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Abstract

The Wolfram syndrome is a rare autosomal recessive disease affecting many organs with 

life-threatening consequences; currently, no treatment is available. The disease is caused by 

mutations in the WSF1 gene, coding for the protein wolframin, an endoplasmic reticulum 

(ER) transmembrane protein involved in contacts between ER and mitochondria termed 

as mitochondria-associated ER membranes (MAMs). Inherited mutations usually reduce the 

protein’s stability, altering its homeostasis and ultimately reducing ER to mitochondria calcium 

ion transfer, leading to mitochondrial dysfunction and cell death. In this study, we found that 

activation of the sigma-1 receptor (S1R), an ER-resident protein involved in calcium ion transfer, 
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could counteract the functional alterations of MAMs due to wolframin deficiency. The S1R 

agonist PRE-084 restored calcium ion transfer and mitochondrial respiration in vitro, corrected 

the associated increased autophagy and mitophagy, and was able to alleviate the behavioral 

symptoms observed in zebrafish and mouse models of the disease. Our findings provide a potential 

therapeutic strategy for treating Wolfram syndrome by efficiently boosting MAM function using 

the ligand-operated S1R chaperone. Moreover, such strategy might also be relevant for other 

degenerative and mitochondrial diseases involving MAM dysfunction.

INTRODUCTION

The Wolfram syndrome (WS; OMIM #598500) is an extremely severe rare 

neurodegenerative disease affecting 1/100,000 to 1/700,000 people worldwide (1). The 

pathology (2) is characterized by diabetes insipidus (DI), diabetes mellitus (DM), optic 

atrophy (OA), and deafness (3). DM is present in 97% of the patients and OA in 98.5% 

(4). Deafness and DI are present in 46 and 29% of the patients, respectively (4). Other 

symptoms could include urinary disorders, pons atrophy, ataxia (4, 5), and psychiatric 

disorders, including bipolar disorder (6), schizophrenia (7), suicide (8), or mania (9). To 

date, no treatment is available, and most of the affected patients die prematurely. Therefore, 

there is an urgent need for effective treatments.

WS is due to mutations in WFS1. The gene WFS1 encodes Wolframin, a transmembrane 

protein of the endoplasmic reticulum (ER) (10, 11). In mice, Wolframin is predominantly 

expressed in spiral ganglion neurons and cochlear inner hair cells (12), retinal ganglion cells 

(13), and β cells of Langerhans islets (14). Wolframin is also found ubiquitously including 

in many parts of the brain and spinal cord (15). Wolframin plays a prominent role in Ca2+ 

homeostasis because it could function as or activate an ER Ca2+ channel (16) and modulate 

ER stress (14). We demonstrated recently that WFS1 deficiency leads to an alteration of the 

communication between ER and mitochondria within the suborganelles called mitochondria-

associated ER membranes (MAMs), triggering mitochondria dysfunction (17). MAMs 

play a role in numerous cellular functions such as calcium transfer, lipid metabolism, 

autophagy, metabolic control, proteostasis/ER stress, organelle dynamics, and apoptosis (18, 

19). Increasing evidence suggests that MAM dysfunction contributes to neurodegenerative 

processes in WS (18, 20) and in neurodegenerative pathologies, including Alzheimer’s, 

Huntington’s, or Parkinson’s disease and amyotrophic lateral sclerosis (21) as well as 

metabolic diseases, diabetes (22, 23), or cardiovascular diseases (24).

WFS1 deficiency altered proper functioning of the nervous system. On a neuroanatomical 

view, patients with WS showed a deficit in axon myelination (25), suggesting that ER stress–

related dysfunction may interact with myelin development or promote myelin degeneration 

during the progression of WS. Moreover, different groups reported impairments of memory 

(25–27) and smell and sleep abnormalities with relatively preserved cognitive performance 

and psychological health (28). In addition, in a large cohort of patients with WS, 32% of 

the individuals developed cognitive disabilities (4), underlining the importance of addressing 

this critical issue.
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We previously reported that in the absence of WFS1, the expression of the neuronal calcium 

sensor 1 (NCS1) protein is reduced in MAMs by 50%, and this reduction is responsible for 

a deficit in Ca2+ homeostasis and mitochondrial dysfunction (17). Overexpression of NCS1 

up to physiological value restored cellular deficits (17). This experiment demonstrated the 

possibility to counteract mitochondrial dysfunction by targeting a key protein of the MAMs. 

Because the MAM proteome offers some redundancy in chaperones and protein partners, 

boosting the activity of several other key proteins of the MAMs may offer the possibility to 

restore MAM deficit. One of these candidate proteins is the sigma-1 receptor (S1R). S1R is 

a highly conserved transmembrane protein highly enriched in MAMs, where it interacts with 

several partners involved in ER-mitochondria Ca2+ transfer and/or activation of the ER stress 

pathways (29, 30). By stabilizing the conformation of inositol 1,4,5-trisphosphate receptor 

type 3 (IP3R3), S1R enhances Ca2+ efflux from the ER into the mitochondria (31). S1R 

can be activated/inactivated by small molecules, and accumulating preclinical data suggest 

that S1R agonists are protectants in neurodegenerative diseases [for review, see (32)]. We 

particularly identified the neuroprotective activity of blarcamesine in preclinical models of 

Alzheimer’s disease, and the drug is now entering phase 3 clinical trial (33–36). Thus, 

S1R represented an attractive target to correct MAM dysfunction under neurodegenerative 

condition. However, the potential efficacy of targeting S1R in MAM dysfunction of genetic 

origin, as observed in WS, remains to be investigated.

Here, we found that transgenic mouse and zebrafish models of WS show marked behavioral 

pathological symptoms and that activating S1R, using the prototypic S1R agonist PRE-084 

(37–39), or by overexpressing S1R alleviated the symptoms in vivo and corrected Ca2+-

impaired homeostasis and mitochondrial deficits in vitro. The S1R agonist acted as an 

enhancer of Ca2+ transfer from the ER to the cytosol or mitochondria and as a booster of 

mitochondrial physiology. The drug was able to revert most of the locomotor, cognitive, 

and mood alterations in mouse and zebrafish models of the disease. Together, our findings 

revealed that S1R is a promising target for treating WS and that a functional recovery of 

MAM alterations can be achieved using a pharmacological approach.

RESULTS

Behavioral phenotyping of Wfs1ΔExon8 mice revealed neurological alterations

General exploration—We first considered the mouse model of WS with complete 

knockout (KO) of exon 8 in the Wfs gene, the Wfs1ΔExon8 line (40). This resulted in 

the deletion of amino acids 360 to 890 in the Wfs1 protein and the fusion between Wfs1 

residues 1 to 360 and LacZ. To date, more than 170 mutations have been identified in 

WFS1 (41) with all types of mutations present (nonsense, missense, and frameshift). The 

deletion of murine exon 8 should be similar to the human mutation Q366X (41, 42). To 

assess whether Wfs1 mutation leads to functional brain defects, we investigated the general 

mobility of Wfs1ΔExon8 mice using an open-field paradigm, in a circular arena (Fig. 1). Both 

female and male Wfs1ΔExon8 mice showed reduced locomotion (Fig. 1A) that appeared at 

most time points examined, with statistically significant differences between Wfs1WT and 

Wfs1ΔExon8 females (P = 0.0133 at time point 4, P = 0.0256 at time point 6, and P = 

0.0209 at time point 10; Fig. 1B) and males (P = 0.0337 at time point 6, P = 0.0047 at 
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time point 8, and P = 0.0051 at time point 10; Fig. 1C). The reduced locomotion resulted 

from a significant increase in immobility duration (P = 0.0038 for females and P = 0.0340 

for males; Fig. 1D) but not from a decrease in walking speed (Fig. 1E). Wfs1ΔExon8 mice 

were therefore less active than Wfs1WT. Moreover, male but not female Wfs1ΔExon8 mice 

showed a decreased presence in the center of the arena (P = 0.0306; Fig. 1F) that suggested 

an increased anxiety response as compared to Wfs1WT. No difference in latencies to start 

locomotion at the beginning of the session for both genders (Fig. 1G) was noted; however, 

there was a gender-specific effect on the numbers of rearings (decreased in females P = 

0.0295; Fig. 1H) and groomings (decreased in males P = 0.0014; Fig. 1I) in Wfs1ΔExon8 

mice.

