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Abstract 

Wolfram syndrome (WS) is a rare disorder characterized by diabetes mellitus, optic 

atrophy, sensorineural deafness, diabetes insipidus, and neurodegeneration and that is caused 

by pathogenic variants in WFS1. WS is typically inherited as an autosomal recessive disorder, 

but autosomal dominant pathogenic variants have been identified. WFS1 encodes a protein 

called wolframin, which is a transmembrane protein localized to the endoplasmic reticulum 

(ER). The localization of WFS1 indicates that it has physiological roles in the trafficking of 

membranes, secretion and regulation of ER calcium homeostasis. ER stress responses, 

including cell apoptosis, are caused because of the disruption or overloading of these functions. 

We speculated these dominant WFS1 pathogenic variants were thought to increase ER 

stress. Recent studies suggest that 4-phenylbutyrate (PBA) and valproate (VPA) reduce ER 

stress. The objective of this study was to analyze the effect of PBA and VPA on dominant 

pathogenic WFS1 variants in vitro.  

We determined whether dominant WFS1 variants (p.His313Tyr, p.Trp314Arg, 

p.Asp325_Ile328del, p.Glu809Lys, and p.Glu864Lys) increase ER stress and the dominant 

negative effect using by a luciferase assay of ER stress response element. In addition, the rescue 

of cell apoptosis induced by dominant WFS1 variants following treatment with PBA or VPA 

was determined by quantitative real-time PCR of C/EBP homologous protein (CHOP) mRNA 

expression. As results, these variants showed the increased ER stress and the dominant negative 

effect on the wild-type WFS1. After treatment with PBA or VPA, ER stress and cell apoptosis 

were reduced in each variant.   

In conclusion, PBA and VPA could reduce the ER stress and cell apoptosis caused by 

dominant pathogenic WFS1 variants. 

 

Key words: Wolfram syndrome, WFS1, Endoplasmic reticulum stress, 4-Phenylbutyrate, 

Valproate 
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1. Introduction 

Wolfram syndrome (WS) is a rare genetic disorder showing child-onset diabetes mellitus 

(DM) caused by mutations in the gene encoding wolframin (WFS1) [1-3].  

DM is the most prevalent metabolic condition in the world and has risen in incidence over the 

past decade. In 2011 the International Diabetes Federation reported that 366 million people had 

diabetes, with an estimated worldwide increase to 552 million by 2030 [4]. DM is a disorder 

in which the body does not produce sufficient insulin or fails to respond normally to the insulin 

produced, resulting in high levels of blood glucose [5]. Insulin is a hormone secreted by 

pancreatic b-cells that enhances glucose uptake and metabolism in the cells, thus reducing 

blood sugar level. In patients with DM, an insufficient secretion of insulin or a lack of response 

to insulin, resulting in high blood glucose level, is a status called hyperglycemia.   

 

1.1 Major types of diabetes 

Most cases of diabetes are classified into two major types: type 1 diabetes mellitus 

(T1DM) and type 2 diabetes mellitus (T2DM) [6]. T1DM progresses with an absolute 

deficiency of insulin due to the progressive autoimmune destruction of b-cells in the pancreas. 

It usually manifests in children and adolescents [7], and accounts for approximately 5–10% of 

all diabetic patients. T2DM is characterized by the body not responding effectively to insulin; 

this is termed insulin resistance [8]. It is caused by several factors, including insulin resistance, 

inadequate secretion of insulin, overweight and obesity. Patients with T2DM may affect 

diabetes-related complications, including cardiovascular disease, eye damage, kidney disease, 

nerve problems, skin infections, and diabetic foot disorders [9,10].  

 

1.2 Monogenic diabetes 

Some rare forms of DM result from one or more defects in a single gene, and are called 

monogenic. So far, more than 20 genetic subtypes have been detected in patients with 
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monogenic diabetes, accounting for approximately 1–6.5% of cases of diabetes in children [11-

16]. The genetic form of DM is mostly classified into two types: neonatal diabetes mellitus 

(NDM) and maturity-onset diabetes of the young (MODY). According to their pathogenic 

mechanisms, it also can be classified as genetic defects of β-cell function and genetic defects 

of insulin action [17] (Table 1).  

NDM typically appears before the age of six months [18], and is usually caused by a 

mutation in one of three genes: KCNJ11, ABCC8, or INS. Usually, MODY first appears in 

adolescence or early adulthood, is sometimes inherited as a dominant trait [19], and is more 

common than NDM. Defects in several genes, such as hepatocyte nuclear factor (HNF) 4A, 

glucokinase, HNF1A, and HNF1B are the causes of MODY (Table 1).  

 

Table 1: Classification of genetic forms of DM 

 

 

 

I.  

 

 

 

Genetic defects of  

b-cell function 

 

1. Neonatal diabetes  

• Transient (mutations in PLAGL1/HYMAI, ZFP57, ABCC8, 

HNF1B)  

• Permanent (mutations in ABCC8, KCNJ11, INS, GCK, IPF1, 

FOXP3, EIF2AK3, GATA6) 

2. MODY 1-10: Mutations in HNF4A, GCK, HNF1A, IPF1, HNF1B, 

NEUROD1, KLF1, CEL, PAX4, INS, BLK 

3. Mitochondrial DNA mutations (Pearson syndrome, Kearns–Sayre 

syndrome, and maternally inherited diabetes and deafness) 

4. Wolfram syndrome  

• Wolfram syndrome 1 (WFS1) 

• Wolfram syndrome 2 (WFS2) 

5. Thiamine responsive megaloblastic anemia and diabetes 

 

II.  

 

Genetic defects of  

insulin action 

1. Type A insulin resistance 

2. Donohue syndrome 

3. Rabson-Mendenhall syndrome 

4. Lipoatrophic diabetes syndrome 
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1.3 Wolfram syndrome  

Wolfram syndrome (WS) is a rare genetic disorder caused by mutations in the gene 

encoding wolframin (WFS1) and is usually inherited as an autosomal recessive trait [1,20,21]. 

It manifests in childhood or early adulthood, is characterized by diabetes mellitus (DM), optic 

atrophy, sensorineural deafness, diabetes insipidus, and neurodegeneration [3,22], and is 

classified as child-onset monogenic diabetes. The estimated prevalence is 1 in 770,000 in the 

UK [23], 1 in 100,000 in North America [24], and 1 in 710,000 in the Japanese population [22].  

Childhood-onset DM and progressive optic atrophy are the main diagnostic criteria for 

WS. DM is the first symptom of WS. It is usually diagnosed at around the age of six years, 

followed by optic atrophy at around the age of 11 [1]. Optic atrophy is characterized by loss of 

color and peripheral vision, and usually blindness within approximately eight years of the first 

signs of optic atrophy. Approximately 70% of patients with WS also develop central diabetes 

insipidus, and 65% of patients present sensorineural deafness in the second decade. More than 

60% of WS patients experience neurological symptoms, most often presenting in early 

adulthood as difficulties with balance and coordination (ataxia) [2,3].  

