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Abstract: The endoplasmic reticulum (ER) is a cytosolic organelle that plays an essential role in the
folding and processing new secretory proteins, including insulin. The pathogenesis of diabetes, a
group of metabolic disorders caused by dysfunctional insulin secretion (Type 1 diabetes, TIDM) or
insulin sensitivity (Type 2 diabetes, T2DM), is known to involve the excess accumulation of "poorly
folded proteins,” namely, the induction of pathogenic ER stress in pancreatic B-cells. ER stress is
known to contribute to the dysfunction of the insulin-producing pancreatic 3-cells. TIDM and
T2DM are multifactorial diseases, especially T2DM, in which both environmental and genetic fac-
tors are involved in their pathogenesis, making the experimental disease models difficult. In recent
years, however, the development of induced pluripotent stem cells (iPSCs) and other regenerative
technologies has greatly expanded research capabilities, leading to the development of new candi-
date therapies. In this review, we will discuss the mechanism by which dysregulated ER stress re-
sponses contribute to T2DM pathogenesis. Moreover, we describe new treatment methods targeting
protein folding and ER stress pathways with a particular focus on pivotal studies of Wolfram syn-
drome, a monogenic form of syndromic diabetes caused by pathogenic variants in the WFS1 gene,
which also leads to ER dysfunction.

Keywords: keyword ER stress; endoplasmic reticulum; (-cell dysfunction; Wolfram syndrome;
WES1; Type 2 diabetes

1. Introduction

The endoplasmic reticulum (ER) is an intracellular organelle that is known for its role
in protein folding, calcium storage, and lipid metabolism. The ER lumen is uniquely
equipped to ensure the proper folding and maturation of newly synthesized secretory
and transmembrane proteins. Pathological insults that perturb ER homeostasis, such as
high protein demand, viral infections, environmental toxins, inflammatory cytokines, de-
creased ER calcium levels, and mutant protein expression, lead to an accumulation of
misfolded and unfolded proteins in the ER lumen, a condition termed ER stress (1). Cells
adaptively counteract ER stress by triggering the unfolded protein response (UPR). The
UPR has three major regulators: activating transcription factor 6a (ATF6a), protein kinase
R-like ER kinase (PERK), and inositol requiring enzyme la (IREla) (Fig. 1) (2, 3). IREla
forms oligomers on sensing ER stress, followed by autophosphorylation and acquisition
of RNase activity (4). The activated IRE1a splices the XBP1 intron and induces the expres-
sion of the transcription factor, spliced XBP1 (sXBP1) (5-7). Consequently, ER proteins are
translocated, folded, and secreted. IRE1a also suppresses protein folding loads by degrad-
ing mRNA. This is called regulated IRE1-dependent decay (RIDD) (8). In addition, IREla
activates the c-Jun N-terminal kinase (JNK) pathway by binding to TRAF2, which in turn
activates the autophagy pathway (9). PERK can transiently arrest protein synthesis by
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phosphorylating eukaryotic translation initiation factor 2 subunit a (elF2a). Phosphory-
lated elF2a also induces expression of the transcription factor ATF4 (10), which regulates
redox homeostasis, amino acid metabolism, protein synthesis, apoptosis, and autophagy.
ATF6a (p90) is transported from the ER to the Golgi apparatus upon sensing ER stress
and cleaved (11). Cleaved ATF6a (p50) translocates to the nucleus and acts as a transcrip-
tion factor, regulating the transcription of ER chaperones.

The UPR acts as a binary switch. Under physiological conditions, UPR-regulated sur-
vival mechanisms outweigh death mechanisms, and proper protein folding in the ER is
achieved, including the folding of proinsulin in pancreatic (3-cells. Under pathological
conditions, the death factors regulated by the UPR pathway such as C/EBP-homologous
protein (CHOP) outplay its survival pathways, leading to cell death. This process is called
pathological or terminal UPR (12), and sterile inflammation induced by thioredoxin-inter-
acting protein (TXNIP) plays a critical role in this process (13, 14). Given the many vital
and complex functions of the ER, ER failure can trigger a range of diseases. Dysregulation
of ER homeostasis underlies pancreatic [-cell dysfunction in type 1 diabetes (T1DM) and
type 2 diabetes (T2DM) as well as in monogenic forms of diabetes, including Wolfram
syndrome.