Open-field parameters were also analyzed during the first habituation session of the novel 

object test in the squared 50 cm–by–50 cm arena (fig. S1). The analysis confirmed a 

hypolocomotor response in female Wfs1ΔExon8 mice, with a statistically significant decrease 

in locomotion (P = 0.0224; fig. S1A), increase in immobility (P = 0.0291; fig. S1D), and 

decrease in walking speed (P = 0.0477; fig. S1E), as compared to Wfs1WT animals. The 

percentage of presence in the center of the arena was significantly decreased for female (P = 

0.0002) but not male (P = 0.2107) Wfs1ΔExon8 animals (fig. S1F). Different outcomes were 

therefore observed depending on the open-field paradigm (circular versus squared arena), 

but they convergently showed that Wfs1ΔExon8 mice presented reduced locomotion and signs 

of increased anxiety.

Learning and memory—The learning and memory abilities of Wfs1ΔExon8 mice were 

examined using complementary tests assessing spatial working memory (spontaneous 

alternation), recognition memory (novel object test), long-term contextual memory (passive 

avoidance), and spatial reference memory (place learning in the water maze). Both female 

and male Wfs1ΔExon8 mice showed marked spontaneous alternation deficits when exploring 

the Y-maze (Fig. 2A). Wfs1ΔExon8 mice explored the maze less during the session (Fig. 2B), 

a coherent observation with the reduced locomotion previously noted. In the novel object 

test, only mice interacting with both objects were included in the study. Animals performed 

10 to 17 contacts with objects in session 2 (presenting two similar objects) and 17 to 28 in 

session 3 (presenting a familiar and a novel object), with no difference among groups. In 

session 2, animals showed a similar interaction with the two objects (Fig. 2C). In session 3, 

both Wfs1WT and Wfs1ΔExon8 female mice explored significantly more the novel object than 

the familiar one [P = 0.0074 versus 50% for wild type (WT) and P = 0.0327 for KO; Fig. 

2D]. However, only male Wfs1WT mice but not male Wfs1ΔExon8 mice showed a preferential 

exploration of the novel object (P = 0.0061 for WT and P = 0.9663 for KO; Fig. 2D). In the 

passive avoidance test, both female and male Wfs1ΔExon8 mice did not show differences in 

the latency to enter the dark compartment during the training session (Fig. 2E). Male, but 

not female, Wfs1ΔExon8 mice showed a moderate, but significant (P = 0.0367), decrease in 

step-through latency during the retention test (Fig. 2F) and a significant increase in escape 

latency (P = 0.0007; Fig. 2G), demonstrating that male Wfs1ΔExon8 mice present a deficit 

in long-term contextual memory. In the water maze test, all groups showed decreased swim 

duration to reach the platform location after training sessions; however, Wfs1ΔExon8 mice 

appeared less effective than Wfs1WT. Female Wfs1ΔExon8 mice showed higher latencies than 
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Wfs1WT during the three last trials (P = 0.0277 for swim trial 4 and P = 0.0392 for swim 

trial 5; Fig. 2H). No difference was noted in male Wfs1ΔExon8 mice compared to controls 

(Fig. 2I). Moreover, both female and male Wfs1ΔExon8 mice showed statistically significant 

decreases in the acquisition slope calculated over the five training trials (P = 0.0197 for 

females and P = 0.0085 for males; Fig. 2J), confirming their weaker training performance. 

Both female and male Wfs1ΔExon8 mice swam slightly but significantly less rapidly than 

Wfs1WT animals (P = 0.0028 for females and P = 0.0185 for males; Fig. 2K). Analyses 

of swimming as path lengths instead of swimming duration did not change the acquisition 

profile analysis. When mice were submitted to the probe test, 48 hours after the last training 

trial, all groups showed preferential exploration of the training quadrant, as compared to the 

other quadrants, and the presence was significantly higher than hazard level (P = 0.0037 

versus 15 s for female WT, P = 0.0224 for female KO, P = 0.0155 for male WT, and P = 

0.0012 for male KO; Fig. 2, L and M). These data showed that mice acquired the spatial 

information. Last, the platform was moved from the northeast to the southwest quadrant, 

with a flag placed on it. In this visible platform version, both female (Fig. 2N) and male 

(Fig. 2O) animals were able to rapidly reach the platform, confirming that visual ability of 

Wfs1ΔExon8 mice was correct at this age.

Therefore, Wfs1ΔExon8 mice presented memory deficits that were very consistent in males 

and observable in all the procedures tested. These deficits were particularly marked 

for spontaneous alternation and novel object tests, evaluating an episodic-like form of 

recognition memory. The passive avoidance retention parameters that assessed contextual 

long-term memory were also altered as well as the acquisition of place learning in the water 

maze.

Anxiety—An alteration of the anxious response of Wfs1ΔExon8 mice was initially suggested 

by the diminution of presence in the center of the open fields. We analyzed the mice 

behavior using two classical tests, the black-and-white box exploration (Fig. 3, A to D) and 

elevated plus maze (Fig. 3, E and H). The number of crossings between the light and dark 

compartments of the box was similar among groups (Fig. 3B), and both female and male 

Wfs1ΔExon8 mice did not show differences in the time spent in the light compartment (Fig. 

3C). The time per visit in the light compartment was decreased in female (P = 0.0492) but 

not male (P = 0.2897; Fig. 3D) animals. In the elevated plus maze, the number of arm entries 

was similar among groups (Fig. 3F), but the time in the open arms (Fig. 3G) and the time 

per visit (Fig. 3H) were significantly decreased for female Wfs1ΔExon8 mice as compared 

to Wfs1WT controls (P = 0.0150 for the time and P = 0.0335 for the time per visit) but not 

for male mice. Anxiety-related responses showed, therefore, some alterations in Wfs1ΔExon8 

mice, more consistently in female compared to male animals.

Identification of S1R as a potential target for pharmacological intervention in Wfs1ΔExon8 

mice

In fibroblasts from patients with WS, WFS1 mutation resulted in a decreased expression 

of NCS1 in MAMs and thus in reduced NCS1-induced modulation of IP3R-gated Ca2+ 

transfer from the ER into the mitochondria (17). We measured a statistically significant 

20% reduction in the expression of NCS1 in the hippocampus (P = 0.0080; Fig. 4A) and 

Crouzier et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2023 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cortex of Wfs1ΔExon8 mice (P = 0.0339; Fig. 4B) and thus confirmed a direct repercussion 

of WFS1 invalidation on NCS1 protein amounts. Among the numerous regulatory proteins 

modulating IP3R activity, we focused on S1R, an ideal candidate for a pharmacological 

intervention. S1R expression was not affected in the hippocampus (Fig. 4C) or cortex (Fig. 

4D) of Wfs1ΔExon8 mice as compared to Wfs1WT animals. We also examined NCS1 and 

WFS1 expression in S1R KO mice (Fig. 4, E and H). NCS1 expression was unchanged in 

the hippocampus (Fig. 4E) and in the cortex (P = 0.1117; Fig. 4F). WFS1 was unchanged in 

the hippocampus (Fig. 4G) and cortex (Fig. 4H) of S1R KO mice. We examined in a cellular 

model, cultured murine Neuro2a cells, whether S1R could interact with WFS1 or NCS1 

under physiological conditions. S1R-V5 was overexpressed in Neuro2a cells, and WFS1 

or NCS1 was immunoprecipitated (Fig. 4I). The interaction was validated by visualizing 

the coimmunoprecipitation of S1R-V5. Immunoglobulin G (IgG) immunoprecipitation was 

used as a negative control. S1R partially coimmunoprecipitated with NCS1 and much 

more faintly with WFS1 (Fig. 4I), suggesting a direct link between at least S1R and 

NCS1 proteins. This physical interaction between the proteins suggested a functional 

relation. Our hypothesis, illustrated in fig. S2, was therefore that activating S1R could help 

modulate IP3R. S1R activation could be achieved in vivo by administration of a selective 

S1R agonist or possibly by S1R overexpression. This activation would then result in a 

facilitation/restoration of Ca2+ transfer into the mitochondria, even under WS condition 

when NCS1 expression is altered. Moreover, S1R is a particularly interesting target. It 

must be considered as an intracellular modulatory chaperone protein, thus not requiring an 

endogenous ligand stricto sensu. However, it still shares some characteristics as a receptor. 