WS is usually inherited in an autosomal recessive manner. However, several dominant 

pathological variants in WFS1 have been reported in patients with autosomal dominant adult-

onset DM caused by the p.Trp314Arg variant [25], and in neonatal DM cases with congenital 

cataract and deafness caused by the p.Glu809Lys variant [26]. In addition, p.Asp325_Ile328del 

has been reported to cause neonatal early-onset severe WS [1], while p.His313Tyr was found 

in two unrelated patients with WS and with neonatal diabetes and deafness, respectively [27,28]. 

The p.Glu864Lys variant reportedly causes autosomal dominant optic atrophy associated with 

hearing impairment and low-frequency sensorineural hearing loss (LFSHL), which are 

classified under the name of Wolfram-like disorder (WS-like disorder) (OMIM #614296) [29-

31]. The genetic variations in WFS1 can lead to a spectrum of phenotypes, including 

susceptibility to T1DM, T2DM, WS, WS-like disorder, and LFSHL (Figure 1).  
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       WFS1 encodes a protein called wolframin. Wolframin is a 100 KDa protein with nine 

transmembrane segments that localizes to the endoplasmic reticulum (ER) [3]. This protein is 

highly expressed in pancreatic β-cells, the brain, heart, retina, and inner ear cells [20,29,32]. In 

pancreatic β-cells, WFS1 plays an important role in proinsulin folding and processing in the 

ER [20,22]. So far, more than 120 pathogenic variants have been reported in WFS1 from WS 

patients. These variants are mainly located at transmembrane domains, composed of a 

cytoplasm located N-terminal and an ER lumen located C-terminal [1,28].  

WFS1 plays a key role in ER stress in b-cells, through negatively inhibiting 

transcription factor 6α (ATF6α). ATF6α is a main transcription factor involved in ER stress, 

with diminished ER stress response element (ERSE) promoter activation by ATF6α, and 

preserves E3 ubiquitin ligase-HRD1, thereby suppressing ER stress signaling. Conversely, 

chronic high basal unfolded protein response (UPR) levels are induced by WFS1 mutated 

pancreatic β-cells, and E3 ubiquitin ligase-HRD1 cannot be recruited to degrade activated 

ATF6 protein, leading to intolerable ER stress [33]. WFS1 has also been shown to be in 

dysregulation of calcium homeostasis [34], and misfolding of pathogenic forms of WFS1 

induces ER stress in pancreatic β-cells, neurons, retinal ganglion cells, and oligodendrocytes, 

resulting in the dysfunction and degeneration of affected tissues [35].  

An experimental model that generated b-cells in vitro by induction of pluripotent stem 

cells (iPSCs) derived from WS1 patients’ skin cells were developed by Shang et al [36]. This 

study showed that iPSCs had high levels of ER stress and decreased insulin content [36]. In 

addition, mitochondrial dynamics can also change ER dysfunction, leading to the 

neuropsychiatric aspects of this disorder [37].  

Currently, there is no effective treatment for WS. DM of patients with WS is treated 

with insulin supplementation, but control of DM is difficult, and neural complications cannot 

be treated. The main neurologic complications in WS include cerebellar ataxia, peripheral 
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neuropathy, and cognitive impairment. The prognosis of this disease is poor; the median age 

of death is 30 years (25–49) due to central apnea with brain stem atrophy [38]. Thus, 

understanding the molecular mechanism of pancreatic and neuronal cell death in WS may aid 

the search for treatments for this disease.  

 

 

 

 

 

 

 

 

 

 

Figure 1. Clinical symptoms caused by autosomal dominant and 

autosomal recessive WFS1 variants. 

 

1.4 ER homeostasis  

The ER is an important organelle in the cells. It plays a key role in protein transport and 

synthesis, protein folding, lipid and steroid synthesis, and calcium storage [39]. Two 

functionally distinct types can be categorized into the ER: the smooth endoplasmic reticulum 

(SER) and the rough endoplasmic reticulum (RER). The ER is the major location of protein 

modification, which has a crucial function in the protein folding process for secretory proteins 

such as insulin, cell surface receptors, and integral membrane proteins [40].   

When problems occur in protein synthesis and folding, the RER is able to send signals 

immediately to the nucleus and thus affect the overall rate of protein translation. 

A multitude of pathological and physiological factors impair ER function and cause 
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ER homeostasis dysregulation, resulting in ER stress.       

The unfolded protein response (UPR) is triggered when excessive misfolded or unfold

ed proteins accumulate in the ER [41]. The UPR works to remove the level of misfolded 

proteins as a pro-survival response and to restore ER function [8]. However, apoptosis is 

activated in cases where ER stress becomes prolonged or persistent for UPR-based mitigation 

[42] (Figure 2).   

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The role of the unfolded protein response (UPR) against ER stress. UPR is a pro-survival response 

designed to relieve misfolded protein accumulation, restore ER homeostasis, and restore normal function of ER. 

However, cell apoptosis is caused if the UPR signaling system fails to restore ER homeostasis. 

 
 

1.4.1 UPR signaling system  

The unfolded or misfolded proteins interconnect with ER localized chaperone-

immunoglobulin binding protein (BiP) when ER stress occurs in the cells, removing it from 

ER stress sensors, therefore activating downstream signaling pathways. The UPR signaling 
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system is regulated by three major sensors: protein kinase-like ER kinase (PERK), ATF6, and 

inositol-requiring enzyme 1 (IRE1) (Figure 3).  

PERK is an ER transmembrane protein kinase of the PEK family that is found in the 

ER lumen and binds to BiP. When ER stress occurs, PERK releases BiP and activates the 

phosphorylation of eukaryotic translation initiation factor 2 alpha (eIF2α), leading to reduction 

of general protein synthesis. This translational control offers an effective means of reducing 

the protein load in the ER. At the same time, ATF4 is activated by PERK-phosphorylated eIF2α, 

which translocates to the nucleus and activates the transcription of genes needed to restore ER 

homeostasis [42].  

ATF6 is another transcription factor that can sense ER stress. ATF6 preserves its resting 

form in the ER under normal conditions and is associated with BiP. In response to ER stress, 

ATF6 is sequestered away from BiP and moves from the ER to the Golgi apparatus, where site-

1 protease (S1P) and site-2 protease (S2P) cleave into its active type. A soluble basic leucine 

zipper (bZip) transcription factor generates this cleavage of ATF6, which transits to the nucleus. 

In the nucleus, ATF6 induces transcriptional activation of ER stress-response genes along with 

ER stress-response elements 1 and 2 (ERSE-1 and 2).  

