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Wolfram syndrome 2 gene (CISD2) deficiency
disrupts Ca2þ-mediated insulin secretion in
b-cells
Zhao-Qing Shen1,9, Wen-Tai Chiu2,9, Cheng-Heng Kao3,9, Yu-Chen Chen1, Li-Hsien Chen4, Tsai-Wen Teng1,
Shao-Yu Hsiung1, Tsai-Yu Tzeng5, Chien-Yi Tung5, Chi-Chang Juan6, Ting-Fen Tsai1,7,8,*
ABSTRACT

Objective: Diabetes, characterized by childhood-onset, autoantibody-negativity and insulin-deficiency, is a major manifestation of Wolfram
syndrome 2 (WFS2), which is caused by recessive mutations of CISD2. Nevertheless, the mechanism underlying b-cell dysfunction in WFS2
remains elusive. Here we delineate the essential role of CISD2 in b-cells.
Methods: We use b-cell specific Cisd2 knockout (Cisd2KO) mice, a CRISPR-mediated Cisd2KO MIN6 b-cell line and transcriptomic analysis.
Results: Four findings are pinpointed. Firstly, b-cell specific Cisd2KO in mice disrupts systemic glucose homeostasis via impairing b-granules
synthesis and insulin secretion; hypertrophy of the b-islets and the presence of a loss of identity that affects certain b-cells. Secondly, Cisd2
deficiency leads to impairment of glucose-induced extracellular Ca2þ influx, which compromises Ca2þ-mediated insulin secretory signaling,
causing mitochondrial dysfunction and, thereby impairing insulin secretion in the MIN6-Cisd2KO b-cells. Thirdly, transcriptomic analysis of b-
islets reveals that Cisd2 modulates proteostasis and ER stress, mitochondrial function, insulin secretion and vesicle transport. Finally, the
activated state of two potential upstream regulators, Glis3 and Hnf1a, is significantly suppressed under Cisd2 deficiency; notably, their
downstream target genes are deeply involved in b-cell function and identity.
Conclusions: These findings provide mechanistic insights and form a basis for developing therapeutics for the effective treatment of diabetes in
WFS2 patients.

� 2025 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Wolfram syndrome (WFS) (MIM 222300) exhibits a highly variable
clinical spectrum that includes Diabetes Insipidus, Diabetes Mellitus,
Optic Atrophy, and Deafness. These are collectively known as the
DIDMOAD syndrome [1]. WFS patients have a form of diabetes that does
not fit into currently diagnostic criteria of type 1 or type 2 diabetes. The
clinical manifestations of diabetes in WFS patients are characterized by a
childhood-onset of diabetes with autoantibody-negativity together with
the diabetes being caused by insulin-deficiency with no evidence of
insulin resistance. These clinical features thus have the form of an
atypical diabetes [2,3]. Several b-cell alterations in atypical diabetes
have been characterized, including reduced insulin secretory responses,
enhanced endoplasmic reticulum (ER) stress, and increased oxidative
stress, as well as senescence and cell death [2,3].
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WFS is categorized into two major types. The first type is WFS1 (MIM
606201), which is caused by recessive mutations of WFS1 (Wolf-
ramin). This gene encodes a transmembrane protein primarily local-
ized in the ER. The second type is WFS2 (MIM 604928), which is
caused by recessive mutations of CDGSH iron-sulfur domain-con-
taining protein 2 (CISD2). Several mutations of the CISD2 gene have
been identified in WFS2 patients and mutations affecting the CISD2
protein are associated with dysregulation of Ca2þ homeostasis and ER
stress [4]. However, no single regimen or combination therapy has
been approved by FDA for the treatment of WFS and thus novel
therapeutic strategies are urgently needed. Notwithstanding the above,
the molecular mechanism underlying b-cell dysfunction in WFS2 has
remained elusive. Investigation of mouse models should help by
providing mechanistic insights into the pathogenesis of diabetes in
WFS2.
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Pancreatic b-cells are specifically designed to sense glucose fluctuations
and secrete insulin in response to elevated glucose levels. This facilitates
glucose uptake by the liver, skeletal muscle, and adipose tissue, thereby
maintaining glucose homeostasis. Insulin synthesis and processing
occur via the b-cell secretory pathway, which involves the rough
endoplasmic reticulum (ER), Golgi complex and secretory vesicles [5].
The ER plays a central role in secretory protein production and modifi-
cation, Ca2þ homeostasis and cell death signaling. Dysfunction of the ER
can trigger a variety of diseases, including diabetes. One important cause
of ER stress is ER Ca2þ depletion, which results in Ca2þ binding
chaperone dysfunction, misfolded protein accumulation, and activation of
the unfolded protein response (UPR). These ER defects then cause further
disturbance of intracellular Ca2þ homeostasis. Consequently, in b-cells,
ER stress impairs both insulin biosynthesis (via UPR-mediated trans-
lational inhibition and proinsulin misfolding) and insulin granule release
(via altered Ca2þ homeostasis) [6]. The above studies suggest that
aberrant Ca2þ homeostasis and increased ER stress contribute to b-cell
dysfunction thereby potentially leading to atypical diabetes.
Our previous studies have demonstrated that Cisd2 mediates healthy
lifespan in mice. Cisd2 deficiency shortens lifespan, causes premature
aging and impairs glucose tolerance in Cisd2 knockout (Cisd2KO) mice
[7]. CISD2, an integral membrane protein with a CDGSH domain ori-
ented towards the cytosol, is localized to the mitochondrial outer
membrane, the ER, and mitochondria-associated ER membranes
(MAMs) in a range of cell types [8,9]. The ER and mitochondria are
major intracellular Ca2þ stores that are able to respond to signals for
Ca2þ mobilization; furthermore, MAMs serve as hotspots for Ca2þ

transfer between the ER and mitochondria. Cisd2 plays a crucial role in
mitochondrial function and integrity, as well as redox status and
intracellular Ca2þ homeostasis [9e11]. Importantly, Cisd2 interacts
with sarcoendoplasmic reticulum Ca2þ ATPase 2 (Serca2), a Ca2þ

pump that transports Ca2þ from cytosol into ER lumen in order to
maintain a high ER Ca2þ level; this regulates enzymatic activity via
modulation of the redox status of Serca2, which, in turn, maintains the
level of intracellular Ca2þ homeostasis [12,13]. Previous studies have
showed that Serca2 deficiency impairs pancreatic b-cell function,
disrupting proinsulin processing and maturation, and decreasing
glucose-stimulated insulin secretion (GSIS) [14,15]. These studies
suggest that Cisd2 is a fundamentally important mediator of cellular
homeostasis. However, the role of Cisd2 in b-cell function remains
unclear at present.
In this study, our aim was to delineate the essential role of Cisd2 in b-
cells and elucidate the molecular mechanism underlying b-cell
dysfunction and diabetes, which is a major manifestation of WFS2 and
is caused by recessive mutations of CISD2 in patients. To do this, we
use b-cell specific Cisd2KO mice, a CRISPR-mediated Cisd2KO MIN6
b-cell line and transcriptomic analysis.