In particular, it can be targeted using numerous ligands that therefore act as S1R agonists/

activators or antagonist [for a recent review, see (43)]. We used PRE-084, a reference 

S1R agonist (37, 39). The drug presents a very high S1R affinity (Ki = 44 nM) and a 

high selectivity toward other targets [median inhibitory concentration (IC50) > 100,000 nM 

for the phencyclidine binding site, IC50 = 55,702 nM for dopamine D2 receptor, IC50 = 

13,953 nM for muscarinic acetylcholine receptor, IC50 = 18,748 nM for 5-HT2 receptor, 

IC50 > 100,000 nM for α-adrenergic receptor, and IC50 > 200,000 nM for β-adrenergic 

receptor] (39). In addition, the selectivity toward S1R is very high (σ2/σ1 = 603) (44). 

Moreover, the drug behavioral effects were fully blocked by selective S1R antagonists 

(37, 45), S1R antisense oligodeoxynucleotidic probes (46), and in S1R KO mice (47). We 

therefore tested PRE-084, at its most active dose in vivo (37, 47), on learning abilities 

in male Wfs1ΔExon8 mice (Fig. 5, A to I). PRE-084–treated Wfs1ΔExon8 mice showed a 

significant (P = 0.0039) recovery of spontaneous alternation (Fig. 5A). In the novel object 

test, the treatment did not affect object exploration during session 2 (Fig. 5B) but attenuated 

the deficit of exploration for the novel object in session 3 (Fig. 5C). In the water maze 

test, a daily injection of vehicle (V) solution failed to change the delay in acquisition 

observed for Wfs1ΔExon8 mice as compared to Wfs1WT controls (Fig. 5D). Statistically 

significant differences in latencies were measured during swimming trials 3 (P = 0.0329), 

4 (P = 0.0006), and 5 (P = 0.0166). The daily injection of PRE-084 prevented this delay 

and significantly decreased swimming latencies during the last two trials (P = 0.0105 each; 

Fig. 5E). Calculation of the acquisition slopes confirmed that only V-treated Wfs1ΔExon8 

mice showed a statistically significant decrease as compared to V-treated Wfs1WT mice (P 
= 0.0122) but not PRE-084–treated Wfs1ΔExon8 mice (P = 0.2519; Fig. 5F). The probe test 
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showed that all groups preferentially explored the T quadrant, confirming that Wfs1ΔExon8 

mice lastly acquired the spatial information, and no impact of the PRE-084 was noted (Fig. 

5G). During passive avoidance retention, V-treated Wfs1ΔExon8 mice showed a statistically 

highly significant deficit (P = 0.0004) in step-through latency as compared to V-treated 

Wfs1WT mice. The PRE-084 treatment did not affect (P = 0.1172) the deficit in Wfs1ΔExon8 

mice (Fig. 5H). However, the increase in escape latency measured in Wfs1ΔExon8 mice, 

impaired in Wfs1ΔExon8 mice, was restored (P = 0.0206) after PRE-084 treatment (Fig. 5I).

Female Wfs1ΔExon8 mice were also treated with the S1R agonist and examined in anxiety 

tests (Fig. 5, J to O). During black-and-white box exploration, PRE-084 treatment resulted 

in statistically significant effects: The number of crossing was slightly reduced (P = 0.0175; 

Fig. 5J), whereas the time spent in the light compartment (P = 0.0011; Fig. 5K) and the 

time per visit (P = 0.0003; Fig. 5L) were increased up to those of Wfs1WT mice. In the 

elevated plus maze, no impact was noted on maze exploration (Fig. 5M), but the time spent 

in the open arms was slightly increased, and the PRE-084–treated Wfs1ΔExon8 mice did not 

differ (P = 0.0776) from V-treated Wfs1WT mice, contrarily to V-treated Wfs1ΔExon8 mice 

(P = 0.0440; Fig. 5N). The time per visit in the open arms was significantly increased (P = 

0.0173) after PRE-084 treatment in Wfs1ΔExon8 mice (Fig. 5O).

Confirmation of the restorative consequence of S1R activity in wfs1abKO zebrafish

The availability of mutant zebrafish lines for the pathology could allow a direct confirmation 

of the pharmacological relevance on S1R activity of an agonist treatment compared to 

a direct overexpression of the protein itself. The wfs1 gene is duplicated in zebrafish, 

and we used the wfs1abKO line, generated in the laboratory by crossing wfs1aC799X and 

wfs1bW493X mutants. These mutations should mimic human mutations E752X or Q819X for 

wfs1aC799X and Q486X for wfs1bW493X (41, 42). wfs1abKO zebrafish showed a reduction 

(P = 0.0013) in wfs1a mRNA expression but not in wfs1b (P = 0.1744; Fig. 6A). This 

was expected because the model was generated by N-ethyl-N-nitrosourea, leading to a stop 

codon mutation in wfs1a and wfs1b, which is not expected to always result in mRNA 

degradation. mRNA amounts of sigmar1 and ncs1, the latter also duplicated, were not 

affected in the mutant line (Fig. 6A). Concerning protein detection, antibodies targeting S1R 

and Ncs1, but not Wfs1, are commercially available and validated in Western blot using KO 

samples. The analysis of S1R and Ncs1 protein abundance in the zebrafish revealed that 

they were unaffected (Fig. 6, B and C). Regarding behavioral activity, wfs1abKO zebrafish 

showed a clear locomotor alteration when their response to light variation was tested using 

a visual motor response test (Fig. 6, D to K). Mobility during the light-OFF periods was 

significantly increased (P = 0.0020) in wfs1abKO larvae as compared to controls (Fig. 6, D 

and E). The PRE-084 treatment, tested in the 0.1 to 10 μM concentration range in the fish 

water, resulted in a concentration-dependent decrease in the hyperlocomotor response, down 

to the mobility of wfs1abWT, at 3 and 10 μM (P = 0.0065; Fig. 6, D and E). Cotreatment 

with the S1R antagonist NE-100 resulted in prevention of the PRE-084 effect, with both 

drugs being tested at 3 μM (Fig. 6, F and G). When the drug treatments were analyzed 

by comparing the effect measured in wfs1abKO zebrafish versus wfs1abWT controls, the 

positive effect of PRE-084 on hypermobility was abolished using NE-100 cotreatment, 

with the S1R antagonist having no effect alone (Fig. 6H). This observation confirmed the 
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S1R agonist action of PRE-084 in wfs1abKO zebrafish. In a second set of experiments, 

we transiently overexpressed human S1R by S1R mRNA injection in wfs1abKO line (fig. 

S3) and compared the mobility response with control fish receiving mCherry control 

mRNA (Fig. 6, I to K). S1R overexpression in wfs1abWT zebrafish induced a moderate 

but significant hypermobility response (P = 0.0262), and it significantly attenuated (P = 

0.0012) the hypermobility response observed in mCherry-treated wfs1abKO larvae (Fig. 6, I 

and J). Analysis of the KO/WT response ratio showed a 74% increase in mCherry-treated 

controls but only a 12% increase in S1R-overexpressing larvae (Fig. 6K), confirming that 

increased S1R activity alleviated hypermobility in KO zebrafish.

Functional recovery induced by the S1R agonist in WS is related to MAM physiology in 
human cells

We previously took advantage of fibroblasts from patients with WS, with WFS1-null 

mutation, to demonstrate that WFS1 deficiency is associated with decreased mitochondrial 

Ca2+ uptake, decreased ER-mitochondria interactions, and impairments of mitochondrial 

functionality (17). To confirm that the Wfs1ΔExon8 mouse model showed a relevant 

pathological alteration of MAMs, we determined whether the loss of function of Wfs1 

affected the number of contacts between ER and mitochondria by transmission electron 

microscopy on a hippocampal section (fig. S4, A to C). At first, we observed that the density 

of mitochondria was not different between Wfs1Δexon8 and Wfs1WT mice (fig. S4, A and B). 

However, the number of mitochondria in contact with ER was greatly reduced in the mutant 

mice (fig. S4, A and C), confirming the phenotype seen previously in patient’s fibroblasts. 