IRE1 is an ER transmembrane glycoprotein comprising the domain of serine-threonine 

kinase and an endoribonuclease activity [43]. IRE1 interacts with BiP under unstressed 

conditions and maintains an inactive form. IRE1 is sequestered away from BiP and changes to 

its active form when ER stress occurs. The endonuclease activity of IRE1, which is activated 

by its dimerization and transphosphorylation, processes unspliced X box-binding protein 1 

(XBP1u) encoding mRNA to generate an active transcription factor, spliced XBP1 (XBP1s) 

[44]. Including genes involved in protein folding and the ER associated degradation (ERAD) 

process, XBP1s regulates downstream UPR signaling. IRE1 will activate pro-apoptotic signal 
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cascades, such as the c-Jun N-terminal kinase (JNK) signaling pathway, if ER stress is 

permanent [33].  

     

 

 

 

 

 

 

 

 

Figure 3. The UPR signaling pathway. UPR is regulated by three major sensors (PERK, ATF6, and IRE1). The 

ER molecular chaperone, BiP, interacts directly with these UPR sensors under normal circumstances. Under 

abnormal conditions in the ER, PERK releases BiP and induces phosphorylation of eIF2α that can prevent the 

initiation of translation and reduce the general protein synthesis. ATF4 is also induced by PERK-phosphorylated 

elF2, which transits to the nucleus and activates the transcription genes required to restore ER homeostasis. 

When BiP is isolated from ATF6, ATF6 is translocated from the ER to Golgi, where it is cleaved into its active 

form by S1P and S2P. A soluble basic leucine zipper (bZip) transcription factor is produced by this cleavage of 

ATF6, which migrates to the nucleus and induces transcriptional activation of ER stress-response genes along 

with ERSE-1 and 2. In addition, IRE1 is activated through its dimerization and transphosphorylation and 

processes the mRNA encoding XBP1u to produce XBP1s. This spliced form of XBP1 transits to the nucleus and 

regulates downstream UPR signaling, including genes involved in ERSE and ERAD. The UPR sensors induce 

the pro-apoptotic pathways, leading to cell apoptosis under permanent ER stress conditions. The figure was 

created by Biorender software. 
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1.4.2 ER stress-related diseases 

Chronic or severe and persistent ER stress triggers the leading UPR cell death involved 

in a number of diseases, including metabolic disease, neurodegenerative disease, inflammatory 

disease, and cancer. ER stress plays a key role in failure of β-cells, both in humans and in 

rodent models [45]. In T1DM, β-cell failure is induced by excessive nitric oxide (NO) 

production; it depletes ER Ca2+, induces ER stress, and leads to apoptosis [46]. Increased 

CHOP, BiP, Xbp1 mRNA splicing, and increased eIF2α phosphorylation levels have been 

identified in db/db mice islets, a common model of insulin resistance and β-cell failure [47,48]. 

Signs of ER stress were observed in islets, liver, and adipose tissue in T2D mouse models [47], 

and the classical UPR-induced proteins p58IPK, BiP, and CHOP were significantly elevated in 

pancreatic islet tissue in patients with T2D patients [49].  

The pancreatic b-cells with WFS1 pathogenic variants have chronic high basal UPR 

levels, as reported by Fonseca et al. [33]. Thus, E3 ubiquitin ligase-HRD1 cannot be recruited 

to degrade activated ATF6 protein, leading to intolerable ER stress. Wfs1 knocked out mice and 

also showed high UPR marker expression and defective insulin production [50,51].   

Wolcott–Rallison syndrome (WRS), an autosomal recessive rare disease with 

permanent neonatal or early infancy insulin-dependent diabetes, mental retardation, and 

developmental delay, is another typical ER stress disease. Patients with WRS have pathogenic 

variants in the eukaryotic translation initiation factor 2-α kinase 3 (EIF2AK3) gene, which 

encodes the PERK protein [52]. Therefore, UPR signaling components are emerging as 

potential targets for human disease intervention and treatment.  

 

1.5  4-phenylbutyrate and valproate  

4-phenylbutyrate (PBA) is a low molecular weight fatty acid and chemical chaperone [53]. 

It has been shown to prevent the mis-localization and/or aggregation of proteins associated 
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with human disease [54,55]. PBA reportedly alleviates ER stress by decreasing the protein 

folding load [54,56,57]. Moreover, PBA has been shown to restore normal insulin synthesis 

and to have the ability to upregulate insulin secretion in the stem cell model of WS [32,36]. In 

addition, PBA reduces ER stress in pancreatic β-cells induced by high glucose in vitro and in 

vivo [58].  

Valproate (VPA) is a simple branched-chain fatty acid that has been used widely as an anti-

convulsant and mood-stabilizing drug [59]. While its exact mechanism of action has yet to be 

determined, several studies have reported that VPA attenuates ER stress-induced apoptosis in 

neuronal and hepatocellular cells [60,61] and protects pancreatic β-cells from palmitate-

induced ER stress and cell apoptosis [62]. In addition, acute VPA treatment has been shown to 

improve glucose tolerance in Wfs1 mutant mice with elevated ER stress response [63].  

 

 

1.6 Purpose of our study 

Despite the underlying significance of ER dysfunction in WS, molecular mechanisms 

linking the ER to b-cell death have not yet been clarified. The purpose of our study is to 

elucidate the molecular mechanism of pancreatic β-cell death by dominant WFS1 pathogenic 

variants in vitro. In addition, we analyze the effects of PBA and VPA on dominant pathological 

variants. 
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2 Materials and Methods 
 

2.1 Cell culture 

Human embryonic kidney (HEK)-293 cells were cultured in DMEM (Invitrogen, 

Carlsbad, CA) with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin. 

MIN6 cells, which was established from an insulinoma of a transgenic mouse expressing the 

SV40 T antigen in pancreatic b-cells were cultured in DMEM (Invitrogen, Carlsbad, CA) with 

15% heat-inactivated fetal bovine serum, 1% penicillin/streptomycin and 220 nM 2-

mercaptoethanol. HeLa cells were cultured in MEM (Sigma-Aldrich, St. Louis, MO) with 10% 

fetal bovine serum at 37 °C in a humidified atmosphere of 5% CO2.   

