dark at room temperature. Each
coverslip was then washed three times in Hepes-buffered saline solution
before the start of calcium imaging.

Calcium measurements were performed with a Hamamatsu Orca R2
camera attached to a Zeiss microscope with a Sutter Lambda DG4 for exci-
tation ratio imaging. Cells were imaged using sequential excitation at 340/
380 nm (Fura-2-AM). Images were acquired with an emission bandwidth of
501 to 550 nm every second. The raw 340-nm and 380-nm signals for each
cell were subtracted by the corresponding background signal before a 340/
380 ratio was calculated. Maximum amplitude and area under the curve
were calculated using GraphPad Prism 8. The rate of rise was quantified as
the gradient between 25% and 75% maximum amplitude. All experiments
were conducted at room temperature. For calcium imaging at varying glu-
cose concentrations, glucose concentration was maintained throughout the
dye and imaging solutions.

For mitochondrial calcium imaging, cells stably expressing mito-gCaMP6F
were prepared on coverslips as described above. Then 48 h later, the cells
were imaged using sequential excitation at 488 nm, and images were ac-
quired with an emission bandwidth of 501 to 555 nm. The experiment was
carried out and analyzed similarly to the cytosolic calcium recordings, except
that after background subtraction, data were normalized to the first 10 s
(baseline recording). All figures depicting calcium imaging traces show the
average of 8 to 24 coverslips, each with 40 to 70 cells, from at least three
independent recordings.

Western Blot Analysis. Cultured cells were lysed in mammalian protein ex-
traction reagent (MPER; Thermo Fisher Scientific). Mouse brains were lysed in
radioimmunoprecipitation assay (RIPA) buffer (Santa Cruz Biotechnology).
Both MPER and RIPA were supplemented with Halt protease and phospha-
tase inhibitor mixture (Thermo Fisher Scientific). After spinning down at
13,000 rpm for 20 min at 4 °C to clear cell lysate, the protein concentration
was measured with a bicinchoninic acid assay (Thermo Fisher Scientific).
Equal amounts of protein were loaded, and electrophoresis was performed
in NuPAGE 4 to 12% gradient bis-Tris polyacrylamide protein gels (Thermo
Fisher Scientific). Proteins were transferred to a PVDF membrane and
blocked with 5% milk in PBS (AmericanBio) with 0.1% Tween-20 for 1 h.
Membranes were then incubated overnight with primary antibodies (SI
Appendix, Table S1) at 4 °C. Blots were washed and incubated with sec-
ondary antibody for 2 h at room temperature. After washing, the secondary
antibody was visualized using Pierce ECL chemiluminescence reagents
(Thermo Fisher Scientific) or a LI-COR Odyssey imaging system.

Coimmunoprecipitation. Here 500 μL of 1 μg/μL mouse brain lysate (in RIPA
with protease and phosphatase inhibitor) was incubated with 10 μL of NCS1
antibody (FL190; Santa Cruz Biotechnology) or 10 μL of rabbit IgG overnight
at 4 °C, followed by incubation with 30 μL of Pierce protein A/G magnetic
beads (Thermo Fisher Scientific) for 2 h at 4 °C. Incubated beads were
washed three times with cold PBS (AmericanBio) and then eluted by boiling
with 20 μL of loading buffer. The eluted fractions were then analyzed via
Western blot analysis.

Cell Viability Assay. A CellTiter-Glo (CTG) assay (Promega) was used to
quantify ATP-dependent bioluminescence as an indicator of cell viability. To
assess cell viability, INS1 cells were plated in white 96-well plates (Thermo
Fisher Scientific; 07-200-628) at a density of 2 × 103 cells per well and treated
the next day with high glucose and/or the indicated drugs for 48 h before
imaging. On completion of treatment, 100 μL of CTG solution was added to
each well, and 20 min later, a reading was performed using a Tecan Infinite
M1000 Pro microplate reader with 5 s orbital shaking (3 mm, 216 rpm),
followed by imaging in luminescence mode with a 500-ms integration time.

Calpain Activity Assay. The Calpain-Glo protease assay (Promega) was used to
quantify calpain activity. Here 1 × 106 cells per well were plated on a 12-well
plate and then lysed in CytoBuster (Novagen) 24 h later. Protein concen-
tration was quantified using a BCA assay. The calpain assay was carried out
on a white 96-well plate in a 100-μL reaction setup. In each well, 25 μg of
protein was diluted in 50 μL of CytoBuster. Here 50 μL of pure CytoBuster
served as a negative control, and 50 μL of CytoBuster with 2 mM CaCl2 and
1 μL of pure calpain-2 served as a positive control. Finally, 50 μL of Calpain-
Glo solution was added to each well and 30 min later, activity was measured
using a Tecan Infinite M1000 Pro microplate reader with the same setting as
described for the CTG assay.

Insulin Secretion Assay. For glucose-stimulated insulin secretion studies, INS1
cells were plated on six-well plates at a density of 6 × 105 cells per well. After
24 h, cells were incubated with drugs for another 24 h. At 48 h after plating,
insulin ELISAs were performed following a previously published protocol
(88). In detail, preincubation of cells in a Dulbecco’s Modified Eagle’s Me-
dium (DMEM) base (Sigma-Aldrich) supplemented with 2.5 mM glucose for
1.5 h was followed by a 45-min incubation in a DMEM base with either
2.5 mM glucose for basal secretion or 9 mM glucose for stimulated secretion,
as indicated. Then 200 μL of supernatant was collected for analysis of insulin
concentration using the Rat High Range ELISA Kit (80-INSRTH-E01; ALPCO).
Cells were washed with ice-cold PBS and lysed in 1 mL of 0.1% Triton X-100.
Insulin levels were normalized to total protein as measured with the Micro
BCA Protein Assay Kit (Thermo Fisher Scientific; 23235).

Data Analysis. Data management and calculations were performed using
GraphPad Prism 8. Comparisons between two groups were done using the
unpaired two-tailed Student t test. For comparison of more than two
groups, one-way analysis of variance (ANOVA), followed by Tukey’s post hoc
test, was performed. A P value < 0.05 was considered statistically significant,
and the following notations are used in all figures: *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001. All error bars shown represent SD. De-
tailed results of statistical analyses are provided in SI Appendix, Table S2.

Data Availability.All data needed to evaluate the conclusions in the paper are
provided in main text or SI Appendix. All laboratory protocols are described
and cited in Materials and Methods. Further information, as well as a list of
reagents, is available on request from the corresponding author.
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