2. RESULTS

2.1. Cisd2 deficiency in b-cells disrupts systemic glucose
homeostasis via the impairment of insulin secretion
To study the effects of Cisd2 deficiency on b-cell function, we
generated b-cell specific Cisd2KO (Cisd2 bKO) mice by crossing the
Ins1-Cre transgenic mice with the Cisd2 floxed (f) mice
(Supplementary Figure S1A). The specificity of the Ins1-Cre was
validated by crossing the Ins1-Cre mice with CAG-tdTomato reporter
mice (Supplementary Figure S1B). Our result confirmed that the Ins1-
Cre is specifically expressed in b-cells within the b-islets
(Supplementary Figure S1C). Notably, only about 38% of the Cisd2
mRNA levels remained in the b-islets of Cisd2 bKO mice
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(Supplementary Figure S1D); this agrees approximately with the per-
centage of non-b-cells (a-cell, d-cells, PP cells and epsilon-cells) [16].
To study whether Cisd2 deficiency in b-cells causes glucose dysho-
meostasis, we performed glucose tolerance tests (GTTs) and insulin
tolerance tests (ITTs) (Figure 1A). Interestingly, the basal blood glucose
levels are not affected by the KO (Figure 1B); however, an overt
phenotype of glucose intolerance was observed in the Cisd2 bKOmice at
a young age (3-month old) and during middle age (12-month old)
(Figure 1CeE). Importantly, insulin sensitivity remains unchanged
(Figure 1FeH), which suggest that glucose dysregulation in these mice
may be caused by autonomous cellular dysfunction ofb-cells in the Cisd2
bKO mice. Next, we conducted GSIS assays to evaluate b-cell function
(Figure 1I). The GSIS of b-cells can be categorized into two phases: the
first phase of insulin secretion is generated by fusion of b-granules in the
readily releasable pool (RRP) with the cell membrane (within 1e2 min);
and the second phase involves translocation of b-granules from the
reserve pool (RP) to the RRP to provide expansion and/or replenishment of
the RRP (>10 min) [17]. Intriguingly, our results reveal that there are
defects during both phases of GSIS in the Cisd2 bKO mice (Figure 1J),
indicating that the abnormal glucose intolerance of Cisd2 bKO mice is
mainly attributable to the dysfunction of b-cell insulin secretion.
A previous study has revealed that during glucose intolerance, b-cells
undergo morphological adaptation to enhance the level of insulin in the
plasma; this is an attempt to compensate for the low levels of insulin
and thus to maintain glucose homeostasis [18]. To evaluate whether
Cisd2 deficiency results in morphological changes to b-islets, we
performed histopathological analysis. Remarkably, Cisd2 deficiency in
b-cells was found to cause overt hyperplasia and hypertrophy in a
portion of the b-islets present (Figure 1K). Quantification of islet size
revealed that the number of large size islets (>12,000 mm2) is
significantly increased in the Cisd2 bKO mice compared with Cisd2 f/f
mice (Figure 1L). Additionally, a loss of b-cell identity has been re-
ported to be one of the main features of b-cell senescence and age-
related diabetes [18]. Interestingly, our immunofluorescence staining
revealed that, in the Cisd2 bKO mice, many of the b-cells are
glucagon-positive, suggesting that those b-cells have lost their identity
and/or have trans-differentiated into a-cell-like cells (Figure 1M). In
summary, Cisd2 deficiency in b-cells disrupts glucose homeostasis via
an impairment of insulin secretion, which leads to hypertrophy of a
proportion of b-islets as a compensatory effect. This results in a loss of
identity by some b-cells. Together, these defects appear to bring about
glucose intolerance thereby promoting a diabetic-related phenotype.

2.2. Cisd2 bKO causes ultrastructural abnormalities in the ER and
mitochondria that disturbs the maturation and secretion of b-
granules
To characterize the ultrastructural alterations that may occur in the b-
cells of Cisd2 bKO mice, we performed transmission electron micro-
scopy (TEM) analysis before and after treating the mice with glucose
(Figure 2A). The insulin secretion pathway involves a number of highly
regulated processes, namely insulin biosynthesis, b-granule forma-
tion, b-granule maturation and b-granule secretion; all of which can be
observed by TEM [16,19] (Figure 2B). In the b-cells of Cisd2 bKO mice
at a young age (3-month old), prior to the onset of overt glucose
intolerance, TEM revealed that, before glucose treatment, obvious
ultrastructural abnormalities, namely mitochondrial degeneration and
rough ER dilation, were already detectable (Figure 2C). Notably, after
glucose treatment for 15 min, the numbers of mature b-granules and
empty vesicles are significantly decreased in the b-cells of Cisd2 bKO
mice compared with Cisd2 f/f mice (Figure 2DeE). Furthermore, we
quantified the number of mature b-granules located in the different
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Cisd2 deficiency in b-cells disturbs systemic glucose homeostasis via an impairment of insulin secretion in mice. (A) Protocol used for the oral glucose
tolerance tests (GTT) and insulin tolerance tests (ITT). For the oral GTT, mice were orally administrated with glucose water solution (1.5 mg/g body weight) by a feeding needle after
12 h fasting (10 pme10 am). For the ITT, mice were intraperitoneally injected with insulin (0.75 U/kg body weight) after 2 h fasting (9 ame11 am). Blood samples were collected
from tail vein before (0 min) and after the treatment at the indicated time points. (B) Basal blood glucose (fasting 2 h and 12 h) levels in the Cisd2 f/f and Cisd2bKO mice at 3-mo
old (n ¼ 4e5). (CeE) The oral GTT assay for mice at 3-months (C) and 12-months (D) old. The quantification of GTT was carried out by calculating the area under curve (AUC)
(n ¼ 5e6) (E). (FeH) The ITT assay for mice at 3-months (F) and 12-months (G) old. The quantification of ITT was measured by calculating the area above curve (AAC) (n ¼ 4e6)
(H). (I) For the insulin secretion test, mice were orally administrated with glucose water solution (1.5 mg/g body weight) by a feeding needle after 12 h fasting (10 pme10 am). The
mouse blood samples were collected before (0 min) and after glucose administrated (2, 5, 15, and 30 min). Phase 1, Ph. 1; Phase 2, Ph. 2. (J) Serum insulin levels of Cisd2 bKO
and Cisd2 f/f mice at 3-months old. (K) H&E staining of the pancreas from male mice at 6-months old. b-islet hypertrophy was found to be present in the pancreas of Cisd2 bKO
mice. (L) Quantification of b-islet size from histological images. The b-islet size is classified into three subtypes, namely large (>12,000 mm2), medium (6000e12000 mm2) and
small (<6000 mm2) and the distribution was then assessed. *p < 0.05 by chi-square test. (M) Immunofluorescence staining for insulin (red) and glucagon (green) present in
pancreas from Cisd2f/f and Cisd2 bKO male mice at 6-months old. Data are presented as mean � SD. *p < 0.05, **p < 0.005. The statistical analysis was performed using the
Student’s t test; not significant (n.s.). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).
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Figure 2: Cisd2 deficiency causes ER dilation and mitochondrial degeneration, as well as disturbing the maturation and secretion of b-granules. (A) Sampling schedule
of the ultrastructural analysis of mouse b-islet by TEM. To analyze the glucose-induced insulin secretion, mice were orally administrated with glucose water solution (1.5 mg/g
body weight) by a feeding needle after 12 h fasting (10 pme10 am) and sacrificed before (�) or after 15 min of glucose treatment. (B) Schematic diagram of insulin biosynthesis,
b-granule maturation and secretion. (CeD) Cisd2 deficiency results in ultrastructural abnormalities including rough ER (RER) dilation and mitochondrial degeneration. (E)
Quantification of b-granule density from the TEM images. Numbers of immature, mature and empty b-granule vesicles were quantified. (F) The number of mature b-granule
vesicles within the readily releasable and reserve pools were quantified using TEM images. Data are presented as a mean � SD. *p < 0.05, **p < 0.005. The statistical analysis
was performed using one-way ANOVA with Bonferroni multiple comparison test; not significant (n.s.).