 

2.2 Site-directed mutagenesis and plasmid construction 

We selected p.His313Tyr, p.Trp314Arg, p.Asp325_Ile328del, p.Glu809Lys, and 

p.Glu864Lys, (Figure 4) as dominant variants of WFS1 [1,20,21] and p.Pro724Leu and 

p.Arg629Trp [20,22] as recessive variants. The membrane topology of WFS1 was analyzed 

with TMHMM (http://www.cbs.dtu.dk/services/TMHMM/). Human wild-type WFS1 cDNA 

was inserted into a pcDNA3.1 expression vector [1]. The plasmids that contain WFS1 

pathological variant were (p.His313Tyr, p.Trp314Arg p.Glu809Lys, p.Glu864Lys, 

p.Pro724Leu and p.Arg629Trp) created by site-directed mutagenesis using a Gene-Art 

Mutagenesis Kit (Invitrogen, Carlsbad, CA). In addition, a wild-type WFS1 plasmid tagged 

with green fluorescent protein (GFP) at the N-terminus, which was generated from WFS1 

cDNA fragments and the pGFP-vector (Clontech Laboratories, Mountain View, CA), was also 

mutagenized. These five GFP-tagged dominant WFS1 variants were confirmed by DNA 

sequencing before transfection. For mutagenesis, the following sets of primers were used for 

plasmid construction (Table 2).   
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Table 2. Primer sequence for mutagenesis contain WFS1 pathogenic variants 

  WFS1 pathogenic variants Primer sequence 

1. p.His313Tyr (c.937C>T ) 

Forward  5’ TCCAGGGCAGGCATGTACTGGCTGTCCACCA 3’ 

Reverse  5’ TGGTGGACAGCCAGTACATGCCTGCCCTGGA 3’ 

2. p.Trp314Arg (c.940T>C) 

Forward  5’ AGGGCAGGCATGCACAGGCTGTCCACCATCA 3’ 

Reverse   5’ TGATGGTGGACAGCCTGTGCATGCCTGCCCT 3’ 

3. p.Glu809Lys (c.2425G>A) 

Forward   5’ CTGCGGGCCAGCAGCAAGTTCAAGAGCGTGC 3’ 

Reverse   5’ GCACGCTCTTGAACTTGCTGCTGGCCCGCAG 3’ 

4. p.Glu864Lys (c.2590G>A) 

Forward   5’ CGGCACGTGAAGATCAAGCACGACTGGCGCA 3’ 

Reverse   5’ TGCGCCAGTCGTGCTTGATCTTCACGTGCCG 3’ 

5. p.Pro724Leu (c.2171C>T) 

Forward   5’ CCATCAACATGCTCCTGTTCTTCATCGGCGA 3’ 

Reverse   5’ TCGCCGATGAAGAACAGGAGCATGTTGATGG 3’ 

6. p.Arg629Trp (c.1885C>T) 

Forward   5’ GTGAAGTCCCTGACGTGGAGCTCCATGGTCA 3’ 

Reverse   5’ TGACCATGGAGCTCCACGTCAGGGACTTCAC 3’ 

 

 

 

 

 

 

 

 

 

Figure 4. The positions of the dominant variants we constructed are represented as asterisks. 

 

2.3 Luciferase reporter assay  

2.3.1 Endoplasmic reticulum stress response element (ERSE)-luciferase assay 

For reporter assays, HEK-293 and MIN6 in a 24-well plate were transfected with 1.0 μg of 

each wild-type or pathological WFS1 variant (p.His313Tyr, p.Trp314Arg, p.Asp325_Ile328del, 
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p.Glu809Lys, p.Glu864Lys, p.Pro724Leu and p.Arg629Trp) expression plasmid together with 

0.5 μg ERSE luciferase plasmid [1] and 10.0 ng Renilla reniformis luciferase plasmid. Cell 

lysates were harvested and assayed for Renilla and firefly luciferase activity using the Dual 

Luciferase Reporter Assay System at 28 h or 48 h after transfection (Promega, Madison, WI). 

ERSE-luciferase activity was normalized to Renilla reniformis luciferase activity. All reactions 

were performed in triplicate and the experiments were repeated 3 times.  

 

2.3.2 Activating transcription factor 6 α (ATF6α)-luciferase reporter assay 

HEK-293 and MIN6 cells in a 24-well plate were transfected with 1.5 μg of each wild-

type or WFS1 variant expression plasmid together with 0.5 μg pGL4.39 (luc2P/ATF6) and 0.5 

µg ATF6α expression plasmid and 10.0 ng Renilla reniformis luciferase plasmid [1]. A 

luciferase reporter vector [pGL4.39 (luc2P/ATF6)] containing an ATF6 response element that 

drives transcription of the luciferase reporter gene luc2P (Photinus pyralis). At 28 h or 48 h 

after transfection, cell lysates were harvested and assayed for Renilla and firefly luciferase 

activity using the Dual Luciferase Reporter Assay System (Promega, Madison, WI). ERSE-

luciferase activity was normalized to Renilla reniformis luciferase activity. All reactions were 

performed in triplicate and the experiments were repeated 3 times. 

 

2.3.3 Effect of PBA and VPA on ER stress 

To analyze the effect of PBA and VPA on ERSE activity, HEK-293 and MIN6 in a 24-

well plate were transfected with 1.0 μg of wild-type or each WFS1 pathological variant 

(p.His313Tyr, p.Trp314Arg, p.Asp325_Ile328del, p.Glu809Lys, p.Glu864Lys, p.Pro724Leu 

and p.Arg629Trp) expression plasmid together with 0.5 μg ERSE luciferase plasmid [1] and 

10.0 ng Renilla reniformis luciferase plasmid. At 24 h after transfection, the growth medium 

was replaced with fresh medium containing 4 mM PBA or 6 mM VPA (both from Sigma-
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Aldrich, St. Louis, MO) [1,58,62] for 24 h. After treated with PBA or VPA, cell lysates were 

harvested and assayed for Renilla and firefly luciferase activity using the Dual Luciferase 

Reporter Assay System (Promega, Madison, WI). ERSE-luciferase activity was normalized to 

Renilla reniformis luciferase activity. All reactions were performed in triplicate and the 

experiments were repeated 3 times.   

 

2.4 Quantitative real-time PCR analysis 

HEK-293 cells and MIN6 cells were plated on a 3-cm dish and cultured to 70–80% 

confluency. The cells were transfected with 5.0 μg of each wild-type or each WFS1 

pathological variant expression plasmid. After transfection for 24 h, total mRNA was isolated 

from the cells using a RNeasy Mini Kit (QIAGEN, Hilden, Germany). The reverse transcription 

products were amplified using a SYBR Premix Ex TaqTM II Kit (Takara, Shiga, Japan) on an 

Applied Biosystems® 7500 Fast Real-Time PCR System (Applied Biosystems, Life 

Technologies, Carlsbad, CA) and the following program: 95 °C for 30 s followed by 40 cycles 

at 95 °C for 3 s and 60 °C for 30 s. Values are presented as the mean ± standard deviation (SD) 

and normalized to the amount of GAPDH. We performed the same experiment with MIN6 cells 

for dominant variants of p.His313Tyr, p.Asp325_Ile328del, p.Glu809Lys. For qPCR, the 

following sets of primers and SYBR Green PCR master Mix (Takara, Shiga, Japan) were used 

for real-time PCR: human C/EBP homologous protein (CHOP) (forward) 5′-

AGAACCAGGAAACGGAAACAGA-3′ and (reverse) 5′-TCTCCTTCATGCGCTGCTTT-3′ 

and GAPDH (forward) 5′-CTTTGTCAAGCTCATTTCCTGG-3′ and (reverse) 5′-

TCTTCCTCTTGTGCTCTTGC-3′. All reactions were performed in triplicate and the 

experiments were repeated 3 times. 
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2.4.1 Effect of PBA and VPA on cell apoptosis 