Then, we investigated the alterations of Ca2+ uptake and mitochondrial functionality using 

primary cultures of hippocampal and cortical neurons from Wfs1Δexon8 mice (fig. S5). The 

cultures contained neurons as highlighted by the neuronal marker β3-tubulin (fig. S5, A 

and B). Neurons were stimulated with 10 μM glutamate, a physiological concentration 

innocuous to neurons (48), to evoke ER-Ca2+ release, and Ca2+ fluxes were analyzed in the 

mitochondria and cytosol using aequorin sensors. In response to glutamate, hippocampal and 

cortical neurons from Wfs1Δexon8 mice released significantly less Ca2+ from the ER than 

Wfs1WT mice into the cytosol (P = 0.0040 in hippocampus and P = 0.0002 in cortex; fig. 

S5, D and H) and into the mitochondria (P = 0.0004 in hippocampus and P < 0.0001 in 

cortex; fig. S5, F and J). Ca2+ uptake by mitochondria drives several metabolic pathways 

and particularly Krebs cycle enzymes that provide cofactors to the mitochondrial respiratory 

chain and consequently control the energy production (49). Cells from patients with WS 

exhibited altered mitochondrial functionality with defects in complex I– and complex II–

driven respiration, resulting in decreased oxygen consumption (17). Hence, we assessed 

the cellular bioenergetic response using a Seahorse analyzer, which permits the real-time 

monitoring of the oxygen consumption rate (OCR) under resting condition and after addition 

of manipulators of the mitochondrial respiratory chain: oligomycin [inhibitor of adenosine 

5′-triphosphate (ATP) synthase], carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone 

(FCCP; uncoupler agent), and a mixture of rotenone (complex I inhibitor) and antimycin 

A (cytochrome c reductase inhibitor). As shown in fig. S5 (K to R), both hippocampal and 

cortical neurons from Wfs1Δexon8 mice showed statistically significant decreases in basal 

OCR [P = 0.0071 (fig. S5, K and L) and P = 0.0003 (fig. S5, O and P)], in decoupled 

ATP-related rate [P = 0.0089 (fig. S5, K and M) and P < 0.0001 (fig. S5, O and Q)], and in 
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maximal rate [P = 0.0341 (fig. S5, K and N) and P = 0.0327 (fig. S5, O and R)]. These data 

confirmed coherent alterations in neurons from Wfs1Δexon8 mice and in patients’ fibroblasts.

Therefore, in line with the clinical potentiality of S1R activation in WS, we assessed 

directly in human fibroblasts the impacts of PRE-084 on the deficits in Ca2+ uptake and 

mitochondrial functionality. We first performed the aequorin experiments in cells stimulated 

with Bradykinin, the inductor of Ca2+ release from the ER. In response to Bradykinin, 

fibroblasts from patients with WS released less Ca2+ from the ER than control fibroblasts. 

The amount of Ca2+ accumulated into the cytosol (−9%, P = 0.0466; Fig. 7, A, B, and 

D) and the Ca2+ taken up into the mitochondria (−20%, P = 0.0288; Fig. 7, E, F, and H) 

was reduced. These results are coherent with our previous observations (17) and assess 

that WFS1 loss impaired Ca2+ signaling directly at the IP3R. PRE-084 was applied to cells 

in the 0.03 to 1 μM concentration range. The drug treatment increased, in a concentration-

dependent manner, Ca2+ transfer into the cytosol not only in control cells but also in WS 

cells [P < 0.0001 with 1 μM PRE-084 as compared to V-treated Ct cells (Fig. 7C); P = 

0.0004 with 1 μM PRE-084 as compared with WS cells (Fig. 7D)]. A similar effect was 

observed for Ca2+ transfer into the mitochondria [P = 0.0325 with 0.1 μM PRE-084 and 

P = 0.0054 with 1 μM as compared to V-treated Ct cells (Fig. 7G); P = 0.0365 with 0.1 

μM PRE-084 and P = 0.0011 with 1 μM as compared with WS cells (Fig. 7H)]. At the 

highest dose tested, Ca2+ transfers were restored up to the values observed in control cells, 

suggesting a complete recovery of MAM functionality.

Mitochondrial function in cultured fibroblasts revealed a statistically significant decrease 

in basal OCR (−37%, P < 0.0001; Fig. 7, I and J), in decoupled ATP-related rate (−27%, 

P = 0.0029; Fig. 7, I and K), and in maximal rate (−42%, P = 0.0045; Fig. 7, I and L). 

PRE-084 treatment attenuated, in a concentration-dependent manner and significantly at 

1 μM, the decreases in basal (P = 0.0127; Fig. 7J) and ATP-producing conditions (P = 

0.0485; Fig. 7K). No effect was observed for the maximal rate (P = 0.1286; Fig. 7L). These 

observations demonstrated that increasing S1R activity restored Ca2+ transfer between ER 

and mitochondria and improved mitochondrial respiration in fibroblasts from patients with 

WS.

S1R agonist corrected the increased autophagy and mitophagy in WS human cells

Consequently, our efforts were dedicated to verify whether these improvements in Ca2+ 

exchanges could modulate a specific cellular pathway. WFS1 deficiency affects different 

cellular mechanisms, including cell proliferation, neuroinflammation, metabolic stress, and 

apoptosis, only to cite a few (18, 41, 50). Furthermore, a recent work demonstrated that the 

dysfunction in Ca2+ transmission associated with WFS1 down-regulation also determined 

dysregulation of mitochondrial dynamics and, in particular, altered the autophagic process 

(51).

To detect the autophagic events, we used the specific autophagic marker light chain 3 

(MAP1LC3; hereafter referred to as LC3). When autophagy is induced, the cytoplasmic 

form of this protein (LC3-I) is cleaved and lipidated into the membrane-bound form 

(LC3-II), which anchors to the autophagic vesicle (52). This conversion may be detected 

with either live microscopy technique by transfecting cells with the green fluorescent 
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protein (GFP)–LC3 construct or by Western immunoblot with specific antibodies against 

LC3 (53). Autophagosomes can thus be visualized as ring-shaped or punctate structures. 

Alternatively, the immunoblot analysis usually identifies two bands at 16 kDa (LC3-I) and 

14 kDa (LC3-II). The LC3-II form correlates well with the autophagosome abundance 

and represents a reliable indicator of autophagy. We first analyzed whether Wfs1Δexon8 

mouse hippocampal and cortical neurons showed increased autophagy. Immunoblot analyses 

revealed an increased amount of LC3-II in Wfs1Δexon8 neurons in the hippocampus (fig. S6, 

A and B) and in the cortex (fig. S6, C and D), confirming a coherent alteration as observed 

in a rat model (51). On the basis of these data, we further investigated whether fibroblasts 

from patients with WS bearing WFS1-null mutation could also present impairments in 

autophagy. Fluorescence microscopy analysis of autophagy with the GFP-LC3 reporter 

suggested that the WFS1 deficiency condition had significantly more abundant green 

punctate structures than WT samples (P < 0.0001; Fig. 8, A and B). This was confirmed 

by immunoblot analysis, where increased amounts of LC3-II were found in WFS1 KO 

fibroblasts (Fig. 8C). An increase in autophagic structures is not always representative of 

a condition where autophagy is sustained, but it can also be due to an alteration in the 

correct execution of the autophagic flux. In the present study, for example, the increases in 

LC3-II (found with the immunoblot approach) and in autophagosomal structured punctate 

(visualized by fluorescent microscopy) may, in theory, represent a failure of the autophagic 

machinery to fuse with lysosome or an impairment in lysosomal functions. To exclude this 

possibility, experiments were also performed with bafilomycin A1 (BafA1), which inhibits 

the late phase of autophagy. BafA1 inhibits autophagosome maturation by preventing the 

fusion of the autophagic vesicle with lysosomes. Results from fluorescence microscopy 

analysis and immunoblot demonstrated that BafA1 treatments in either WT or WFS1 KO 

sample were similarly characterized by abundant autophagosomal structures and lipidated 

LC3 form. Overall, these similarities in autophagosome accumulations indicated that WFS1 

KO cells have the same sustained autophagosome formation process, which is not different 

from that seen in the WT. In other words, the normal autophagolysosomal processes are not 

compromised because of the pathological deletion of WFS1 gene (Fig. 8, A to C). Thus, the 

increase in LC3-II and the autophagosome punctates seen in the WFS1 KO sample must be 

from other factors unrelated to the fusion of autophagosome and lysosome.