In this review, we discuss (1) the relationship between ER stress and pancreatic [3-cell
dysfunction in diabetes, (2) UPR-related gene variants as risk factors for the development
of T2DM, (3) the role of the WFS1 gene and its contribution to the development of Wolf-
ram syndrome and T2DM, and (4) the opportunities for clinical application of ER stress
reducers and induced pluripotent stem cell (iPSC)-based treatment against T2DM and
monogenic forms of diabetes.

2. ER stress in diabetes and pancreatic -cell dysfunction

T1DM is a chronic autoimmune-mediated disease in which pancreatic (3-cells are tar-
geted (15, 16). Inflammation localized to pancreatic islets (insulitis) followed by pancreatic
[3-cell disruption makes {3-cells unable to produce insulin (15), which is necessary to nor-
malize blood sugar levels. In pre-diabetic nonobese diabetic (NOD) mice, an accepted
mouse model of T1IDM, ER stress markers are augmented in islets (17), suggesting a close
relationship between ER stress and the development of TIDM. In addition, immune cells
recognize post-translational modifications on (-cell proteins, which are added by en-
zymes activated under conditions of high cytosolic Ca?* concentrations and ER stress (18).
Furthermore, in a virus-induced diabetes rat model, IRE1q, one of the main regulators of
the UPR pathway, is activated before the initiation of insulitis (19). Knocking out IREla
in NOD mice leads to pancreatic 3-cell dedifferentiation prior to insulitis, and these de-
differentiated pancreatic -cells evade autoimmune destruction (20). As supporting evi-
dence, the expression level of CHOP, the molecule that mediates ER stress-induced apop-
tosis, is increased in the islets of TIDM patients (21), and the proinsulin to C-peptide ratio,
used as a biomarker of ER stress, is elevated in new-onset TIDM children (22). Altogether,
these data point to ER stress as an essential and early driver of autoimmune-mediated
T1DM in both rodent models and human patients.

T2DM is characterized by insulin resistance and hyperinsulinemia followed by pan-
creatic [3-cell dysfunction and death. Obesity is a major risk factor for the development of
T2DM. Dietary- or genetic-induced obesity in mice is known to cause ER stress, which
induces IREla-dependent activation of JNK. Activated JNK phosphorylates serine 307 of
insulin receptor substrate 1 (IRS-1), a substrate for the insulin receptor tyrosine kinase. In
turn, the phosphorylation level of Akt, the distal cascade in insulin signaling, is sup-
pressed, and peripheral insulin resistance develops (23). Insulin synthesis is thought to be
enhanced in pancreatic [3-cells in the early stages of T2DM to compensate for insulin re-
sistance. Consequently, proinsulin misfolding occurs also in the early stage of T2DM pan-
creatic 3-cells (24). It has been reported that serum ER stress markers are high in patients
with T2DM (25). Pancreatic -cell dysfunction is caused by different mechanisms in
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T1DM, which is attributable to autoimmunity, and in T2DM, which is known to be in- 100
duced by insulin resistance. However, the excess ER stress in pancreatic (3-cell or periph- 101

eral tissue is involved in the pathogenesis of both TIDM and T2DM. 102

103
3. Genetic risk factors for T2DM: Findings from GWAS and the involvement of UPR 104
genes 105

T2DM is a multifactorial disease caused by both genetic and environmental factors. 106
Therefore, it is difficult to identify the risk of developing T2DM based only on genetic 107
factors. However, examining genetic risk factors and the molecular mechanisms by which 108
such mutations induce pathological changes that contribute to the development of T2DM 109
aids in our understanding of the heterogeneous nature and pathogenesis of T2DM. Ge- 110
nome-wide association studies (GWAS) provide a method to search for genetic predispo- 111
sitions for diseases using genome-wide single nucleotide polymorphism (SNP) arrays. 112
Large-scale GWAS approaches gathered data from multiple populations and identified 113
more than 500 SNPs associated with T2DM development (26, 27). Interestingly, SNPs oc- 114
curred in genes that transcribe proteins related to the UPR. In this section, we will first 115
discuss how the dysfunction of molecules that compose the UPR is involved in the path- 116
ogenesis of diabetes. Next, we will discuss the association between T2DM and SNPs in 117