HEK-293 cells and MIN6 cells were plated on a 3-cm dish and cultured to 70–80% 

confluency. The cells were transfected with 5.0 μg of wild-type or each WFS1 pathogenic 

expression plasmid. To determine the effect of PBA and VPA on CHOP mRNA, at 4 h after 

transfection, the growth medium was replaced with fresh medium containing 0.5 mM PBA [54] 

or 0.25 mM VPA [60,62,64] for 16 h. After treated with PBA or VPA, total mRNA was isolated 

from the cells using a RNeasy Mini Kit (QIAGEN, Hilden, Germany). The reverse transcription 

products were amplified using a SYBR Premix Ex TaqTM II Kit (Takara, Shiga, Japan) on an 

Applied Biosystems® 7500 Fast Real-Time PCR System (Applied Biosystems, Life 

Technologies, Carlsbad, CA) and the following program: 95 °C for 30 s followed by 40 cycles 

at 95 °C for 3 s and 60 °C for 30 s. All reactions were performed in triplicate and the 

experiments were repeated 3 times. Values are presented as the mean ± standard deviation (SD) 

and normalized to the amount of GAPDH.  

 

2.5 Western blot analysis 

HEK-293 cells were plated on a 3.5-cm dish and cultured to 70–80% confluency. The 

cells were transfected with 5.0 μg GFP-tagged wild-type or each dominant WFS1 variant 

expression plasmid. At 24 hr transfection, the transfection efficiency of each vector was 

evaluated by number of GFP-positive cells/total number of cells per field using fluorescence 

microscopy. The cells were lysed with ice-cold TNE buffer containing 20 mM Tris-HCl, 0.5% 

Triton X-100, 1 mM EDTA (pH 7.4) for 5 min on ice. The lysates were centrifuged at 15,000 

x g for 30 min at 4oC. After centrifugation, protein concentration was determined using a Qubit 

Protein Assay Kit (Invitrogen, Carlsbad, CA). Protein lysates were normalized to total protein 

(25 μg/lane) and resolved by 5–12.5% gradient sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis followed by electro-transfer of the proteins onto a polyvinylidene fluoride 
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membrane. The membrane was blocked with 5% skimmed milk/phosphate-buffered saline 

with Tween 20 (PBST) for 1 h at room temperature. The membrane was incubated with the 

following primary antibodies: anti-GFP (1:200; SC-9996; Santa Cruz Biotechnology, Santa 

Cruz, CA) and mouse monoclonal anti-β-actin (1:5000; A1978; Sigma-Aldrich, St. Louis, MO) 

in PBST overnight at 4 °C. After washing 3 times with PBST for 10 min, anti-mouse IgG HRP 

(1:2000; SC-516102; Santa Cruz Biotechnology, Santa Cruz, CA) was used as a secondary 

antibody for 1 h at room temperature. After washing 3 times with PBST for 15 min, the 

membrane was detected with HRP Substrate (Takara, Shiga, Japan) and imaged using Image 

Quant LAS 4000 (GE Healthcare, Little Chalfont, UK). Hyper HRP substrate was purchased 

from TAKARA (Shiga, Japan).  

 

2.6 Fluorescence analysis and confocal microscopy  

HeLa cells were plated on an 8-well chamber slide and transfected with 1.0 μg GFP-tagged 

wild-type or each dominant WFS1 expression plasmid. At 24 h after transfection, the ER was 

stained using an ER-ID Red Assay Kit (Enzo Life Science, New York, NY) according to the 

manufacturer’s protocol. The cells were fixed in 4% paraformaldehyde/PBS for 15 min at room 

temperature. The stained ER and GFP fluorescence were examined by confocal microscopy 

(FLUOVIEW FV1000; Olympus, Tokyo, Japan). 

 

2.7 The effect of PBA and VPA on the protein localization  

2.7.1 Assay by confocal microscopy 

HeLa cells were plated on an 8-well chamber slide and transfected with 1.0 μg GFP-tagged 

wild-type or each dominant WFS1 variant (p.His313Tyr, p.Asp325_Ile328del, p.Glu809Lys) 

expression plasmid. At 24 h after transfection, cells were treated with or without 0.5mM PBA 

and 0.25 mM VPA for 16 hr. After treated with PBA or VPA, the ER was stained using an ER-

ID Red Assay Kit (Enzo Life Science, New York, NY) and the nuclei were stained blue 
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(Hoechst 33342).  The cells were fixed in 4% paraformaldehyde/PBS for 15 min at room 

temperature. The stained ER and GFP fluorescence were examined by confocal microscopy 

(FLUOVIEW FV1000; Olympus, Tokyo, Japan).  

 

2.7.2 Assay by IN cell analyzer 

HeLa cells in 96-well plate were transfected with 0.1 μg GFP-tagged wild-type or each 

dominant WFS1 variant. At 24 h after transfection, cells were treated with or without 0.5mM 

PBA and 0.25 mM VPA for 16 hr, and the intensity of the fluorescence were measured by IN 

cell analyzer 1000 (GE healthcare).  

 

Statistical analysis 

All data are represented as the mean ± (SD). Multiple comparisons between groups were 

carried out with one-way ANOVA (or Kruskal Wallis test). Post hos analysis was performed 

by Tukey’s test except for p.Asp325_Ile328del, which was tested by non-parametric analysis, 

because of non-normal distribution. Two tailed Student's t-test was used for comparisons 

between untreated or treated groups using PBA and VPA. All data were analyzed by GraphPad 

Prizm version 8.0 (GraphPad Software Inc., San Diego, CA, USA). P < 0.05 was considered 

significant in all analysis. In the figures, the numbers below the lanes of blots denote relative 

protein amounts, as quantified by ImageJ software, normalized to the respective control. 
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3 Results  

3.1 Luciferase reporter assay 

3.1.1 ERSE-luciferase assay 

All of the dominant WFS1 variants activated ERSE reporter activity significantly more 

than wild-type WFS1, however recessive variants did not statistically increase ERSE reporter 

activity (Figure 5a). The results for p.His313Tyr, p.Trp314Arg, p.Asp325_Ile328del, 

p.Glu809Lys and p.Pro724Leu were in agreement with previous reports [1,25,26,28].  

Regarding p.Glu864Lys, its functional consequence has not been determined previously; 

however, we found that this variant also increased ER stress. The degree of ER stress was 

highest for the p.Asp325_Ile328del variant compared to the other variants (Figure 5a). 