Thus, we reasoned that the reduced Ca2+ transfer from the ER into the mitochondria 

may represent a reasonable mechanism whereby the WFS1 KO sample may display an 

increase in autophagosome. Alteration of the normal Ca2+ transmission between the ER 

and the mitochondria represents a condition in which autophagy is activated (54). In this 

case, the reduced mitochondrial Ca2+ entry is not sufficient to activate the mitochondrial 

metabolism and to produce energy in ATP form. As a response, autophagy is activated to 

supply the cellular ATP demand. Because we denoted that WSF1-deficient samples had a 

reduced ER-mitochondrial Ca2+ transmission and a decreased mitochondrial functioning 

and energetic production and that the S1R agonist induced a functional recovery, we 

investigated the possible impact of PRE-084 treatment on autophagy. We observed that 

the PRE-084 reduced, in a concentration-dependent manner, the excessive autophagia seen 

in WSF1 KO cells using fluorescence microscopy (−74%, P < 0.0001 with 1 μM PRE-084 

as compared with V-treated WS cells; Fig. 8, D and E) and immunoblotting (−82%; Fig. 
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8F). At the highest dose tested, autophagy was closer to the one observed in control cells. 

Next, we monitored the mitophagy, the specialized form of autophagy responsible for the 

mitochondrial removal (55). We assessed mitophagy with confocal fluorescence microscopy 

by the simultaneous labeling of autophagolysosomes and mitochondria with fluorescent 

probes. KO samples presented an increased mitophagic activation (Fig. 8, G and H). 

PRE-084 attenuated the excessive mitochondrial removal, and posttreatment mitochondrial 

removal rates were comparable to those observed in WT fibroblasts (Fig. 8, G and H).

DISCUSSION

WS is a multisystem pathology in which metabolic, auricular, ocular, cognitive, and mood 

manifestations contribute to the severity of the disease. Therapeutic interventions for the 

treatment of WS are currently only palliative. Proposed strategies focus mainly on drug 

repurposing, which could alleviate one or several symptoms but with a very limited 

landscape of possible hits, or on gene therapy using genome editing (56). The latter strategy 

aims at defining an effective regenerating therapy, but it may imply high development costs 

for such a rare disease. The most straightforward strategy to correct the cellular deficit 

would be to restore WFS1 expression using human gene transfer. Because WS is due to a 

loss of function, classical gene therapy approach that would express the defective protein 

should correct the alterations. However, a limitation of this strategy is the expression of 

WFS1 in the affected organs (retina, cochlea, pons, hippocampus, and pancreas) and into 

the right cells. The selection of a pertinent vector with the appropriate promoter brings 

difficulties to this seducing approach. Another strategy could be to target NCS1. In WS, 

NCS1 protein amount is decreased. This diminution alters the proper functioning of IP3R, 

thus provoking a reduction of the Ca2+ concentration in the mitochondrial matrix and 

alterations of complex I and II activities in the respiratory chain. These dysfunctions are 

associated with an alteration of the MAM structure (17, 18, 20). In vitro, overexpression 

of NCS1 in WS fibroblasts corrected the cellular deficits (17). Therefore, a gene therapy 

approach targeting NCS1 may give promising results. The issues, however, would be similar 

to those expected for WFS1-targeting gene therapy.

A better alternative would be to identify target proteins in MAMs that could be addressed 

with small, clinically developable molecules that could permit a cellular functional recovery. 

We here identified S1R as such a pertinent target and reported that S1R overexpression 

or treatment with a reference agonist, PRE-084 (37, 39), increased Ca2+ transfer from the 

ER to the mitochondria or cytosol and improved mitochondrial function in WS fibroblasts 

in vitro. The drug also decreased locomotor alterations, cognitive deficits, and anxiety in 

mouse and zebrafish models of WS in vivo. S1R is an effective modulator of IP3R (31, 

57) and interacts with several proteins involved in ER-mitochondria Ca2+ transfer and/or 

activation of the ER stress (29). By stabilizing the conformation of IP3R at the MAMs, 

it increases Ca2+ efflux into the mitochondria (31, 58). S1R activation directly controls 

mitochondrial respiration and generation of mitochondrial reactive oxygen species. The facts 

that S1R is expressed rather ubiquitously in numerous cell types and that it can be activated/

inactivated by small druggable molecules explain the increasing number of preclinical and 

clinical developments currently in progress (43).
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We used the S1R agonist PRE-084, known to potentiate Ca2+ transfer from the ER to the 

cytosol in NG-108 cells (31). We confirmed its effect in control fibroblasts and showed 

that it was still observable in fibroblasts derived from patients with WS, thus presenting 

a therapeutic interest. PRE-084 increased not only the intracellular Ca2+ accumulation but 

also the ability of mitochondria to take up Ca2+, in accordance with previous observations 

(31, 59). An increase in the mitochondrial Ca2+ quantity positively regulates the activities 

of the Krebs cycle enzymes and of components of the mitochondrial electron transport 

chain (60, 61). As a result, mitochondrial metabolism and ATP production were boosted, 

with a consequent increase in cellular energetics. Different investigations highlighted how 

deregulations in Ca2+ transfer into the mitochondrial compartment also contributed to 

different human diseases (62), including neurodegeneration (63, 64). Restoration of the 

mitochondrial Ca2+ homeostasis was found to be sufficient to promote beneficial effect 

(65). We measured OCR before and after PRE-084. The S1R agonist allowed a functional 

recovery of mitochondrial respiration linked to ATP production and a reactivation of 

Ca2+ dynamics, suggesting that this effect was related to the alleviation of pathological 

symptoms in vivo. Our work focused on S1R’s role on MAM physiology. However, several 

other functions for S1R have been described in the literature. S1R increased brain-derived 

neurotrophic factor (BDNF) release (47, 66), regulated cellular excitability through plasma 

membrane channel (67, 68), and modulated the cholesterol lipid scaffolding at MAMs (69). 

In addition, S1R has been shown to regulate dopamine receptor and transporters (70), and 

dopaminergic alterations have been described in Wfs1Δexon8 mice (71, 72). However, such 

an effect could be ruled out, because PRE-084 or S1R overexpression would have increased 

the dopamine concentration and led to increased locomotion in zebrafish (73). Furthermore, 

in mice, PRE-084 at 0.3 mg/kg (the dose used in our experiments) was shown not to affect 

dopamine concentration even after 90 min (44).

Restoration of Ca2+ transmission by increasing concentrations of PRE-084 also controlled 

the autophagic and mitophagic mechanisms critical for mitochondrial functioning. Reduced 

mitochondrial Ca2+ entry triggers autophagic processes to increase the energy production 

under different cellular conditions and diseases (74). A WSF1 down-regulation and 

consequent alteration of the Ca2+ dynamics and mitochondrial homeostasis also activated 

the autophagic processes (51). Our data confirmed that loss of WSF1 increased autophagy 

and mitophagy. In neurodegeneration, mitophagy represents a double-edge sword (74). 

Mitophagy controls the mitochondrial turnover and warrants the presence of a healthy 

mitochondrial population, but excessive mitophagy is detrimental for proper cellular 

functioning and survival. Our data support the notion that proper Ca2+ signaling from the ER 

to the mitochondria, mediated by S1R at the MAM, plays a functional recovery role against 

the increased autophagy and mitophagy.

These findings open potential therapeutic opportunities in which specific autophagic 

modulators may be combined with S1R agonists to combat WS. Modulators of autophagy 

are already clinically approved for different human diseases. However, further studies are 

needed. First, it will be necessary to check that the effects of S1R agonists on autophagy 

observed in fibroblasts are maintained in more specialized cell types that are primary 

targets of WFS1 mutations, such as neurons and myocytes. Then, because autophagy and 

mitophagy inhibition may be complementally beneficial to the function of S1R agonist in 
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the treatment of WS, it would be desirable to clarify the fundamental relationship between 

S1R and autophagy or mitophagy, which, at present, is not well understood (75–78).

Wfs1ΔExon8 mice have a complex behavioral pattern in cognitive and mood responses, with 

some gender-related differences in impairment intensity. Analyses of learning and memory 

abilities of Wfs1ΔExon8 mice showed deficits in spontaneous alternation, passive avoidance, 

and object recognition. This suggested that alterations of spatial and nonspatial, short-term, 

and long-term memories were not complete, because spatial information of the platform 

location measured during the water maze probe test was, for instance, not affected.