Original Article
zones of b-cells, namely RRP and RP. Interestingly, after glucose
treatment, the numbers of both RRP and RP are significantly reduced in
the b-cells of the Cisd2 bKO mice (Figure 2F and Supplementary
Figure S2). This result is consistent with the observation that both
phase I and phase II of insulin secretion are defective in the Cisd2 bKO
mice (Figure 1J). Moreover, quantification of the TEM images revealed
a significant increase in ER dilation, a morphological marker of ER
stress, in the b-cells of Cisd2 bKO mice compared to Cisd2 f/f mice
(Supplementary Figure S3). These results indicate that the impaired
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GSIS observed in the Cisd2 bKO mice is possibly caused by defects
that disturb b-granule maturation and insulin secretion.

2.3. Cisd2 bKO impairs GSIS by causing mitochondrial dysfunction
and dysregulation of Ca2þ-mediated insulin secretion and this
involves multiple processes
Previous studies have revealed that CISD2 maintains cellular function
by regulating Ca2þ homeostasis [4,9,11,20]. To delineate whether the
insulin secretion defect observed in the Cisd2 bKO mice is associated
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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with Ca2þ dysregulation, we examined the ability to secrete insulin
when mice are treated with either arginine or gliclazide. These two
treatments are able to induce membrane depolarization independent of
ATP, which subsequently leads to an extracellular Ca2þ influx via the
voltage-gated Ca2þ channels (VGCCs), thereby enhancing insulin
secretion (Figure 3A). Strikingly, a significant reduction in both
arginine-stimulated and gliclazide-induced insulin secretion was
detected in Cisd2 bKO mice (Figure 3BeD), suggesting that the
impaired extracellular Ca2þ influx via VGCC is one of the major factors
contributing to the insulin secretion defect in Cisd2 bKO mice.
Figure 3: Cisd2 deficiency in mice (the MIN6 b-cell line) disrupts Ca2D-mediated i
homeostasis. (A) Schematic diagram of Ca2þ-mediated insulin secretion in b-cell. Argini
generation sulfonylurea that can inhibit KATP channels leading to membrane depolarization
injected with arginine (0.3 g/kg body weight) or gliclazide (10 mg/kg body weight) after 2
after arginine or gliclazide administrated (15 and 30 min). (C) Significant decreases in argin
decreases in gliclazide-induced insulin secretion by the Cisd2 bKO mice at 3-months old. *
(E) Decreased mitochondrial oxygen consumption rate (OCR) in MIN6-Cisd2KO cells. (F) Sc
extracellular Ca2þ influx. (HeJ) Significant increases in the basal cytosolic Ca2þ levels. Si
(K) Protocol for assessing glucose-induced extracellular Ca2þ influx. (LeM) Significant dec
for thapsigargin (TAG)-evoked store-operated calcium entry (SOCE). (OeQ) Significant dec
Levels of cytosolic Ca2þ in single MIN6 b-cells were measured by fluorescence microsco
mean � SD. In HeJ, L, M, OeQ, data are presented as mean � SEM.
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To elucidate the mechanism by which Cisd2 deficiency causes b-cell
dysfunction, we used the MIN6 cell line, which is an insulin-secreting
b-cell line that retains normal GSIS regulation [21]. Subcellular frac-
tionation of MIN6 b-cells indicates that Cisd2 protein is mainly local-
ized in the ER and mitochondria (Supplementary Figures S4AeB). A
MIN6-Cisd2KO cell line was generated using the CRISPR/Cas9-
mediated method to delete a genomic region covering the start
codon of the Cisd2 gene (Supplementary Figure S4C). Complete
absence of the Cisd2 protein was confirmed by Western blot analysis
of the MIN6-Cisd2KO cells (Supplementary Figure S4D). The regulation
nsulin secretion, impairs mitochondrial function and disturbs intracellular Ca2D

ne treatment can stimulate membrane depolarization of b-cells. Gliclazide is a second-
in b-cells. (B) For the Ca2þ-mediated insulin secretion test, mice were intraperitoneally
h fasting (9 ame11 am). The mouse blood samples were collected before (0 min) and
ine-stimulated insulin secretion by the Cisd2 bKO mice at 3-months old. (D) Significant
p < 0.05, **p < 0.005. The statistical analysis was performed using Student’s t test.
hematic diagram of intracellular Ca2þ regulation in b-cells. (G) Protocol for KCl-induced
gnificant decreases in KCl-induced extracellular Ca2þ influx in the MIN6-Cisd2KO cells.
reases in glucose-induced extracellular Ca2þ influx in MIN6-Cisd2KO cells. (N) Protocol
reases in TAG-induced Ca2þ depletion and TAG-evoked SOCE in MIN6-Cisd2KO cells.
py using Fura-2/AM staining. *p < 0.05, **p < 0.005. In C-E, data are presented as
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of GSIS involves multiple processes, namely glucose uptake, glycol-
ysis, mitochondrial ATP production, membrane depolarization and
Ca2þ signaling [16]. Intriguingly, in the MIN6-Cisd2KO cells, a signif-
icant decrease in the cells’ mitochondrial oxygen consumption rate
(OCR), including basal OCR, ATP-coupled OCR, and maximal OCR, was
detected, which suggests that Cisd2 deficiency impairs mitochondrial
ATP production (Figure 3E).
Intracellular Ca2þ homeostasis is regulated by several Ca2þ channels
present in the ER (SERCA2b, IP3R1, RYR2 and STIM1) and in the
plasma membrane (Orai1 and VGCC) (Figure 3F). Previous studies have
demonstrated that dysregulation of SERCA2b and VGCC results in b-
cell dysfunction and insulin secretion defects [6]. Experimentally, the
addition of KCl leads to an increase in extracellular [Kþ], which causes
membrane depolarization, and then opens the VGCC channel
(Figure 3A); and this in turn increases cytosolic [Ca2þ]. Notably, in the
MIN6-Cisd2KO cells, a significant elevation of basal cytosolic [Ca2þ]
was detected. Additionally, Cisd2 deficiency impaired the KCl-induced
extracellular Ca2þ influx, which results in a significant reduction of the
KCl-induced [Ca2þ] influx (Figure 3GeJ). Consistent with the above,
similar phenomena were observed when glucose-induced extracellular
Ca2þ influx was measured (Figure 3KeM). Moreover, in the MIN6-
Cisd2KO cells, both the thapsigargin (TAG)-evoked ER-releasable
Ca2þ and store-operated calcium entry (SOCE) were found to be
significantly impaired (Figure 3NeQ).
To confirm that the phenotypic defects of the MIN6-Cisd2KO cells are
indeed caused by Cisd2 deficiency rather than an off-target effect, we
generated MIN6-Cisd2RE cells in which Cisd2 is re-expressed in MIN6-
Cisd2KO cells using the lentivirus-mediated method (Supplementary
Figure S4E). In addition, Western blot analyses revealed that an ER
stress marker, namely the phosphorylated form of eIF2a (p-eIF2a), is
significantly elevated in the MIN6-Cisd2KO cells; and that this can be
rescued by Cisd2 re-expression in the MIN6-Cisd2RE cells
(Supplementary Figures S4FeG). Importantly, in the MIN6-Cisd2RE
cells, the defects associated with Ca2þ dysregulation, namely the
basal cytosolic Ca2þ level, glucose-induced and KCl-induced extra-
cellular Ca2þ influx (Figure 3GeM), together with the TAG-evoked
SOCE (Figure 3NeQ), all disappeared. Obviously, the MIN6-Cisd2RE
cells have reverted to a situation similar to that in the MIN6-WT cells.
Thus, this re-repression study demonstrated that the Ca2þ dysregu-
lation present in the MIN6-Cisd2KO cells is indeed caused by Cisd2
deficiency. In summary, these studies reveal that Cisd2 deficiency
leads to an impairment of extracellular Ca2þ influx, which then com-
promises Ca2þ-mediated signaling, and causes mitochondrial
dysfunction; the end point being impaired insulin secretion by b-cells.
To investigate if manipulating the ER stress-related signaling pathway
is able to influence the phenotypes associated with intracellular Ca2þ