Moreover, when cells were equally co-transfected with wild-type, dominant or recessive WFS1 

expression plasmid, ER stress was still elevated by all dominant variants but not recessive 

variants (Figure 5b).  

These results indicated that each dominant WFS1 variant has a dominant negative effect 

on the wild type, but recessive variants do not have a dominant negative effect (Figure 6b). 

When MIN6 cells were used in ERSE-luciferase reporter assay, p.His313Tyr, p.Glu809Leu and 

p.Asp325_Ile328del significantly increased the reporter activity, but p.Trp314Arg and 

p.Glu864Lys did not increase (Figure 6). 
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Figure 5. Luciferase reporter assays in HEK-293 cells. a, Cells were transfected with the ERSE reporter 

vector and the wild-type or dominant (p.His313Tyr, p.Trp314Arg, p.Asp325_Ile328del, p.Glu809Lys, 

p.Glu864Lys) or recessive WFS1 pathogenic variant (p.Pro724Leu and p.Arg629Trp) expression plasmid. All 

of the dominant WFS1 variants activated ERSE reporter activity significantly more than wild-type WFS1, 

however recessive variants did not statistically increase ERSE reporter activity. b, Cells were transfected ERSE 

reporter vector simultaneously in wild-type WFS1 alone or wild-type together with dominant or recessive WFS1 

variants to elucidate the dominant negative effect.  Each dominant WFS1 pathogenic variant exerted a 

dominant negative effect on the wild type, but recessive variants did not. 

 

 

 

 

 

 

Figure 6. ERSE-luciferase reporter assay in MIN6 cells. Cells were transfected with the ERSE reporter 

vector and the wild-type or dominant pathogenic (p.His313Tyr, p.Trp314Arg, p.Asp325_Ile328del, 

p.Glu809Lys, p.Glu864Lys) WFS1 expression plasmid. p.His313Tyr, p.Glu809Leu and p.Asp325_Ile328del 

significantly increased the reporter activity, but p.Trp314Arg and p.Glu864Lys did not increase. Values are 

represented as the mean ± SD. Significant differences are indicated with *p < 0.05; **p < 0.01; ns 

nonsignificant. 
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3.1.2 ATF6α-luciferase reporter assay 

At first, we examined whether the ATF6α promoter activity increases without ATF6α 

expression vector in HEK-293 cells. As shown, the ATF6α promoter activity did not increase 

without ATF6α expression vector (Figure 7). When HEK-293 cells were used, all dominant 

WFS1 pathogenic variants activated ATF6α promoter activity significantly more than wild-

type WFS1, but recessive variants did not activate ATF6α promoter activity (Figure 8a). We 

performed the same experiment using MIN6. Results were the same as the experiment using 

ERSE-luciferase assay (Figure 8b).  

 

 

 

 

 

 

 

 

Figure 7. ATF6a-luciferase reporter assay in HEK-293 cells. Cells were transfected pGL(luc2P/ATF6) 

reporter vector and the WFS1 plasmid (wild-type or p.Asp325_Ile328del) with or without ATF6α expression 

vector. ATF6 promoter activity did not increase without ATF6a expression vector 
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Figure 8 a, ATF6α-luciferase reporter assay in HEK-293 cells.  Cells were transfected with the pGL4.39 

(luc2P/ATF6) vector and ATF6α expression plasmid together with the wild-type or dominant or recessive 

WFS1 expression plasmid. All dominant WFS1 variants activated ATF6α promoter activity significantly more 

than wild-type WFS1, but recessive variants did not. b, ATF6a-luciferase reporter assay in MIN6 cells. 

p.His313Tyr, p.Glu809Leu and p.Asp325_Ile328del significantly increased the reporter activity, but 

p.Trp314Arg and p.Glu864Lys did not statistically increase. Values are represented as the mean ± SD.  

Significant differences are indicated with *p < 0.05, ns nonsignificant. 

 
 

3.2. Expression of CHOP mRNA 

Quantitative real-time PCR showed that all dominant WFS1 pathogenic variants 

induced a significant increase of CHOP mRNA in HEK-293 cells (Figure 9a). Also in MIN6, 

p.His313Tyr, p.Asp325_Ile328del, and p.Glu809Lys showed a significant increase of CHOP 

mRNA (Figure 9b). These findings suggest increased cell apoptosis by elevated ER stress.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 Quantitative PCR analysis of CHOP mRNA. a, HEK293 cells were transfected with the wild-type 

or pathological variant of WFS1 (p.His313Tyr, p.Trp314Arg, p.Asp325_Ile328del, p.Glu809Lys, and 

p.Glu864Lys) expression plasmid. After transfection for 24 h, mRNA was extracted from the cells and RT-PCR 

was performed followed by quantitative PCR. b, MIN6 cells were transfected with the wild-type or each WFS1 

variant (p.His313Tyr, p.Glu809Lys and p.Asp325_Ile328del) expression plasmid. After transfection for 24 h, 

mRNA was extracted from the cells and RT-PCR was performed followed by quantitative PCR reactions were 

performed in triplicate and the experiment was repeated 3 times. Values are represented as the mean ± SD. 

Significant differences are indicated with *p < 0.05; **p<0.01; ***p<0.001. 
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3.3 Protein expression of dominant WFS1 pathogenic variants 

We examined the expression levels of WFS1 protein by western blot analysis of each 

variant. When HEK-293 cells were used, approximately 60% of the transfection efficiency for 

all variants was observed, not different for each variant. As shown in Figure 10, the expression 

levels of p.His313Tyr, p.Asp325_Ile328del, p.Glu809Lys, and p.Glu864Lys were lower than 

that of wild-type WFS1, consistent with previous reports [1,26]. The p.Trp314Arg variant was 

expressed at a higher level than wild-type WFS1. The expression levels of p.Trp314Arg in 

fibroblasts from two patients with this variant were equivalent or slightly increased compare to 

that of control fibroblasts [25]. The increased expression level of p.Trp314Arg in vitro were 

consistent with the report.  

 

 

 

 

 

 

Figure 10. Western blot analysis of WFS1 protein. HEK-293 cells were transfected with the GFP-tagged 

wild-type or WFS1 pathogenic variant (p.His313Tyr, p.Trp314Arg, p.Asp325_Ile328del, p.Glu809Lys, and 

p.Glu864Lys) expression plasmid. Relative densitometry measurements (WFS1/β-actin) were calculated using 

ImageJ software. 