Anxiety responses of Wfs1ΔExon8 mice also revealed mild gender-related differences 

because only female Wfs1ΔExon8 mice showed decreases in locomotion in the center of the 

open field and in the time spent or time per visit in the aversive compartment of the elevated 

plus maze and of the light-dark exploration box. Mood disorders were suggested in male 

exon 2–targeted Wfs1 KO mice by Kato et al. (79), due to alterations in passive avoidance 

conditioning, immobility duration during forced swimming, and social interaction. Luuk 

et al. (15) reported alteration of anxiety response, more particularly when animals were 

isolated, in the light-dark exploration box and elevated plus maze. We confirmed these 

observations and observed that these alterations are enhanced in females compared to males.

WFS1 deficiency leads to DM. This hyperglycemia is suspected to be associated with the 

progression of the disease in human (1). In a rat Wfs1 KO model, Plaas et al. (80) observed 

a reduction of the β cell mass associated with hyperglycemia, but a direct link with the 

occurrence and/or progression of the neurodegenerative processes was not demonstrated. A 

specific experiment using a tissue-specific invalidation of Wfs1 restricted to the pancreas 

and subsequent analysis of the resulting anomalies would be an important step to address 

this important question.

These hallmarks are consistent with the symptomatology of WS, although no gender-related 

differences have been reported in patients. Cognitive performance deficits were identified in 

cohort studies and in individual clinical case reports. WFS1 gene has been suggested to have 

a role in the susceptibility for mood disorders (81).

The treatment with PRE-084 was able to attenuate, if not completely restore, learning 

deficits in male Wfs1ΔExon8 mice and anxiety responses in female Wfs1ΔExon8 mice. This 

was observed after an acute treatment at a dose previously shown to be antiamnesic (37, 

82) and neuroprotective in preclinical models of Alzheimer’s disease (45), Huntington’s 

disease (83), Parkinson’s disease (47), and amyotrophic lateral sclerosis (84). The drug also 

blocked the hyperactivity observed in wfs1abKO zebrafish larvae. Loss of Wfs1 function 

led to hypomobility in mouse and hypermobility in zebrafish larvae. Animal mobility is 

a typical ethological response and relies on different physiological substrata between fish 

and rodents. The anxiety in mouse is associated with hypolocomotion (85). In contrast, 

in zebrafish larvae, anxiety behavior after abrupt changes in light intensity is associated 

with a hyperlocomotor response (86–88). It is therefore expected that the invalidation 

of a target could lead to a different behavioral phenotypic response in different animals. 

Moreover, the drug effect was not only prevented by the selective S1R antagonist NE-100 
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but also mimicked by direct overexpression of S1R. These observations confirmed the 

pharmacological importance of S1R activity in the restoration of WS symptoms. The 

drug effect must be, however, confirmed in other major WS symptoms (diabetes, OA, and 

deafness) that will have to be characterized in complementary animal models.

A few limitations could be identified in the present study, and some aspects will deserve 

more investigations in the future. First is the efficacy in correcting all symptoms associated 

with WS, namely diabetes, hearing loss, and OA. We were limited to the symptomatology 

shown by the available preclinical animal models, and none of them fully described 

the human symptomatology. It was the reason why we combine different analyses in 

both zebrafish and mouse models. None of these in vivo models were tested for visual 

impairments, auditory defects, or glucose regulation. It will be important to address these 

issues in future studies, because the primary outcomes in clinical trials must address 

pathologically pertinent symptoms. For instance, the active trials NCT02841553 and 

NCT03717909 address changes in C-peptide levels or visual acuity, respectively.

Moreover, we used PRE-084 to provide a proof of concept that S1R activation is a relevant 

therapeutic strategy to treat WS. The drug is a prototypic S1R agonist, shown to be effective 

in numerous neurodegenerative disorders (38, 45, 47, 84), but it is only a pharmacological 

tool used in investigational research that will not be developed at the clinical stage. A 

selective, effective, bioavailable, and innocuous S1R agonist has yet to be proposed and 

developed at the clinical stage. Moreover, we used an acute injection protocol with PRE-084 

in mice experiments. Translation in humans will require further preclinical and clinical 

analyses of the efficacy and consequences of long-term S1R activation in WS, because it 

would be chronically administered in humans to ameliorate the symptoms.

Last, S1R activation is known to result in pleiotropic cellular effects (30, 43). The 

consequence of S1R activation in correcting most of the cellular and behavioral deficits 

was coherently related to MAM function that is primarily altered in WS. However, S1R 

is also supposed to play numerous other cellular functions, including release of BDNF 

and modulation of membrane channels and transporters, and that would require further 

evaluation to comprehensively understand whether S1R acts on other signaling pathways. 

For instance, the role of S1R on dopamine receptors and transporter activity, although it 

was unlikely to be involved in the observed effects, deserves further study. In addition, 

the impact of the hyperglycemia on the observed phenotype in WS models would merit 

the analysis of the behavior in a pancreas-specific Wfs1-deficient mice. Together, these 

limitations could be easily addressed in a future translational program aiming at clinically 

developing a selective S1R agonist in WS and related pathologies.

From the present observations, we anticipate that the ER-mitochondria communication 

deficit in tissues and organs, the hallmark of WS, is likely to be improved upon treatment 

with S1R agonists in patients with WS. We demonstrated that MAM deficit in a prototypic 

monogenic MAM disorder could be functionally attenuated by a pharmacological strategy 

targeting another MAM-resident protein with a similar function.
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MATERIALS AND METHODS

Study design

We first conducted a behavioral phenotyping of male and female Wfs1ΔExon8 mice at 3 

months of age using behavioral tests measuring mobility, memory, and anxiety. It revealed 

that, although animals are known not to present diabetes, OA, or deafness at this age, they 

showed neurological and psychiatric deficits resulting in hypolocomotion, learning deficits, 

and anxiety. We analyzed WFS1, NCS1, and S1R expression in the hippocampus and cortex 

of the mice, using reverse transcription polymerase chain reaction (RT-PCR) and Western 

blotting, and compared with NCS1 and WFS1 expression in S1R KO mice to determine 

whether targeting S1R activity could be relevant. We tested the pharmacological effect of 

the reference S1R agonist against the learning deficits in males and anxiety responses in 

females. To confirm the in vivo data in mice, we used the Wfs1abKO zebrafish model that 

presents an altered locomotor response to visual stimulation. We confirmed the PRE-084 

effect and compared with overexpression of S1R in the zebrafish line. Last, to show that the 

beneficial S1R activity was related to a functional effect on MAMs, we used fibroblast from 

patients with WS to analyze PRE-084’s effect on Ca2+ transfer from the ER to the cytosol 

or mitochondria and the consequences on mitochondrial respiratory capacities and its related 

increased autophagy and mitophagy.

The sample size used in each experiment was predefined by power calculations using 

G*Power software (setting the effect size at 1.3, α at 0.05, and power at 0.8) and was 

routinely 10 to 15 for in vivo analyses and 4 to 6 for in vitro analyses. All animal procedures 

were conducted in strict adherence to the European Union Directive 2010/63 and authorized 

by the National Ethic Committee (Paris) (APAFIS no. 2018051411079082 #15035) or in 

accordance with the guidelines of the National Institutes of Health and the National Institute 

on Drug Abuse Intramural Research Program Animal Care and Use Program, which is fully 

accredited by the Association for Assessment and Accreditation of Laboratory Animal Care 

International. A priori exclusion criteria were followed in almost all of the procedures and 

are detailed for each test in Supplementary Materials and Methods. No outlier was discarded 

during statistical analysis. Data from successive experiments were pooled, not replicated, 

as routinely done for in vivo experiments. Mice were randomly assigned to the treatment 

groups. Experiments were not blinded, but data analysis was performed by a different 

experimenter.