UPR-related genes identified by GWAS. 118
119

120

3-1. Monogenic and syndromic diabetes derived from UPR impairment 121

The variants identified in UPR-related genes known to cause monogenic diabetes are 122
listed in Table 1. Walcott-Rallison syndrome (WRS, OMIM: 226980) is a relatively well- 123
known disease associated with dysfunction of the PERK (EIF2AK3) gene (28-30). In addi- 124
tion to the development of diabetes in early infancy, WRS has a variety of manifestations, 125
such as skeletal phenotypes (multiple epiphyseal dysplasia, multiple epiphyseal-metaph- 126
yseal dysplasia), hepatic dysfunction, and impaired renal function (29, 31). There are no 127
reported cases of diabetes due to pathogenic variants in the IRE1 (ERN1) gene; however, 128
IRE1a knockdown in C57BL/6 mice induces diabetes via a mechanism that is independent 129
of autoimmune-mediated (-cell death (32, 33). Mesencephalic astrocyte-derived neu- 130
rotrophic factor (MANF) encodes a secretory neurotrophic factor, originally discovered in 131
astrocytes, that localizes to the ER and indirectly regulates the UPR. ER calcium depletion 132
and ER stress increase MANF expression and secretion (34-37). ER stress is elevated in the 133
pancreatic  cells of Manf-knockout mice, resulting in ER stress-induced cell death and 134
diabetes (38). Recently, childhood-onset diabetes and a neurodevelopmental delay caused 135
by the MANF gene variant have been reported (39). Those gene disruptions strongly indi- 136
cate a relationship between abnormalities in the UPR and dysfunction of pancreatic - 137
cells. There is no clear explanation for the differences in symptoms caused by functional 138
mutations in UPR-related genes. Differences in the expression levels between tissues or 139
the role of each molecule in pancreatic 3-cells are speculated to influence the development 140

of diabetes. 141
142

3-2. SNPs in UPR-related genes and their contribution to the development of 143
T2DM 144

SNPs in UPR-related genes are thought to increase the risk for T2DM development. 145
The GWAS studies have identified SNPs in ATF6, the gene with no previously reported 146
diabetes-associated pathogenic variants (40, 41) (Fig. 1 (1). For example, a study in a pop- 147
ulation of Pima Indians reported that SNPs in ATF6 affect T2DM development and serum 148
insulin levels in the oral glucose tolerance test (OGTT) (42). Studies in Dutch Caucasian 149
populations also reported that ATF6 SNPs are significantly associated with glucose intol- 150
erance and the development of T2DM (43). On the other hand, studies in Caucasian, Afri- 151
can American, and Han Chinese populations have shown that SNPs in ATF6 did not sig- 152
nificantly impact the development of T2DM (44, 45). There are studies on Han Chinese 153
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populations indicating that PERK SNPs are correlated with an increased risk of prediabe- 154
tes, elevated BMI, and insulin resistance (46) (Fig. 1 (2)). A recent GWAS focused on Han 155
Chinese populations reported a high frequency of XBP1 SNPs in the T2DM patient group 156
and impaired glucose regulation indicated by the OGTT (46, 47) (Fig. 1 (3)). However, 157
there are no other reports showing that SNPs in PERK-related genes affect the develop- 158
ment of T2DM. The association between UPR dysfunction and the development of diabe- 159
tes is evident; however, it remains unclear why the risk of developing T2DM differs by 160

SNPs in UPR-related genes and race. 161
162

3-3. Wolfram syndrome and WFS1-related disorders: a prototype of ER-related dis- 163
ease 164