 

3.4. Intracellular localization of WFS1 pathogenic variants 

A diffuse reticular pattern that colocalized with the ER in HeLa cells was shown by GFP-

tagged wild-type WFS1 (Figure 11). In contrast, all dominant WFS1 variants showed a punctate 



 27 

staining pattern in the ER. These findings suggested that these dominant WFS1 variants may 

be misfolded and aggregate in the ER, in agreement with a previous study [26]. Among them, 

p.Glu809Lys and p.His313Tyr generated a highly punctate staining pattern in the ER.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  Double immunofluorescence of wild-type and WFS1 pathogenic variant pathological. HeLa 

cells were transiently transfected with the GFP-tagged wild-type or dominant WFS1 variant (p.His313Tyr, 

p.Trp314Arg, p.Asp325_Ile328del, p.Glu809Lys, and p.Glu864Lys) expression plasmid. The location of the ER 

was detected using an ER-ID Red Assay Kit.  Scale bar 50µm. The nuclei were stained blue (Hoechst 33342). 

All dominant WFS1 variants showed a punctate staining pattern in the ER (white arrows); especially 

p.Glu809Lys and p.His313Tyr showed a highly punctate staining pattern in the ER. Each image was taken using 

a confocal microscopy. 
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3.6. Effect of PBA 

We determined the effect of PBA on ERSE-luciferase activity and the expression level of 

CHOP mRNA. In MIN6 cells, ER stress and expression levels of CHOP mRNA of p.His313Tyr, 

p.Asp325_Ile328del, and p.Glu809Lys were significantly reduced by PBA (Figure 12a, b). In 

HEK-293 cells, ER stress were also reduced by PBA in all variants (Figure 13a). The 

expression levels of CHOP mRNA were significantly reduced by PBA for the p.His313Tyr, 

p.Asp325_Ile328del, p.Glu809Lys, and p.Glu864Lys variants in HEK-293 cells. For 

p.Trp314Arg, PBA treatment tended to reduce the expression of CHOP mRNA compared with 

wild-type WFS1 (Figure 13b).   

 

 

 

 

 

 

 

 

 

Figure 12. Effect of PBA in MIN6. a, Analysis of ERSE luciferase activity. MIN6 cells were transfected with 

the ERSE reporter vector together with the wild-type or WFS1 pathogenic variant (p. His313Tyr, p. Glu809Lys 

and p.Asp325_Ile328del) expression plasmid. Transfected MIN6 cells were treated with 4 mM PBA for 24 h.  

ERSE activity was normalized to activity with Renilla reniformis luciferase b, Quantitative PCR analysis of 

CHOP mRNA. After 4 h transfection, MIN6 cells were treated with 0.5 mM PBA for 16 h.  mRNA was 

extracted from the cells and RT-PCR was performed followed by quantitative PCR. CHOP mRNA levels were 

normalized by GAPDH. Significant differences are indicated with *p < 0.05; **p < 0.01. 
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Figure 13. Effect of PBA in HEK293. a, Analysis of ERSE luciferase activity. HEK-293 cells were transfected 

with the ERSE reporter vector together with the wild-type or each WFS1 pathogenic variant (p. His313Tyr, 

p.Trp314Arg, p.Asp325_Ile328del, p.Glu809Lys, and p.Glu864Lys) expression plasmid. Transfected HEK-293 

cells were treated with 4 mM PBA for 24 h.  ERSE activity was normalized to Renilla reniformis luciferase 

activity. b, Quantitative PCR analysis of CHOP mRNA. After 4 h transfection, cells were treated with 0.5 mM 

PBA for 16 h.  mRNA was extracted from the cells and RT-PCR was performed followed by quantitative PCR. 

CHOP mRNA levels were normalized by GAPDH. Values are represented as the mean ± SD. Statistical analysis 

was performed between groups untreated or treated by PBA using two tailed Student’s t-test. Significant 

differences are indicated with *p < 0.05; **p < 0.01. 

 

3.7. Effect of VPA 

We also examined the effect of VPA on ERSE-luciferase activity and the expression 

level of CHOP mRNA. ER stress and the expression levels of CHOP mRNA of p.His313Tyr, 

p.Asp325_Ile328del, and p.Glu809Lys were also significantly reduced by VPA in MIN6 cells 

(Figure 14a, b). VPA reduced ERSE activity for each dominant variant n HEK-293 cells (Fig. 

15a). For p.Asp325_Ile328del, p.Glu809Lys, and p.Glu864Lys, VPA treatment significantly 

reduced CHOP mRNA levels compared with wild-type WFS1. For p.His313Tyr and 

p.Trp314Arg, VPA treatment tended to reduce the expression of CHOP mRNA compared with 

wild-type WFS1 (Figure 15b).  
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Figure 14. Effect of VPA in MIN6 cells. a, Analysis of ERSE luciferase activity. MIN6 cells were transfected 

with the ERSE reporter vector together with the wild-type or WFS1 variant (p. His313Tyr, p. Glu809Lys and 

p.Asp325_Ile328del) expression plasmid. Transfected MIN6 cells were treated with 6 mM VPA for 24 h.  

ERSE activity was normalized to Renilla reniformis luciferase activity. b, Quantitative PCR analysis of CHOP 

mRNA. After 4 h transfection, MIN6 cells were treated with 0.25 mM PBA for 16 h.  mRNA was extracted 

from the cells and RT-PCR was performed followed by quantitative PCR. CHOP mRNA levels were normalized 

by GAPDH. Significant differences are indicated with *p < 0.05; **p < 0.01. 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 15. Effect of VPA in HEK-293 cells. a, Analysis of ERSE luciferase activity. Transfected HEK-293 

cells were treated with 6 mM VPA for 24 h. ERSE activity was normalized by Renilla reniformis luciferase 

activity. b, Quantitative PCR analysis of CHOP mRNA.  HEK-293 cells were transfected with the wild-type or 

each WFS1 variant (p.His313Tyr, p.Trp314Arg, p.Asp325_Ile328del, p.Glu809Lys, and p.Glu864Lys) 

expression plasmid. After 4 h transfection, cells were treated with 0.25 mM VPA for 16 h. mRNA was extracted 

from the cells and RT-PCR was performed followed by quantitative PCR. CHOP mRNA levels were normalized 

by GAPDH. Significant differences are indicated with *p < 0.05; **p < 0.01. 
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3.8 Effect of PBA and VPA on the localization of WFS1 pathogenic variants 

Furthermore, we studied the effect of PBA and VPA on the localization of dominant WFS1 

variants. Aggregations of each variant in the ER seemed to decrease, but there was no 

significant difference in the number of aggregates after PBA and VPA treatment (Figure 16).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 16. Effect of PBA and VPA on double immunofluorescence.  HeLa cells were transiently transfected 

with the GFP-tagged wild-type or WFS1 variant (p.His313Tyr, p.Asp325_Ile328del, p.Glu809Lys) expression 

plasmid. At 24 h after transfection, cells were treated with or without 0.5mM PBA and 0.25 mM VPA for 16 hr. 