Statistical analyses

The sample size was empirically determined and confirmed using the G-power v3.1.9.2 

software (Faul, Erdfelder, Lang, and Buchner) taking into account the strength of the tests 

applied to the behavioral or biochemical responses (effect size = 1.3, α = 0.05, and power 

= 0.8). Data were analyzed using the Prism v9.1.1 software (GraphPad). Two-way analysis 

of variance (ANOVA) was used with gender and genotype as independent factors, followed 

by Newman-Keuls post hoc test. When a cutoff time was set, for passive avoidance latencies 

or water maze swimming durations, data do not follow a Gaussian distribution, and violin 

graphs showing median and interquartile range and nonparametric tests were used. Data 

were analyzed using Kruskal-Wallis ANOVA (H value) or a repeated-measures Friedman 
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ANOVA (Q values), followed by Dunn’s post hoc test. All ANOVA analyses are detailed 

in the Supplementary Materials. One-column comparisons versus chance or zero values 

(corresponding to 50% preference for object recognition or 15 s for the time spent in the 

pool quadrant) were performed using a one-column t test. The statistical significance was 

P < 0.05. For reading clarity, all statistical data are detailed in the figure legends and the 

Supplementary Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Wfs1ΔExon8 mice showed hypomobility in the circular open-field test.
Female and male Wfs1WT (WT) and Wfs1ΔExon8 (KO) animals were placed in the circular 

open field, and their behaviors were analyzed during 10 min: total locomotion (A) and time 

course for female (B) and male mice (C), immobility (D), walking speed (E), locomotion 

in the center (F), departure latency (G), and number of rearings (H) and groomings (I). n = 

10 to 12 per group. Two-way ANOVAs: P > 0.05 for gender, P < 0.001 for genotype, and 

P > 0.05 for the interaction in (A); P > 0.05 for gender, P < 0.001 for genotype, and P > 

0.05 for the interaction in (D); P < 0.05 for gender, P > 0.05 for genotype, and P > 0.05 

for the interaction in (E); P > 0.05 for gender, P < 0.05 for genotype, and P > 0.05 for the 

interaction in (F); P > 0.05 for gender, P > 0.05 for genotype, and P > 0.05 for the interaction 

in (G); P > 0.05 for gender, P < 0.05 for genotype, and P > 0.05 for the interaction in (H); 

P < 0.05 for gender, P < 0.01 for genotype, and P < 0.01 for the interaction in (I). *P < 0.05 

and **P < 0.01 versus WT mice; ##P < 0.01 versus female mice; Newman-Keuls test.
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Fig. 2. Wfs1ΔExon8 mice showed learning and memory deficits more pronounced in males.
Wfs1WT (WT) and Wfs1ΔExon8 (KO) mice were tested for spontaneous alternation in the 

Y-maze (A and B), object recognition (C and D), passive avoidance (E to G), and place 

learning in the water maze (H to O). (A) Spontaneous alternation performance and (B) 

total number of arm entries during the 8-min session in the Y-maze. (C) Preference for the 

object in position #2 during session 2 with two identical objects and (D) preference for the 

novel object in position #2 during session 3 of the object recognition test. (E) Step-through 

latency (STL) during passive avoidance training and (F) step-through latency and (G) escape 

latency (EL) during the retention test performed 24 hours after training. Violin graphs show 

individual data distribution with median and interquartile range. Acquisition profiles of the 

location of an invisible platform, placed in the northeast quadrant of the pool, for female 
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(H) or male (I) mice. Training during 5 days consisted of three swims per day with 15-min 

intertrial time interval. (J) Acquisition slopes were calculated from individual acquisition 

profile. The swimming speed is shown in (K). On day 7, the platform was removed, and 

mice were submitted to a probe test. Typical paths are shown in (L). The presence in the 

training quadrant was analyzed (M). On day 8, the platform was moved to the southwest 

quadrant and rendered visible by placing a flag on it. Acquisition was analyzed with three 

swims with 15-min intertrial time interval for female (N) and male mice (O). n = 8 to 10 

per group in (A) and (B), 5 to 9 in (C) and (D), 12 to 18 in (E) to (G), and 11 to 14 

in (H) to (O). Two-way ANOVAs: P > 0.05 for gender, P < 0.001 for genotype, and P > 

0.05 for the interaction in (A); P > 0.05 for gender, P < 0.0001 for genotype, and P > 0.05 

for the interaction in (B); P > 0.05 for gender, P < 0.001 for genotype, and P > 0.05 for 

the interaction in (J); P > 0.05 for gender, P < 0.001 for genotype, and P > 0.05 for the 

interaction in (K). Kruskal-Wallis ANOVAs: P < 0.05 in (E); P > 0.05 in (F); P < 0.05 in 

(G). Friedman nonparametric repeated-measure ANOVAs: P < 0.0001; trial 4 versus trial 1: 

P < 0.01, trial 5 versus trial 1: P < 0.001 for WT in (H); P < 0.05; trial 5 versus trial 1: P 
< 0.05 for KO in (H); P < 0.0001; trial 3 versus trial 1: P < 0.05, trial 4 versus trial 1: P < 

0.001, trial 5 versus trial 1: P < 0.01 for WT in (I): P > 0.05 for KO in (I); P < 0.05; trial 3 

versus trial 1: P < 0.05 for WT in (N); P < 0.01; trial 3 versus trial 1: P < 0.01 for KO in (N); 

P < 0.01; trial 3 versus trial 1: P < 0.01 for WT in (O); P < 0.01; trial 2 versus trial 1: P < 

0.05, trial 3 versus trial 1: P < 0.05 for KO in (O). *P < 0.05, **P < 0.01, and ***P < 0.001 

versus WT mice; #P < 0.05 versus female mice; Newman-Keuls test in (A), (B), (J), and (K); 

Mann-Whitney test in (E) to (G). °P < 0.05 and °°P < 0.01 versus 50% level in (C) and (D) 

or 15-s level in (M), one-sample t test.
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Fig. 3. Wfs1ΔExon8 mice showed increased anxiety particularly in females.
Wfs1WT (WT) and Wfs1ΔExon8 (KO) mice were tested in the black-and-white exploration 

box (A to D) and in the elevated plus maze (E to H). (A) Typical video-tracked patterns 

are shown for WT and Wfs1 KO mice in the black-and-white box. (B) The number of 

crossings between the light and dark compartments, (C) time in the light compartment, and 

(D) time per visit in the light compartment. (E) Typical time-course presence in the open 

(O) or enclosed (E) arms of the elevated plus maze, (F) total number of arm entries, (G) 

time in the open arms, and (H) time per visit in the open arms. The number of mice per 

group is indicated in the columns in (A) and (D). n = 8 to 12 per group in (A) to (D) and 

11 to 14 in (E) to (H). Two-way ANOVAs: P > 0.05 for gender, P > 0.05 for genotype, and 

P > 0.05 for the interaction in (B); P > 0.05 for gender, P < 0.05 for genotype, and P > 

0.05 for the interaction in (C); P > 0.05 for gender, P < 0.05 for genotype, and P > 0.05 

for the interaction in (D); P > 0.05 for gender, P > 0.05 for genotype, and P > 0.05 for the 

interaction in (F); P > 0.05 for gender, P < 0.05 for genotype, and P > 0.05 for the interaction 

in (G); P > 0.05 for gender, P < 0.05 for genotype, and P > 0.05 for the interaction in (H). *P 
< 0.05 versus WT mice; Newman-Keuls test.
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Fig. 4. Expression and interaction analyses of WFS1, NCS1, and S1R.
(A and B) NCS1 and (C and D) S1R protein amounts in the hippocampus (A and C) and 

cortex (B and D) of Wfs1WT (WT) and Wfs1ΔExon8 (KO) mice. (E and F) NCS1 and (G 
and H) WFS1 protein amounts in the hippocampus (E and G) and cortex (F and H) of WT 

and S1R KO mice. n = 6 per group in (A) to (D) and 7 in (E) to (H). *P < 0.05 and **P 
< 0.01 versus WT mice; Newman-Keuls test. (I) Coimmunoprecipitation between S1R and 

WFS1 or NCS1 was examined in WT or SIR-V5 overexpressed Neuro2a cells. Total lysate 

showed immunoreactivity for WFS1, NCS1, and the S1R-V5. Immunoprecipitation (IP) was 

performed with WFS1, NCS1, and IgG as a control.
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Fig. 5. The S1R agonist PRE-084 attenuated the deficits of memory in male Wfs1ΔExon8 mice 
and anxiety in female Wfs1ΔExon8 mice.
Vehicle solution (V) or PRE-084 (PRE; 0.3 mg/kg, intraperitoneally) was administered in 

male Wfs1WT (WT) and Wfs1ΔExon8 (KO) mice, 30 min before the Y-maze session (A); 

session 2 in the object recognition test (B) with session 3 results shown are in (C), or 

each training day in the water maze test, with data showing acquisition profiles (D and E) 

and slope (F) and the probe test performed 72 hours after the last training day (G), or the 

training session in the passive avoidance test, with step-through latency for retention shown 

in (H) and escape latency in (I). The drug was administered at the same dose in female 
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WT and KO mice, 30 min before the black-and-white exploration box test or the elevated 

plus maze test. (J) The number of crossings between the two compartments, (K) duration 

spent in the light compartment, and (L) time per visit for the black-and-white exploration. 