We have focused on the role of ATF6, PERK, and IRE1« as UPR-related genes respon- 165
sible for monogenic diabetes or disease susceptibility in T2DM. In this section, we will 166
describe the genetic basis for Wolfram syndrome, a well-recognized prototype of ER 167
stress-related disease, and the relationship between its causative gene, WFS1 and T2DM 168
risk. 169

Wolfram syndrome (OMIM: 222300) is a rare autosomal recessive disorder charac- 170
terized by insulin-dependent diabetes, optic nerve atrophy, diabetes insipidus, hearing 171
loss, and neurodegeneration (48, 49). Diabetes in Wolfram syndrome presents in patients 172
around six years of age, and optic nerve atrophy manifests around age ten. Diabetes in- 173
sipidus, neurogenic bladder, obstructive sleep apnea, and deafness may also develop in 174
the next two decades of life, along with brainstem symptoms and cerebellar atrophy, such 175
as dysphagia, ataxia, and central sleep apnea (48, 50-54). 176

Wolfram syndrome is caused by recessive pathogenic variants in the Wolfram syn- 177
drome 1 (WFS1) gene (55). Approximately 200 WFS1 pathogenic variants have been iden- 178
tified in Wolfram syndrome. The WFS1 gene encodes WES] (also known as wolframin), a 179
protein localized to the ER membrane that interacts with ATF6 to regulate the UPR during 180
ER stress (56, 57). WES1 also plays a critical role in maintaining ER and cytosolic Ca> 181
homeostasis (1, 58), regulating sterile inflammation (59), and insulin granule acidification 182
in pancreatic 3-cells (60). Recently, it has been shown that WFS1 functions as a vesicular 183
cargo protein receptor for exporting secretory proteins from ER (61). 184

Wolfram syndrome has been recognized as a spectrum disorder since recessive WFS1 185
variants can vary in clinical severity (62). In contrast, some dominant de novo WFS1 vari- 186
ants are known to cause severe neonatal-onset diabetes, congenital sensorineural hearing 187
loss, congenital cataracts, and developmental delay, which are known as WFSI-related 188
disorders (62, 63). There are also known WFS1-related disorders characterized by devel- 189
oping only one or few symptoms seen in Wolfram syndrome. For example, a dominant 190
WES1 p.Trp314Arg variant causes mild diabetes in an autosomal dominant fashion (64). 191
In all cases, however, pathogenic WFS1 variants cause pathological ER stress in pancreatic = 192
[-cells, neurons, retinal ganglion cells, and oligodendrocytes, leading to dysfunction and 193
degeneration of affected tissues (56, 57, 65-67). Wolfram syndrome and WFS1-related dis- 194
order, which result from pathogenic ER stress caused by a single gene abnormality, have 195
been well-recognized as a prototype of human ER-related disease (57, 68). 196

WES1 variants are typically associated with and discussed as the drivers of Wolfram 197
syndrome; however, WFS1 variants have additionally been identified as risk factors for 198
the development of T2DM. Variants with a reported increased risk for T2DM include 199
rs10010131, rs734312, rs6446482, and the c.1672C>T, p.Arg558Cys missense variant (69- 200
71). The WFS1 p.Arg558Cys missense variant is associated with mild syndromic manifes- 201
tations of Wolfram syndrome. Our study in collaboration with Dor Yeshorim (https://do- 202
ryeshorim.org/) revealed a high WFS1 p.Arg558Cys allele frequency (2.32%) in the Ash- 203
kenazi Jewish population (72). Although WFS1 is the responsible gene for a rare Wolfram 204
syndrome, some of its variants may contribute to the common T2DM development. 205

206
207
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208

4. Therapeutics targeting ER stress as treatments for Wolfram syndrome and T2DM 209
WEFS1 is a locus of broad interest to Wolfram syndrome or Wolfram syndrome-re- 210
lated disorders, including T2DM. Developing a treatment for Wolfram syndrome may 211
provide clues to finding a new therapeutic approach for T2DM. In this section, we de- 212
scribe treatments for Wolfram syndrome, including pharmacological agents targeting the 213