dysregulation, and to determine if inhibition of ER stress can rescue the
Ca2þ dysregulation caused by Cisd2 deficiency, we performed Ca2þ

measurement and image analysis on the MIN6-WT, MIN6-Cisd2KO
and MIN6-Cisd2RE cells. These cells were treated with either the PERK
inhibitor GSK2606414 (an ER stress inhibitor) or the eIF2a dephos-
phorylation inhibitor Salubrinal (an ER stress inducer) (Supplementary
Figure S5). In the MIN6-WT cells, Salubrinal-induced ER stress causes
dysregulation of Ca2þ homeostasis, characterized by elevated basal
cytosolic Ca2þ levels, a significant decrease in TAG-induced ER Ca2þ

depletion and impairment of TAG-evoked SOCE. These results suggest
that ER stress directly disrupts intracellular Ca2þ homeostasis in the
MIN6-WT cells. Intriguingly, in the MIN6-Cisd2KO cells, inhibition of ER
stress by GSK2606414 is able to rescue the Ca2þ dysregulation.
Furthermore, in the MIN6-Cisd2RE cells, all Ca2þ-related phenotypes
are comparable to those in the MIN6-WT cells (Supplementary
6 MOLECULAR METABOLISM 96 (2025) 102140 � 2025 The Author(s). Published by Elsevier GmbH. T
Figure S5). Together, these results reveal that the Ca2þ dysregula-
tion in the MIN6-Cisd2KO cells is likely occur via the ER stress-related
PERK-eIF2a signaling pathway.

2.4. Transcriptomics revealed that Cisd2 modulates proteostasis
and the ER, mitochondrial function, insulin secretion and vesicle
transport, all of which are involved in maintaining b-cell function
To explore the molecular mechanisms underlying the role of Cisd2 in
b-cell function, we perform RNA sequencing (RNA-seq) and pathway
analysis on the b-islets from Cisd2 f/f and Cisd2 bKO mice under
glucose-stimulated insulin secretion conditions (Figure 4A). The mRNA
expression levels of 8,616 genes were quantified. Principal component
analysis (PCA) indicates a dramatic difference in transcriptomic profiles
between the b-islets of Cisd2 f/f and the b-islets of Cisd2 bKO mice
(Figure 4B). A pair-wise differentially expressed gene (DEG) analysis
was performed. Normalized counts and DEGs were obtained using
DESeq2 (using the Wald test) with a false discovery rate (FDR) < 0.05
(Cisd2 bKO vs. Cisd2 f/f). This analysis identified a total of 1,026 DEGs
(up-regulated 550 DEGs; down-regulated 476 DEGs) (Figure 4C).
The DEGs were further annotated by enrichment analysis using Gene
Ontology (GO) and KEGG. Interestingly, the DEGs are mainly involved in
pathways related to b-cell survival and function, namely proteostasis
and ER stress, metabolism, mitochondrial function and stress
response, insulin secretion and vesicle transport, Ca2þ signaling, cell
death, and a number of signaling pathways (Figure 4DeE and
Supplementary Figure S6). Specifically, in terms of insulin secretion
and vesicle transport, the following processes were identified:
response to glucose ER to Golgi-mediated vesicle transport; Ca2þ-
mediated signaling; and regulation of insulin secretion (Supplementary
Figure S6C). Additionally, pathways associated with insulin-dependent
diabetes (maturity onset diabetes of the young) and senescence are
enriched in the b-islets of Cisd2 bKO mice (Supplementary
Figure S6D). Notably, down-regulation of several glucose sensing
machinery-related enzymes (Glut2, Gck and Pkm), and various
tricarboxylic acid (TCA) cycle-related enzymes (Pcx and Idh2), Ca2þ