(M) Total number of arm entries, (N) time in the open arms, and (O) time per visit in the 

elevated plus maze. n = 8 to 12 per group in (A), 6 to 10 in (B) and (C), 12 to 13 in (D) 

to (G), 10 to 14 in (H) and (I), 9 to 14 in (J) to (L), and 11 to 14 in (M) to (O). Two-way 

ANOVAs: P < 0.01 for treatment, P < 0.001 for genotype, and P < 0.05 for the interaction 

in (A); P < 0.05 for genotype, P > 0.05 for treatment, and P > 0.05 for the interaction in 

(F); P < 0.05 for treatment, P > 0.05 for genotype, and P > 0.05 for the interaction in (J); 

P < 0.01 for treatment, P > 0.05 for genotype, and P < 0.01 for the interaction in (K); P 
< 0.001 for treatment, P > 0.05 for genotype, and P > 0.05 for the interaction in (L); P 
> 0.05 for treatment, P > 0.05 for genotype, and P > 0.05 for the interaction in (M); P > 

0.05 for treatment, P < 0.05 for genotype, and P > 0.05 for the interaction in (N); v > 0.05 

for treatment, P > 0.05 for genotype, F(1,47) = 1.304, and P > 0.05 for the interaction in 

(O). Kruskal-Wallis ANOVAs: P < 0.01 in (H); P < 0.001 in (I). Friedman nonparametric 

repeated-measure ANOVAs: P < 0.0001, trials 3 to 5 versus trial 1: P < 0.001 for WT/V and 

P < 0.05, trials 2 to 5 versus trial 1: not significant, for KO/V in (D); P < 0.0001, trials 3 and 

4 versus trial 1: P < 0.01; trial 5 versus trial 1: P < 0.001 for WT/PRE and P < 0.0001, trial 3 

versus trial 1: P < 0.05, trials 4 and 5 versus trial 1: P < 0.001 for KO/PRE in (E). *P < 0.05, 

**P < 0.01, and ***P < 0.001 versus V-treated WT mice; #P < 0.05, ##P < 0.01, and ###P 
< 0.001 versus V-treated KO mice; Newman-Keuls test in (A), (C), (D), (F), and (J) to (O); 

Mann-Whitney test in (H) and (I). °P < 0.05, °°P < 0.01, and °°°P < 0.001 versus 50% level 

in (C), versus 15-s level in (G); one-sample t test.
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Fig. 6. PRE-084 or overexpression of S1R attenuated the mobility deficits in wfs1abKO zebrafish 
larvae.
(A) Quantification of mRNA amounts for wfs1a, wfs1b, sigmar1, ncs1a, and ncs1b in 

wfs1abWT and wfs1abKO larvae by RT-PCR. (B) Typical blots and (C) quantification of 

protein amounts for S1r and Ncs1. (D, F, and I) Typical mobility patterns in the visual motor 

response test of zebrafish larvae and (E, G, and J) quantification of cumulated mobility 

during the OFF2 + OFF3 phases, expressed as percentage of control (V- or mCherry-treated 

wfs1WT larvae). (H and K) Hypermobility ratio. (D and E) Dose-response effect of PRE-084 
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(0.1 to 10 μM). (F to H) Blockade of PRE-084 effect by the S1R antagonist NE-100, both 

drugs being administered at 3 μM. n = 10 to 12 per group in (A), 8 to 14 in (B) and (C), 24 

to 36 in (D) and (E), 8 to 11 in (F) to (H), and 16 to 58 in (I) to (K). One-way ANOVAs: 

P < 0.0001 in (A); P < 0.05 in (G). Two-way ANOVA: P > 0.05 for S1R overexpression, P 
< 0.0001 for genotype, and P < 0.0001 for the interaction in (J). *P < 0.05, **P < 0.01, and 

***P < 0.001 versus control wfs1abWT; ##P < 0.01 versus wfs1abKO larvae; Dunnett’s or 

Newman-Keuls test in (A), (C), (E), (G), and (I).
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Fig. 7. PRE-084 restored the alterations of Ca2+ transfer from the ER and attenuated 
mitochondrial respiration deficits observed in fibroblasts derived from patients with WS.
Representative traces of aequorin-based measurements of (A and B) cytosolic Ca2+ and (C 
and D) mitochondrial Ca2+ uptake, induced in fibroblasts from controls (Ct, black line) and 

patient with WS (red line). Ca2+ transfer was induced by stimulation with 1 μM Bradykinin 

and PRE-084 treatment: 0.1 μM (gray line), 1 μM (brown line), and 10 μM (blue line) 

on control (left) and patients with WS (right). Quantifications for (E and F) cytosolic 

Ca2+ and (G and H) mitochondrial Ca2+ uptake are expressed as means ± SEM of five 

independent experiments for each cell line. (I) Oxygen consumption rate (OCR) traces of 

control (Ct, black line) and patient fibroblasts (WS, red line), expressed as picomoles of O2 

per minute, under basal conditions and after the injection of oligomycin (1.5 μM), FCCP 

(1 μM), and ROT/AA (1 μM). PRE-084 was tested at 0.03 μM (gray line), 0.1 μM (purple 

line), and 1 μM (blue line). Quantifications of (J) basal, (K) ATP-related, and (L) maximal 

respiration rates were calculated from OCR traces and expressed as means ± SEM from five 

independent determinations. n = 5 to 6 per group in (A) to (H) and 4 to 6 in (I) to (L). 

One-way ANOVAs: P < 0.05 in (E); P < 0.01 in (F); P < 0.05 in (G); P < 0.01 in (H); 

P < 0.0001 in (J); P < 0.01 in (K); P < 0.05 in (L). *P < 0.05, **P < 0.01, and ***P < 

0.001 versus V-treated Ct cells; #P < 0.05, ##P < 0.01, and ###P < 0.001 versus V-treated 
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WS cells; Dunnett’s test. FCCP, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; 

ROT/AA, rotenone/antimycin A.
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Fig. 8. PRE-084 restored the autophagy and mitophagy defects observed in fibroblasts derived 
from patients with WS.
(A to C) Autophagy in fibroblasts of patients: (A) typical fluorescence microscopy images 

of fibroblasts from patients with WFS1-null mutation (KO), compared to WT cells, 

transfected with GFP-LC3 plasmid. (B) Quantification of LC3 vacuolated cells per field. 

(C) Representative immunoblot showing the increased LC3 lipidation (conversion of LC3-I 

to LC3-II) in fibroblasts from patients and control cells. Densitometry ratios of LC3-II over 

actin are shown and are relative to the control. In both experiments, the specific vacuolar 
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H+-dependent adenosine triphosphatase inhibitor bafilomycin A1 (BafA1) was added at a 

concentration of 100 nM for 2 hours to mimic a blockage of the autophagic flux. (D and F) 

PRE-084 reestablished the normal autophagic rates in fibroblasts from patients with WFS1-

null mutation (KO) to a value similar to those observed in WT samples, as demonstrated 

by fluorescence microscopy analysis: (D) typical images and (E) quantification and by 

immunoblot (F). In both experiments, PRE-084 was used at the concentrations of 0.03, 

0.1, and 1 μM. Densitometry ratios of LC3-II over actin are shown and are relative to 

the control. (G and H) Mitophagy activation was analyzed by confocal microscopy with 

the specific mitochondrial and lysosomal markers, MitoTracker Green and LysoTracker 

Red, in fibroblasts from patients, with WFS1-null mutation (KO) and WT fibroblasts. (G) 

Representative images of the colocalization points and (H) quantification. Scale bars, 10 μm 

in (A), (D), and (G). n = 15 per group in (B), 11 in (E), and 7 to 8 in (H). (B) Two-way 

ANOVA: P < 0.0001 for the genotype, P < 0.0001 for the BafA1 treatment, and P < 0.05 for 

the interaction in (B). One-way ANOVAs: P < 0.0001 in (E); F(4,32) = 20.21 and P < 0.0001 

in (H). *P < 0.05 versus WT cells; Dunnett’s test.
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