ER and protein folding components as well as regenerative therapies. 214
215
4-1. Pharmacological agents to treat Wolfram syndrome and T2DM 216

The link between UPR-related genes and increased risk for Wolfram syndrome and 217
T2DM advocates for the use of ER stress-targeting drugs as therapies for these metabolic 218
disorders. 219

Dantrolene sodium, a US Food and Drug Administration (FDA)-approved drug for 220
malignant hyperthermia and muscle spasm, stabilizes ER calcium by targeting ryanodine 221
receptors. Dantrolene sodium treatment in Wolfram syndrome mouse models and Wolf- 222
ram syndrome patient induced pluripotent stem cell (iPSC)-derived neural progenitor 223
cells suppresses pancreatic [-cell death and dysfunction (67). We recently conducted the 224
dantrolene sodium phase 1b/2 clinical study on Wolfram syndrome patients (National 225
Clinical Trial (NCT) number, NCT02829268). Pancreatic [3-cell function improved in a se- 226
lect few Wolfram syndrome patients, and there was a significant correlation between base- 227
line 3-cell function and change in (3-cell responsiveness (73). Although its effects were lim- 228
ited, dantrolene sodium was the first therapeutic candidate compound for Wolfram syn- 229
drome found by high-throughput screening. Intracellular Ca? stabilization is also a cen- 230
tral feature of another Wolfram syndrome therapeutic, the phosphodiesterase 4 (PDE4) 231
inhibitor ibudilast. Ibudilast rescues cell viability and cytosolic Ca?* homeostasis to im- 232
prove insulin secretion from pancreatic 3-cells in a Wolfram syndrome cellular model (74). 233
Although the efficacy cannot be compared with that of dantrolene as clinical trials have 234
not yet been conducted, it supports the possibility that Ca?* stabilizers could be a candi- 235
date drug for Wolfram syndrome treatment. 236

Chemical chaperones, such as 4-phenylbutyric acid (4-PBA) and tauroursodeoxy- 237
cholic acid (TUDCA), which are known to reduce ER stress by stabilizing protein folding, 238
have been used for treatment in Wolfram syndrome and T2DM models. We recently re- 239
ported the preclinical study data on a combination of 4-PBA and TUDCA treatment, indi- 240
cating that these drugs effectively stabilized WEFS1 protein and improved patient-derived 241
pancreatic 3-cell functionality (72). Based on these findings, we plan a clinical study with 242
a combination of 4-PBA and TUDCA treatment. A chemical chaperone that enhances ER 243
function can also normalize hyperglycemia and systemic insulin sensitivity and alleviate 244
the increased ER stress in leptin-deficient (ob/ob) mice, a T2DM experimental mouse 245
model (75). Thus, chaperone-mediated restoration of proper protein folding improves - 246
cell function and glucose homeostasis in Wolfram syndrome and T2DM. 247

Asnoted, shared mechanisms lead to the development of Wolfram syndrome, TIDM, 248
and T2DM. A drug commonly used to treat T2DM, glucagon-like peptide (GLP)-1 recep- 249
tor agonist, also attenuates diabetes and neurodegeneration in Wolfram syndrome (76- 250
82). GLP-1 is an incretin hormone that stimulates insulin secretion after an oral glucose 251
administration. Similar to endogenous GLP-1, the GLP-1 receptor agonist promotes insu- 252
lin secretion from pancreatic (3>-cells and inhibits glucagon secretion from pancreatic a- 253
cells. GLP-1 receptor agonist has been reported to attenuate ER stress in pancreatic 3-cells 254
and improve insulin secretion in Wolfram syndrome (80-82). Furthermore, surprisingly, 255
the GLP-1 receptor agonist improves cognitive, visual, and auditory function in a rat 256
model of Wolfram syndrome (76, 77, 79). GLP-1 receptor agonist is an excellent example 257
of translating therapeutics commonly used in T2DM for the treatment of Wolfram syn- 258
drome. 259