pumps (Serca2 and Serca3) and Ca2þ channels (VGCCs), as well as
upstream regulators of Ca2þ signaling pathways, were also found
among the DEGs of the Cisd2KO b-islets (Supplementary Figure S7).
Consistently, KEGG indicates that the identified DEGs are involved in a
number of pathways associated with diabetes and aging (Figure 4E).
Moreover, Ingenuity Pathway Analysis (IPA; p < 0.05 & absolute Z
score> 0.5) of the DEGs identified four major functional groups. These
are: (1) b-cell function and development; (2) b-cell homeostasis-
related signaling pathways; (3) proteostasis and ER stress; and (4)
mitochondrial function and autophagy (Figure 4F). Intriguingly, path-
ways associated with pancreatic b-cell dysfunction, inflammation and
stress response, including non-canonical NF-kB signaling, UFMylation
and the KEAP1-NRF2 pathways [22e25], are also significantly acti-
vated in the b-islet of Cisd2 bKO mice (Figure 4F). Conversely,
pathways related to b-cell function, maintenance and stress protec-
tion, including DHCR24, AMPK, PDGF, EGF and HIF1a [26e30], are
significantly suppressed in the b-islets of Cisd2 bKO mice.
These transcriptomic results suggest that Cisd2 maintains b-cell
function and homeostasis via the regulation of proteostasis, mito-
chondrial function, insulin secretion and vesicle transport. Moreover,
these findings are also consistent with the phenotypic observations
obtained regarding Cisd2 bKO mice and MIN6-Cisd2KO cells in terms
of glucose intolerance, defective insulin secretion (Figure 1CeE, 1J
and Figure 3AeD), ER stress (Figure 2D and Supplementary Figure S3
and S4F-G), mitochondrial dysfunction (Figure 3E), and disrupted
intracellular Ca2þ homeostasis (Figure 3FeQ).
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Figure 4: Transcriptomic analysis of the b-islets reveals that Cisd2 modulates proteostasis and ER, mitochondrial function, insulin secretion and vesicle transport in
order to maintain b-cell functioning. (A) Cisd2 f/f and Cisd2 bKO mice at 3-months old were orally administrated with glucose water solution (1.5 mg/g body weight) by a
feeding needle after 12 h fasting (10 pme10 am) and sacrificed after 15 min of glucose administration. Total RNAs were isolated from the b-islets of the mice. (B) Principal
component analysis (PCA) of all transcriptomic data (total expressed 8,616 genes) in the b-islets of Cisd2 f/f and Cisd2 bKO mice (n ¼ 4). (C) Volcano plot revealing transcriptome
changes (Cisd2 bKO vs. f/f). Horizontal line shows the 5% false discovery rate (FDR) threshold. Red or blue plots identify genes above the indicated FDR threshold. A total of 1,026
DEGs are affected by Cisd2 deficiency (550 up-regulated and 476 down-regulated genes; Cisd2 bKO vs. f/f, FDR < 0.05). (D) The biological processes obtained from the Gene
Ontology (GO) annotation of the transcriptome changes (1,026 DEGs) between b-islets of Cisd2bKO and f/f mice. The DEGs are grouped into proteostasis and ER stress,
mitochondrial (Mito.) function and stress response, insulin secretion and vesicle transport and cell death associated pathways; the results are presented as a percentage of the total
DEG number. (E) A bubble plot illustrating the enrichment analysis of KEGG pathway DEGs between the b-islets of Cisd2bKO and f/f mice. The grouping of the GO annotation and
KEGG pathways were carried out by STRING v11.5 (https://string-db.org/). Pathway FDR < 0.05. (F) Canonical pathway analysis by Ingenuity Pathway Analysis (IPA) software using
the transcriptome changes in the b-islets of Cisd2bKO mice (Cisd2bKO vs. f/f; pathway p-value < 0.05 and absolute Z-score > 0.5). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article).
2.5. The activation state of two potential upstream regulators, Glis3
and Hnf1a, was found to be suppressed under Cisd2 deficiency
To explore the potential upstream regulators of the DEGs, we per-
formed upstream analysis using IPA. We identified two up-regulated
and six down-regulated upstream regulators (p < 0.05 and absolute
Z score > 2; Supplementary Table S1). Intriguingly, the predicted
activation state of two these transcription factors that are involved in b-
cell function, namely Glis3 and Hnf1a [31e34], was significantly
inhibited in the b-islets of Cisd2 bKO mice. Glis3 is known to activate
various genes involved in insulin biosynthesis and secretion, as well as
b-cell function and identity. Most of the downstream target genes of
Glis3 were down-regulated in the b-islets of Cisd2 bKO mice
(Figure 5AeB and Supplementary Figures S8AeD). Specifically,
among the target genes of Glis3, several regulators of b-cell function
and identity (Mafa, Neurod1, Pdx1, NKX6.1 and Isl1) [18,35] are
MOLECULAR METABOLISM 96 (2025) 102140 � 2025 The Author(s). Published by Elsevier GmbH. This is an open
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significantly decreased; in addition, the genes responsible for insulin
biosynthesis and secretion (Ins1, Ins2 and Glut2) are also significantly
decreased (Figure 5B). Similarly, Hnf1a regulates a variety of target
genes that modulate glucose metabolism, pancreas development,
membrane depolarization and vesicle transport and most of these
target genes are also down-regulated in the b-islets of Cisd2 bKO mice
(Figure 5CeD and Supplementary Figures S8EeJ). It is worth
mentioning that Glut2 (glucose transporter 2) is a downstream target
gene of both Glis3 and Hnf1a. Glut2 is a glucose sensor present in
pancreatic b-cells and is an essential protein for the functioning of the
GSIS [36]. Expression of this gene is significantly decreased when
there is Cisd2 deficiency (Figure 5A,C and Supplementary Figure S8C).
Importantly, in humans, loss-of-function mutations in GLIS3, HNF1a,
NEUROD1, PDX1 and INS have been reported to be associated with the
pathogenesis of monogenic diabetes [2,34,37]. To validate these
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: Activation state of two potential upstream regulators, Glis3 and Hnf1a, was suppressed under Cisd2 deficiency. (AeB) Significant inhibition of Glis3 tran-
scriptional signaling based on the activation z-scores (z-score < �2.0 and p-value < 0.05) and the IPA upstream regulator analysis of the DEGs identified in the b-islets of Cisd2
bKO mice. Most of the mRNA levels of Glis3 downstream target genes are significantly downregulated under Cisd2 deficiency. The DEGs can be classified according to their
functions as regulators of b cell function and identity and as regulators of insulin biosynthesis and insulin secretion signaling. (CeD) Significant inhibition of Hnf1a transcriptional
signaling based on activation z-score (z-score < �2.0 and p-value < 0.05) and the IPA upstream regulator analysis of the DEGs in the b-islets of Cisd2 bKO mice. Most of the
mRNA levels of Hnf1a downstream target genes are significantly down-regulated under Cisd2 deficiency. The DEGs can be classified according to their functions as being involved
in glucose metabolism DEGs, amino acid transport DRGs and metabolism DEGs, pancreas development (develop.) DEGs, vesicle transport DEGs, Naþ channel genes involved in
insulin secretion, transcriptional regulators and more. (E) The mRNA levels of Glis3. (F) The mRNA levels of Hnf1a. (G) The mRNA levels of Mafa, Pdx1, Ins1 and Glut2. In (E)e(G).
There are five independent biological replicates (n ¼ 5) for each genotype of the cells. The mRNA levels were quantified by real-time RT-qPCR. Data are represented as
mean � SD. *p < 0.05, **p < 0.005. The statistical analysis was performed using one-way ANOVA with the Bonferroni multiple comparison test.
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findings, we examine the mRNA levels of Glis3 and Hnf1a, as well as
their downstream target genes, by real-time RT-qPCR. Interestingly, in
the MIN6-Cisd2KO cells, Cisd2 deficiency results in down-regulation of
Glis3, Hnf1a, and theirs downstream target genes, including Mafa,
Pdx1, Ins1 and Glut2. Furthermore, in the MIN6-Cisd2RE cells, the
expression profiles of these genes are similar to that in the MIN6-WT
cells but distinct from that in the MIN6-Cisd2KO cells (Figure 5EeG). A
graphic summary of the DEGs and the pathways associated with the
insulin secretion defect in the b-cells of Cisd2 bKO mice is provided;
this illustrates that the defects occur in a range of processes when
Cisd2 deficiency is present (Figure 6).

3. DISCUSSION

Here we provide evidence to demonstrate the essential role of Cisd2 in
b-cells and, furthermore, we delineate the molecular mechanism
underlying b-cell dysfunction and diabetes in WFS2 individuals using a
mouse model. Four findings are pinpointed. Firstly, Cisd2 deficiency in
b-cells disrupts systemic glucose homeostasis via an impairment of b-
granules synthesis and insulin secretion; this causes hypertrophy of
the b-islets and a loss of identity of a proportion of b-cells in the Cisd2
bKO mice. Secondly, Cisd2 deficiency leads to the impairment of
glucose-induced extracellular Ca2þ influx, which compromises Ca2þ-
mediated insulin secretory signaling, and causes mitochondrial
dysfunction; this, in turn, impairs insulin secretion in MIN6-Cisd2KO
cells. Thirdly, transcriptomic analysis of the b-islets reveals that Cisd2
8 MOLECULAR METABOLISM 96 (2025) 102140 � 2025 The Author(s). Published by Elsevier GmbH. T
modulates proteostasis and ER stress, regulates mitochondrial func-
tion, as well as mediating insulin secretion and vesicle transport, in
order to maintain b-cell function. Finally, the activated state of two
potential upstream regulators, Glis3 and Hnf1a, was found to be
significantly suppressed under Cisd2 deficiency. The downstream
target genes of Glis3 and Hnf1a are heavily involved in b-cell function
and identity, namely insulin biosynthesis, vesicle transport and
secretion, and glucose metabolism, as well as pancreas development.
These findings provide mechanistic insights and form an experimental
basis for the development of new therapeutic strategies aimed at the
effective treatment of diabetes in WFS2 individuals.