The location of the ER was detected using an ER-ID Red Assay Kit.  The nuclei were stained blue (Hoechst 

33342). Aggregations of each WFS1 variant (white arrows) in the ER tends to decrease. The aggregated cells 

were quantitatively analyzed using IN Cell Analyzer 1000, but there was no significant difference in the number 

of aggregates after PBA and VPA treatment (data not shown). ER was detected using an ER-ID Red Assay Kit, 

the nuclei were stained blue (Hoechst 33342).  Scale bar 50µm.  Each image was taken using a confocal 

microscopy. 
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4. Discussion 

WS is usually inherited in an autosomal recessive manner and many of the reported 

recessive variants are dispersed throughout all of the domains of WFS1. In contrast, six 

dominant variants of WS have been reported to date [1,25-28]. It is of note that all of the 

dominant variants located in the first transmembrane domain (p.His313Tyr, p.Trp314Arg, and 

p.Asp325_Ile328del) are closely clustered (Figure 4). The dominant variants located in the ER 

lumen domain [26] changes of glutamic acid, i.e., p.Glu809Lys, p.Glu830Ala [27], and 

p.Glu864Lys [27,29,30]. The close localization of the mutations in the first transmembrane 

domain and the specific amino acid changes in the ER lumen domain may be related to the 

formation of the dominant variants. p.Glu864Lys is found in patients with autosomal dominant 

optic atrophy and hearing impairment [27,29,30], although the functional consequence of this 

mutation has not been determined. However, in the present report, we found that this variant 

elevated ER stress, similar to the other dominant variants in WFS1 [1,25,26]. Moreover, each 

dominant WFS1 variant demonstrated exerted dominant negative effect similar to previous 

studies of p.His313Tyr and p.Asp325_Ile328del [1,26]. Because WFS1 could forms multimer, 

which composed of dominant WFS1 variant and wild-type monomers are not structurally 

competent or fully functional, these variants exert the dominant negative effects. Our study has 

also shown that ATF6α promoter activity was activated in dominant WFS1 variants. The 

mechanism for this is speculated as follows. WFS1 recruits ATF6α to the E3 ligase HRD1 for 

ATF6 ubiquitination and proteasomal degradation [33]. While under conditions of ER stress, 

ATF6α disassociates from WFS1 and undergoes proteolysis, and the active form of ATF6α 

moves to the nucleus, leading to the regulation of the ER stress target genes CHOP, BIP, and 

XBP-1 [33]. Therefore, it is thought that the interaction between ATF6α and the dominant 

variants may be impaired, resulting in increased ER stress. This may be one of several 

mechanisms of increased ER stress by dominant WFS1 variants.  

Because CHOP is involved in ER stress-induced apoptosis, we analyzed CHOP mRNA 
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levels using HEK-293 after transfection with each variant. As results, the expression levels of 

CHOP mRNA increased compared with wild-type WFS1, suggesting that the enhanced ER 

stress by these dominant variants led to cell apoptosis.  

In addition, we performed same experiments with MIN6 cells for more physiological 

conditions. Similar to HEK-293 cells, ERSE and ATF6α promoter activity were activated by 

p.His313Tyr, p.Glu809Leu and p.Asp325_Ile328del. CHOP mRNA levels also increased in 

these variants. By contrast, luciferase activity of p.Trp314Arg and p.Glu864Lys did not 

increase compared to the wild-type. As WFS1 is highly expressed in MIN6 compared with 

HEK-293 cells, [65,66] MIN6 cells might be better reflected in vivo.  

We tested whether recessive variants activate ERSE luciferase activity, ATF6α 

promoter activity and exert a dominant negative effect. By contrast recessive variants did not 

increase ER stress significantly and did not have a dominant negative effect in agreement with 

previous studies [26,67]. Based on these results, ER stress may be able to be caused by 

dominant variants themselves, rather than the effect of overexpression.  

Regarding the effect of PBA and VPA, these agents alleviated ER stress and cell 

apoptosis caused by dominant variants. Indeed, all dominant variants localized to the ER as 

punctate granules of misfolded protein; thus, PBA may improve the accumulation of misfolded 

WFS1, thereby reducing ER stress. We studied the effect of PBA and VPA on the localization 

of dominant WFS1 variants. Aggregations of WFS1 variants were likely to reduce after the 

treatment of PBA and VPA, but we could not make a quantitative difference. Treatment of PBA 

and VPA might change protein folding of WFS1 variants, but our method was not sensitive to 

quantify the difference. 

There are some limitations of our study. We did not perform the experiment from 

tissues from the patients with WFS1. In addition, the concentration of PBA and VPA in the 

experiment was a pharmacological concentration and it is difficult to increase it in vitro. 
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Furthermore, the effect of PBA and VPA in in vivo condition such as Wfs1 knockout mice has 

not been studied. Therefore, further studies would be necessary to better understand the 

molecular mechanism of WFS1 and improve both prevention strategies and target treatments 

for this devastating disease.  

Our present study demonstrated the dominant negative effect of each dominant WFS1 

pathogenic variant. Moreover, PBA and VPA could reduce the ER stress and cell apoptosis 

caused by dominant WFS1 variants in vitro. Thus, these molecules may be effective to regulate 

ER stress-related cell apoptosis and could be used to delay the progression of WS and WS-like 

disorders caused by dominant WFS1 variants and other diseases associated with ER 

dysfunction.   
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5.Potential treatment approach and future perspectives for Wolfram syndrome 

Chemical chaperones such as PBA and tauroursodeoxycholic acid are able to reverse 

ER stress-mediated β-cell death and neurodegeneration in WS patients by rescuing or 

stabilizing the native conformation of pathological variants of WFS1 proteins [36]. iPSCs 

induced by WFS1 are a good experimental model to evaluate the efficiency of these chemical 

chaperones [36]. Recent studies have also shown that drug repurposing may be useful for 

treatment of WS. Candidate drugs are ER stress modulators and substances that control ER 

calcium [68]. Lu et al. reported that ER calcium stabilizers such as dantrolene sodium can 

suppress cell death and dysfunction in neuronal and b-cells in Wfs1 knockout mice, and in iPSC 

models of this disease [67]. This medicine has been approved for malignant hyperthermia and 

muscle spasm [67]. In addition, glucagon-like peptide (GLP)-1 receptor agonists can suppress 

b-cell apoptosis in cell models of WS [67] and can improve diabetes in Wfs1 knockout mice 

[69].  

It has been reported that administration of VPA to Wfs1 knockout mice increased WFS1 

expression in b-cells and improved DM [62,63].  

Modulation of calcium homeostasis of b-cells is another target, because dysregulation of 

cytosolic calcium regulation and signaling has been identified in β-cells of WS [70]. Recently, 

calpain inhibitor XI has been effective for the normalization of cytosolic calcium and insulin 

secretion in rat insulinoma cells lacking WFS1 [70].  

Finally, iPSCs from skin cells of patients could be edited and differentiated into insulin-

producing β-cells [71]. The development of such regenerative medicine is also expected. 
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