Valproic acid is a therapeutic candidate for the treatment of Wolfram syndrome ap- 260
proached from a completely different perspective. Valproic acid is a drug used to treat 261
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bipolar disorder, and we have previously shown that valproic acid enhances the gene ex- 262
pression of WFS1 (83). In addition, Valproate was shown to enhance the dissociation of 263
WES1 and GPR94, a component of the UPR involved in protein folding and degradation. 264
Based on these findings, a phase 2 randomized, double-blind clinical trial is ongoing to 265
evaluate the efficacy of sodium valproate as a treatment for Wolfram syndrome patients” 266

vision loss and neurological symptoms (NCT number, NCT03717909). 267
Overall, these data indicate that pharmacologic manipulation of UPR may providea 268
novel therapeutic target not only for Wolfram syndrome but also for T2DM. 269
270

4-2. Regenerative therapy 271

In recent years, the clinical application of cell replacement therapy in diabetes has 272
been under development. Attempts have been made to restore insulin capacity by regen- 273
erating pancreatic [3-cells in diabetic patients with impaired function. iPSCs were gener- 274
ated from various diabetic patients, and it became possible to differentiate iPSCs lines into 275
stem cell-derived pancreatic 3-cells (SC-B-cells). As a result, several SC-f3-cells have been 276
generated from T1DM patients, and studies for clinical application have been underway. 277
The first phase 1/2 study of SC-f3-cells transplantation in TIDM patients is ongoing (NCT 278
number, NCT04786262). 279

SC-p-cells or (-like cells differentiated from patient-derived iPSCs are also available 280
for replacement therapy in Wolfram syndrome (84, 85). We have previously shown that 281
Wolfram syndrome-patient iPSCs have a low differentiation efficiency into SC-3-cells and 282
reduced insulin secretion, whereas corrected SC--cells, in which the pathogenic variant 283
of WFS1 was repaired by CRISPR/Cas9, showed marked insulin secretion recovery (84). 284
In addition, corrected SC-f3-cell transplantation recovered normal glucose homeostasis in 285
streptozotocin-induced diabetic mice. Although there are still many challenges to over- 286
come, such as developing transplantation methods, the current availability of genetically 287
engineered SC-3-cells could be a therapeutic breakthrough for monogenic forms of diabe- 288
tes, such as Wolfram syndrome. Multiple iPSCs have been generated from patients with 289
monogenic diabetes to elucidate the function of genes that, when mutated, increase the 290
risk for the development of T2DM (86). Although there are no reports describing the gen- 291
eration of SC-B-cells from T2DM patient-derived iPSCs, there are several reports of differ- 292
entiating iPSCs into {3-like cells (87-90). With further progress in identifying protective or ~ 293
risk genes for T2DM (87-89), we can expect increased utilization of regenerative therapy 294

methods, including transplantation of gene-edited SC-{3-cells to T2DM patients. 295
296
297
5.Conclusions and Future Perspectives 298

Excess ER stress in pancreatic (-cells is involved in the pathogenesis of T2DM, and 299
dysfunction of multiple UPR-related genes, including WFS1, are candidate genetic risk 300
factors for T2DM. Creating an experimental disease model is essential for studying the 301
genetic risk factors for T2DM development; however, the heterogeneity of T2DM makes 302
this task difficult. Since Wolfram syndrome is a monogenic form of diabetes caused by 303
mutations in WFS1, Wolfram syndrome is a prototype for ER stress-related diseases such 304
as T2DM. To understand the genetic background of T2DM, we can utilize the Wolfram 305
syndrome experimental models that have already been established, including SC-p-cells. 306

In the future, we expect to develop individualized medical care for Wolfram syn- 307
drome patients, prescribing effective drugs selected based on their personal WFS1 variant. 308
Moreover, regenerative medicine using SC-p-cells and gene editing technology would 309
make it possible to transplant the patient's tissue in a "normal" condition. For T2DM, if 310
more risk genes are identified in the future, it would also become possible to develop re- 311
generative therapies. 312

313
314
315
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Fig. 1 UPR mechanism and the reported SNPs associated with T2DM 317