3.1. CISD2 modulates Ca2þ-dependent insulin secretion in b-cells
Previous studies have revealed that Cisd2 deficiency dysregulates
intracellular Ca2þ homeostasis across a variety of cell types, including
hepatocytes, cardiomyocytes, neurons, human corneal epithelial cells,
and WFS2 patient-derived fibroblasts [8,12,13,38e42]. In this context,
it seems that Cisd2 interacts with a range of Ca2þ handling proteins in
the ER, including SERCA, IP3R1, RyR2, Gimap1, and Calnexin, in order
to maintain Ca2þ homeostasis and ER function [4,9,41,42]. Specif-
ically, we have demonstrated that Cisd2 directly binds to SERCA2 to
maintain its redox status. Thus, Cisd2 deficiency results in an increase
in the oxidative modification of SERCA2; this in turn leads to a decrease
of enzymatic activity of SERCA2 when pumping Ca2þ from cytosol into
ER. As a result, Ca2þ is accumulated in the cytosol, while at the same
time the level of ER Ca2þ is dramatically reduced. Subsequently, the
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: A graphic summary of the DEGs and pathways associated with the insulin secretion defect in the b-cells of Cisd2 bKO mice. (A) Cisd2 deficiency leads to
suppression of Glis3 and Hnf1a, which are transcriptional regulators involved in b-cell functioning and identity. This, in turn, leads to downregulation of their target genes thereby
impairing glucose uptake and the signaling associated with insulin biosynthesis and secretion. Moreover, Cisd2 deficiency causes ER stress, which then disturbs the maturation
process of the b-granules. (B) Cisd2 deficiency results in downregulation of glucose transporter Glut2 expression leading to a decrease in glucose uptake and decreased ATP
production. In addition, inhibition of AMPKa-Pgc-1a signaling, which is involved in mitochondrial biogenesis, is present in Cisd2KO-MIN6 b-cells and this is likely to contribute to
mitochondrial dysfunction. (C) Cisd2 deficiency causes mitochondrial dysfunction and reduces ATP production thereby decreasing the ATP/ADP ratio; consequently, this disrupts
KATP channel-mediated membrane depolarization and impairs Ca2þ influx in b-cells. (D) Downregulation of VGCC and various Ca2þ-related signaling pathways, namely PLCg,
Camk2b and PKC, may further contribute to defects in exocytosis of insulin from b-granules. Together, all these defects, which are occurring in multiple processes and in various
stages of insulin biogenesis/secretion, result in b-cell dysfunction within the Cisd2 bKO mice. Red boxes indicate upregulation of the mRNA levels; green and blue boxes indicate
downregulation of the mRNA levels. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).
elevated cytosolic Ca2þ enters the mitochondria, leading to mito-
chondrial Ca2þ overload thereby damaging mitochondrial function.
Additionally, the abnormal elevation of the cytosolic Ca2þ level appears
to activate various Ca2þ-dependent signaling pathways, namely
calpain-caspase 3 signaling, calcineurin signaling, and calmodulin-
protein kinase C (PKC) signaling [20,38,43]. This then results in
adverse effects on cell survival. Intriguingly, targeting the Ca2þ-
dependent signaling pathways has been shown to alleviate the defects
caused by Cisd2 deficiency [20,38]. In this study, we show that, in b-
cells, Cisd2 deficiency disrupts Ca2þ homeostasis and causes Ca2þ-
mediated insulin secretion defects. Accordingly, targeting the Ca2þ-
dependent signaling pathways could be a novel strategy for treating
insulin-dependent diabetes in WFS2 individuals.
The secretion of insulin by b-cells is directly regulated by Ca2þ via the
fusion of b-granules with the cell membrane. Cisd2 deficiency reduces
the level of circulating insulin when this is stimulated by glucose
MOLECULAR METABOLISM 96 (2025) 102140 � 2025 The Author(s). Published by Elsevier GmbH. This is an open
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(Figure 1J), arginine (Figure 3C) or gliclazide (Figure 3D) in Cisd2 bKO
mice. These effects can be explained by the regulation of Ca2þ by
Cisd2. Normally, in the first phase of insulin secretion, VGCC-mediated
extracellular Ca2þ influx causes an increase in cytosolic Ca2þ and
promotes insulin release. The cytosolic Ca2þ surge then triggers RyR
activation, which releases Ca2þ from the ER into the cytosol (Ca2þ-
induced Ca2þ release, CICR). This further activates the SOCE, which
promotes the second phase of insulin secretion. In MIN6-Cisd2KO
cells, Cisd2 deficiency causes a reduction in the VGCC-mediated
extracellular Ca2þ influx brought about by KCl (Figure 3GeJ) or
glucose (Figure 3KeM). Ultimately this leads to a reduction in the first
phase of insulin secretion (Figure 1J). In addition, Cisd2 deficiency
causes decreased SERCA activity, which will bring about a simulta-
neous decrease in the scale of TAG-induced ER releasable Ca2þ

(Figure 3OeP) and SOCE (Figure 3O,Q). Eventually this leads to a
reduction in the second phase of insulin secretion (Figure 1J).
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Furthermore, ER Ca2þ depletion due to the inhibition of SERCA activity
seems to cause ER stress and increase the number of immature b-
granules (Figure 2E).

3.2. Wfs1 KO and Cisd2 KO mice share common pathogenic
process in b-cells
Loss-of-function mutations in the genes WFS1 (wolframin) and CISD2
cause WFS1 and WFS2 in humans, respectively [4]. Previous studies
showed that knockout of Wfs1 in mice leads to hyperglycemia via
impairing insulin production and secretion from b-cells, thus causing
b-cell loss in b-islets. Moreover, b-cell dysfunction and death are
caused by disrupted intracellular Ca2þ homeostasis, ER stress and
calpain hyperactivation [1]. In the INS-1 b-cell line having Wfs1
overexpression, transcriptomic analysis has revealed that WFS1
maintains b-cell function by enhancing the expression of insulin and
several b-cell maturity factors, such as Nkx2.2 and Nkx6.1, and by
suppressing ER stress-related pro-apoptotic pathways (e.g. Chop-
Trib3-Caspase 3 axis) [44]. Interestingly, Wfs1 KO and Cisd2 KO mice
have several phenotypes in common, including glucose dyshomeo-
stasis, b-cell dysfunction, elevated cytosolic Ca2þ levels, ER stress and
abnormal alterations to the transcriptome. These phenotypic overlaps
suggest that Cisd2 is likely to have a convergent role that functionally
interacts with Wfs1 in b-cells [4]. Notably, a recent study indicated that
Cisd2 overexpression can partially rescue the Ca2þ dysregulation
found in Wfs1-deficient neurons [42]. Thus, it is possible that there are
similarities between the pathogenic process involved in b-cell
dysfunction and insulin-dependent diabetes in both WFS1 and WFS2.