The three major regulators (ATF6a, PERK, and IREl«) are involved in the UPR path- 318
way under pathophysiological conditions. On sensing ER stress, ATF6a (p90) is cleaved 319
at the Golgi apparatus. Cleaved ATF6a (p50) translocates to the nucleus and acts as a 320
transcription factor. PERK arrests protein synthesis by phosphorylating eukaryotic trans- 321
lation initiation factor 2 subunit a (elF2a). Phosphorylated elF2a also induces the expres- 322
sion of ATF4, which regulates protein synthesis, apoptosis, and autophagy. IREla forms 323
oligomers and autophosphorylates on sensing ER stress, followed by the acquisition of 324
RNase activity. GADD33 dephosphorylates elF2a and restores protein synthesis. The ac- 325
tivated IREla splices the XBP1 intron and induces the expression of the transcription fac- 326
tor, spliced XBP1 (sXBP1). IREla also suppresses protein folding loads by degrading 327
mRNA, called regulated IRE1-dependent decay (RIDD). In addition, IREl«x activates the 328
TRAF2/JNK pathway followed by the activation of the autophagy pathway. 329

(D -(3): The molecules whose SNPs have been reported to contribute to the develop- 330
ment of T2DM or insulin resistance. (1) ATF6 SNPs, detected in a population of Pima In- 331
dians and Dutch Caucasians (42, 43); (2) PERK SNPs, detected in Han Chinese populations 332
correlated with increased risk of prediabetes, elevated BMI, and insulin resistance (46); 3 333
XBP1 SNPs, reported a high frequency in Han Chinese populations with T2DM and im- 334
paired glucose regulation (46, 47). ATF6a (or ATF4), activating transcription factor 6 (or 335
4); PERK, protein kinase R-like ER kinase; inositol requiring enzyme 1a (IRElar); ERAD, 336
ER-associated degradation. 337
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Table 1 Genetic variants in UPR pathways that are related to diabetes

UPR pathway Gene Protein Syndrome Symptoms other than diabetes
Liver dysfunction
EIF2AK3 (28-30) PERK Walcott-Rallison syndrome
Skeletal dysplasia
Mental retardation, Epileptic
Mental retardation
seizures, Hypogonadism,
Epilepsy
EIF2S3 (91, 92) elF2 vy subunit Hypogenitalism,
Hypogonadism/hypogenitalism
Microcephaly, and Obesity
Microcephaly and obesity
(MEHMO) syndrome
EIF2B1 (93) elF2B Liver dysfunction
PERK
Combined cerebellar
Ataxia, combined cerebellar
Afferent ataxia
and peripheral, with hearing
DNAJC3 (94) p58ITK Mild upper motor neuron damage
loss, and diabetes mellitus
Peripheral neuropathy
(ACPHD)
Sensorineural hearing loss.
Short stature
PPP1R15B (95) CReP Intellectual disability
Microcephaly
IRE1 ERNT1 (32,33) "1 IRElx
Wolfram syndrome, Wolfram Optic nerve atrophy, hearing loss, diabetes
WEFS1 (55) Wolframin
syndrome-related disorder insipidus, neurodegeneration
Microcephaly with simplified
gyration, epilepsy, and Microcephaly
IER3IP1 (96, 97) IER3IP1
permanent neonatal diabetes Epilepsy
syndrome (MEDS)
Upper gastrointestinal ulceration and
CISD2 (98) ERIS Wolfram syndrome (type 2)
bleeding
Short stature, hearing loss, developmental
MANF (38, 39) MANF
Other delay, microcephaly
CREBRF (99) * CREB3
Microcephaly
YIPF5 (100) YIPF5
Epilepsy
Dentinogenesis imperfecta
TANGOI1 (101) TANGO1 Short stature
Skeletal abnormalities
Early-onset cerebellar ataxia
SIL1 (102) #1 SIL1 Marinesco-Sjogren syndrome
Short stature
ERDJ4 (103) # ERDJ4

#1 Diabetic phenotype was reported only in mouse; #2 Decreased the risk of T2DM in Samoans
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