3.3. Translational perspective of atypical diabetes in WFS
Currently, there is no effective treatment to retard or reverse the
progression of WFS. Recent clinical and pre-clinical studies have
focused on targeting the following: (a) ER Ca2þ stabilizers such as
Dantrolene, Ibudilast and Sitagliptin; (b) drugs that reduce ER stress
such as Valproate, a GLP-1 receptor agonist; and (c) chemical chap-
erones such as 4-phenylbutyric acid and tauroursodeoxycholic acid
[1,45,46]. However, despite these ongoing trials, no single regimen or
combination has been approved by FDA for treating WFS. Thus, new
approaches and novel therapeutics are needed.
Intriguingly, a recent study has shown that overexpression of SERCA2b
or treatment with CDN1163 (an allosteric SERCA activator) can rescue
intracellular Ca2þ dysregulation, namely ER Ca2þ depletion and
cytosolic Ca2þ elevation, in both Wfs1 and Cisd2 deficient primary
neurons [42]. Notably, down-regulation of Serca2b expression has
been observed in b-cells of diabetic patients and db/db mice [47,48].
CDN1163 treatment has been shown to increase insulin synthesis and
exocytosis, as well as promoting mitochondrial function in the b-islets
obtained from WT mice and MIN6 b-cells. Moreover, In the context of
disease, CDN1163 ameliorates palmitate-induced insulin secretory
defects, lipotoxicity and trimethylamine N-oxide-induced b-cell
dysfunction [47e49]. Additionally, treatment with a GLP-1 receptor
agonist has improved glucose homeostasis in a WFS2 patient and it
was also found to enhances GSIS in INS-1 b-cells with Cisd2 KD [50].
These results suggest that a pharmacological restoration of Ca2þ

homeostasis could be an effective therapeutic strategy when treating
WFS.
Moreover, several naturally-derived polyphenols have been identified
as SERCA activators [51]. Therefore, the evaluation of the therapeutic
potentials of these polyphenols will be of great interest. Such an
approach for WFS could involve using MIN6-Cisd2KO as a cell platform
and Cisd2 bKO mice as a pre-clinical model.
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3.4. Limitations and perspectives
Two potential upstream regulators, Glis3 and Hnf1a, have been
identified and found to be significantly down-regulated when Cisd2
deficiency is present. These two transcription factors play crucial roles
in b-cell function and identity. However, the connection between Cisd2
and the activation of Glis3 and Hnf1a remains unclear. Accordingly, it
will be of great importance to study the mechanism underlying the
Cisd2-mediated regulation of Glis3 and Hnf1a.
In addition, in the Cisd2 bKO mice, we did not observe glycosuria until
they became middle aged at 12-mo old. This may be attributed to the
genetic background of these mice, since C57BL/6 is a diabetes-
resistant strain [52]. Therefore, further studies evaluating the pheno-
types of Cisd2 bKO mice in a diabetes-susceptible strain, such as the
DBA/2J, will be of great interest. Furthermore, Cisd2 bKO mice are
able to serve as an animal model to examine the synergistic effects of
Cisd2 deficiency and Western diet-induced glucose dysregulation. This
may help to pinpoint the interplay between atypical diabetes and the
metabolic dysfunction induced by a high-fat and high-sugar diet.
Regarding the human relevance of this study, currently this area re-
mains unexplored and warrants further investigation. Although the
phenotypes related to b-cell function are similar between WFS patients
and mouse models, specific research focusing on WFS2 remains
limited. In addition, mechanistic studies underlying the pathogenesis of
WFS have predominantly utilized WFS1-related mouse and cell models
[53]. Previously iPSC-derived b-cells from patients with diabetes has
been demonstrated to have a potential to be used in a mechanistic
study; such an approach would involve gene editing and cell therapy
evaluation [54]. It will be of great interest in the future to carry out a
mechanistic study involving human CISD2 and then move on to an
evaluation of novel therapeutic agents that might have been identified
through translational research using an iPSC-induced b-cell model
derived from WFS2 patients.

4. MATERIALS AND METHODS

4.1. Mouse models
To generate the b-cell-specific Cisd2 KO (Cisd2 bKO) mice, Cisd2
floxed allele (Cisd2 f/f) mice were crossed with transgenic mice car-
rying Insulin 1-Cre (Ins1-Cre; JAX026801). From this cross Cisd2 bKO
(Cisd2 f/f;Ins1-Cre) mice were obtained after two generations of
breeding. All the mice used in this study are male, with a pure or
congenic C57BL/6 background, and were housed under a 12-hour
lightedark cycle at constant temperature of 20e22�C in a specific
pathogen-free facility. Mice were euthanized using carbon dioxide
(CO2) inhalation. All animal protocols were approved by the Institutional
Animal Care and Use Committee of National Yang Ming Chiao Tung
University (No. 1070419) and adhered to the 3R principles (Replace-
ment, Reduction and Refinement) according to the “Animal Protection
Act” of Taiwan.

4.2. Oral glucose tolerance test, insulin tolerance test and insulin
secretion assay
For the oral glucose tolerance test, mice were orally administrated a
glucose solution (1.5 mg/g body weight) after fasting for 12 h (10:00
pm to 10:00 am). For the insulin tolerance test, mice were fasted for
2 h (9:00 am. to 11:00 am.) and then received an intraperitoneal in-
jection of insulin (0.75 U/kg body weight) (Actrapid human regular
insulin, Novo Nordisk, Bagsværd, Denmark). Blood samples were
collected at the indicated time points. Blood glucose levels were
measured using OneTouch Ultra glucose test strips and a SureStep
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Brand Meter (LifeScan, Milpitas, CA, USA). Serum insulin levels were
quantified using the Ultrasensitive Mouse Insulin ELISA kit (Mercodia,
Uppsala, Sweden, #10-1249-01).

4.3. Molecular histopathology and transmission electron
microscopy (TEM)
Mouse pancreatic tissue samples were harvested and fixed with 10%
formalin for 14e16 h at 4�C. The samples were then processed using
a tissue processor (STP120, MICROM, Walldorf, Germany) and
embedded in paraffin. Hematoxylin and eosin (H&E) and immunohis-
tochemistry (IHC) staining of 3e4 mm tissue sections were performed
using standard protocols. The primary antibodies used were Insulin
(Abcam, ab7842) and Glucagon (Sigma, G2654). TEM analysis was
conducted as previously described [55]. Briefly, freshly collected
mouse pancreatic tissues were fixed in TEM fixative buffer (1.5%
glutaraldehyde and 1.5% paraformaldehyde in 100 mM cacodylate
buffer at pH 7.3), post-fixed in 1% OsO4 and 1.5% potassium hex-
anoferrate and then washed in cacodylate and 200 mM sodium ma-
leate buffers (pH 6.0). The tissues were then block stained with 1%
uranyl acetate, dehydrated, embedded in Epon (EMS, Hatfield, PA,
USA, #14120) and sectioned for TEM analysis. The dilation of the ER
was quantified using ImageJ software.

4.4. Isolation of the b-islets from mouse pancreas
Pancreatic b-islets were isolated from mice using a combination of
enzymatic and mechanical digestion of the pancreas, which was fol-
lowed by density gradient separation, as previously described [56]. The
isolated b-islets were preserved in RNAlater RNA stabilization solution
(Thermo, AM7020) at �20�C prior to RNA isolation.

4.5. Cell culture
The MIN6 (CRL-11506, ATCC) mouse b-cell line was maintained in the
MIN6 complete medium (DMEM [11965, Gibco] supplemented with
15% fetal bovine serum, 2 mM L-glutamine, 1� penicillin and strep-
tomycin, 1� NEAA and 9 mM b-mercaptoethanol) in a humidified
incubator at 37�C with 5% CO2. The specific treatment protocols are
described in the respective figure legends.

4.6. Generation of Cisd2KO and lentivirus-mediated Cisd2 re-
expression (RE) MIN6 b-cell lines
The Cisd2 gene in the MIN6 b-cell line was disrupted using the
CRISPR/Cas9 system as previously described [57]. The gRNA/Cas9n
(D10A) plasmids were kindly provided by Dr. Tsai-Yu Tzeng (Cancer
and Immunology Research Center Genome Editing Core Facility,
NYCU). These plasmids were co-transfected into MIN6 b-cells using
PolyJet TM reagent (SL100688, SignaGen Laboratories). After selec-
tion of single cell colonies, Cisd2 gene deletion was confirmed by PCR
and DNA sequencing. The efficiency of Cisd2 protein knockout was
verified by Western blot analysis. To generate the Cisd2 re-expressed
MIN6 b-cell (Cisd2RE) line, one Cisd2KO clone was subjected to len-
tiviral vector infection. The Cisd2 expression plasmid was packaged in
lentivirus and produced by the National RNAi Core Facility at Academia
Sinica in Taiwan. The Cisd2KO MIN6 b-cells were infected with the
lentivirus in the presence of polybrene (8 mg/mL) in the MIN6 growth
medium. After infection, cells were selected for 72 h in growth medium
containing puromycin (3 mg/mL) (Invitrogen, A11138-03). The obtained
stable line was maintained in complete growth medium containing a
low dose of puromycin (1.5 mg/mL). The efficiency of Cisd2 re-
expression was assessed by Western blot analysis.
MOLECULAR METABOLISM 96 (2025) 102140 � 2025 The Author(s). Published by Elsevier GmbH. This is an open
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4.7. Intracellular calcium imaging
Intracellular Ca2þ imaging analysis was performed as previously
described [40]. Briefly, cytosolic Ca2þ was assayed at 37�C using a
ratiometric Fura-2 fluorescence Ca2þ probe on a single-cell fluorim-
eter. MIN6 b-cells were loaded with 2 mM Fura-2/AM (Invitrogen) in
culture medium at 37�C for 30 min. ER Ca2þ stores were depleted by
treating the cells with 2 mM thapsigargin (TAG) for 9 min in Ca2þ-free
medium. Subsequently, Ca2þ influx by SOCE was triggered by an
exchange into extracellular Ca2þmedium (0e2 mM) for 5 min. Fura-2/
AM were excited alternatively between 340 nm and 380 nm using a
Polychrome IV monochromator (Till Photonics, Grafelfing, Germany).
Images were captured using an Olympus IX71 inverted microscope
equipped with a xenon illumination system and an IMAGO CCD camera
(Till Photonics). The intensity of fluorescence emission at 510 nm was
recorded, stored digitally, and analyzed using the program TILLvisION
4.0 (Till Photonics, Grafelfing, Germany). Specific treatment protocols
are detailed in the corresponding figures and legends.

4.8. Measurement of the mitochondrial oxygen consumption rate
by the MIN6 b-cell line
The mitochondrial oxygen consumption rate (OCR) was measured
using a XFe24 analyzer (Seahorse Bioscience, North Billerica, MA, USA)
as previously described [12]. Briefly, MIN6 cells (4 � 103 cells/well)
were seeded onto a XF24 V7 plate and cultured in MIN6 complete
growth medium for 12e16 h. The culture medium was then replaced
with fresh assay medium (sodium bicarbonate free DMEM [Sigma,
D5648] supplemented with 2% FBS, 2 mM glutamine, 100 U/ml
penicillin, 100 mg/mL streptomycin and 1% NEAA) for 1 h prior to OCR
measurement. OCR was measured at 37�C before and after sequential
addition of the following compounds: 1 mM oligomycin A (an ATP
synthase inhibitor), 3 mM FCCP (a potent uncoupler of oxidative
phosphorylation), and 1 mM rotenone (a mitochondrial complex I in-
hibitor) with 1 mM antimycin A (a mitochondrial complex III inhibitor).
This procedure enabled the assessment of OCR contributions from
mitochondrial basal respiration, ATP-linked respiration, maximum
respiration, and non-mitochondrial respiration [58]. Results are pre-
sented in pmol/minute/mg protein.

4.9. Western blotting
Cell samples were homogenized in the RIPA lysis buffer (50 mM Tris at
pH 7.4, 150 mM NaCl, 0.5% Sodium deoxycholate, 0.1% SDS and 1%
Triton X-100) supplemented with complete protease inhibitor and
phosphatase inhibitor cocktails (Roche). The samples were then de-
natured in SDS sample buffer (50 mM Tris at pH 6.8, 100 mM
dithiothreitol, 2% SDS and 10% glycerol) for 10 min at 100�C. The
extracted proteins were separated by SDS-polyacrylamide gel elec-
trophoresis (Bio-Rad, Hercules, CA, USA) and then electro-transferred
to a polyvinylidene fluoride membrane (PerkinElmer, Waltham, MA,
USA). Next, the membranes were blocked with 5% (w/v) non-fat dried
milk solution for 1 h at room temperature, which was followed by
incubation with each of the specific primary antibodies for 16 h at 4�C.
The membranes were then washed, which was followed by incubation
with the relevant secondary antibodies. Protein signals were detected
using a visualizer kit (Millipore, Burlington, MA, USA, WBKLS0500).
The following antibodies were used: Cisd2 [12], Gapdh (Millipore,
MAB374), b-tubulin (Millipore, 05661), eIF2a (Cell signaling, 9722), p-
eIF2a (Cell signaling, 3398), Calnexin (Sigma, C4731), Vdac1 (Milli-
pore, MABN504), Anti-Rabbit IgG HRP Linked (Sigma, NA934) and
Anti-Mouse IgG HRP Linked (Sigma, NA931).
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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4.10. Real-time RT-qPCR
Total RNA was extracted from MIN6 cells using TRI Reagent (Sigmae
Aldrich, T9424). The cDNA was synthesized from total RNA by reverse
transcription using random hexamers (Roche, 11034731001) and
SuperScript� III reverse transcriptase (Invitrogen, 18080) according to
the manufacturer’s instructions. Real-time quantitative PCR was then
performed using the synthesized cDNA.

4.11. RNA isolation for RNA sequencing, and pathway analysis
Total RNA was isolated from RNAlater-preserved mouse b-islets using
an RNA extraction kit (Thermo, 12183018A). RNA sequencing and
pathway analyses were conducted as previously described [59].
Briefly, RNA sequencing was performed by Genomics Center for
Clinical and Biotechnological Applications, National Yang Ming Chiao
Tung University using single-end sequencing with a depth of at least
20 million reads per sample. After mapping, unique gene reads were
analyzed as expected counts in order to assess gene expression. A
total of 8,616 genes were analyzed after filtering to identify genes
expressed in mouse b-islets (minimal expected counts>200 detected
in at least 50% of samples). Normalized counts and the differentially
expressed genes (DEGs) were obtained using DESeq2 (using the Wald
test), with a false discovery rate (FDR) controlled to be below 0.05.
Enrichment analyses of Gene Ontology (GO) biological process anno-
tations and KEGG pathway analysis were conducted using the online
tool STRING (https://string-db.org). Canonical pathway analysis and
upstream analysis were performed using QIAGEN Ingenuity Pathway
Analysis (IPA) software (Ingenuity Systems�, www.ingenuity.com).
The normalized counts were transformed into z-scores (normalized
counts minus mean and divided by standard deviation [SD]) and these
z-scores were used to generate heatmaps using Multi Experiment
Viewer 4.9 software (mev.tm4.org).

4.12. Statistical analysis
Data are presented as mean � standard deviation (SD) or
mean � standard error of the mean (SEM) as indicated in the figure
legends. Comparisons between two groups were performed using
unpaired two-tailed Student’s t tests. Comparisons among multiple
groups were conducted using one-way ANOVA with the Bonferroni
multiple comparison test. Statistical significance was defined as
p < 0.05. All statistical analyses were conducted using GraphPad
Prism software (v10.0, GraphPad Software, San Diego, CA, USA).
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