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Pdia4 regulates 3-cell pathogenesis in diabetes:
molecular mechanism and targeted therapy
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Abstract

Loss of B-cell number and function is a hallmark of diabetes. p-cell
preservation is emerging as a promising strategy to treat and
reverse diabetes. Here, we first found that Pdia4 was primarily
expressed in B-cells. This expression was up-regulated in B-cells
and blood of mice in response to excess nutrients. Ablation of
Pdia4 alleviated diabetes as shown by reduced islet destruction,
blood glucose and HbAlc, reactive oxygen species (ROS), and
increased insulin secretion in diabetic mice. Strikingly, this abla-
tion alone or in combination with food reduction could fully
reverse diabetes. Conversely, overexpression of Pdia4 had the
opposite pathophysiological outcomes in the mice. In addition,
Pdia4 positively regulated B-cell death, dysfunction, and ROS
production. Mechanistic studies demonstrated that Pdia4 increased
ROS content in f-cells via its action on the pathway of Ndufs3
and p22°"*. Finally, we found that 2-B-D-glucopyranosyloxyl-
hydroxytrideca 5,7,9,11-tetrayne (GHTT), a Pdia4 inhibitor,
suppressed diabetic development in diabetic mice. These findings
characterize Pdia4 as a crucial regulator of B-cell pathogenesis and
diabetes, suggesting Pdia4 is a novel therapeutic and diagnostic
target of diabetes.
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Introduction

Globally, 425 million people live with diabetes, which causes about
5 million deaths annually. Diabetes is characterized by a failure of
functional B-cells to adapt insulin secretion to compensate for
increasing insulin resistance, driving diabetes development (Cerf,
2013). Thus, pancreatic B-cell failure is central to diabetes develop-
ment (Matthews et al, 1998; Donath & Halban, 2004; Harrity et al,
2006). Accordingly, accumulating data suggest that preserving a
portion of functional B-cells can change the clinical outcome of
diabetes (Defronzo, 2009; Leahy et al, 2010). However, none of the
current anti-diabetic drugs is clinically effective for this preserva-
tion. Therefore, identification of the key players in B-cell dysfunc-
tion and death help us gain insight and understanding into B-cell
pathogenesis and diabetes development and thus aids the develop-
ment of new strategies for diabetes treatment (Ardestani et al, 2014;
Ardestani & Maedler, 2016).

The mechanism underlying the maintenance of B-cell number
and function is extremely complex and is still poorly understood.
During diabetes, endoplasmic reticulum (ER) stress, inflammation,
and excess nutrients can induce aberrant reactive oxygen species
(ROS) in B-cells and other cell types (Robertson et al, 2004; Robert-
son, 2004). Under normal physiological conditions, ROS are consid-
ered to be essential signaling molecules in B-cells and other cells
(Trachootham et al, 2009). Nevertheless, during diabetes, exuberant
ROS accumulation leads to f-cell dysfunction and death (New-
sholme et al, 2012; Weaver et al, 2015) and peripheral insulin resis-
tance (Evans et al, 2005) in animals and humans with diabetes.
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Autophagy, apoptosis, and necrosis are implicated in B-cell death
(Nakamura et al, 2006; Quan et al, 2012). The mitochondrial
electron transport chain (ETC) is thought to be a major machin-
ery for ROS production in B-cells though NADPH oxidase (Nox),
ER oxidoreductin 1 (Erol), and certain pathways may also be
implicated (Bindokas et al, 2003; Harrity et al, 2006; Leung &
Leung, 2008). In contrast, ROS can be eliminated by antioxidant
proteins such as glutathione peroxidase (Gpx), catalase, and
superoxide dismutases (Sod). In particular, B-cells are more
vulnerable to aberrant ROS than other cell types due to the low
expression level of antioxidant proteins (Lenzen et al, 1996;
Tiedge et al, 1997).

Protein disulfide isomerases (Pdis) in mammals, including eight
typical Pdis with CGHC motifs and 13 atypical Pdis with C/SXXC/S
motifs, represent a family of multifunctional enzymes with oxidore-
ductase and chaperone activities (Maattanen et al, 2006). Most of
the Pdis have an ER retention motif (Ni & Lee, 2007; Galligan &
Petersen, 2012). However, more and more data show that in addi-
tion to being present in the cytosol (ER and other organelles),
Pdis reside in the nuclei and membrane (Turano et al, 2002) and
plasma of different cell types (https://www.proteinatlas.org/
ENSG00000155660-Pdia4/cell). Thus, Pdis are thought to possess
ER-relevant and ER-irrelevant localizations and functions such as
other ER chaperones (Schultz-Norton et al, 2006; Xiong et al, 2012).
This family is presumed to implement their functions via multiple
mechanisms, e.g., the catalysis of disulfide bonds and conforma-
tional maintenance and regulation of their specific interaction part-
ners and substrates (Maattanen et al, 2006; Schultz-Norton et al,
2006). More recently, Pdial has been characterized as a molecular
chaperone to activate estrogen receptor via stabilizing the receptor
(Schultz-Norton et al, 2006; Xiong et al, 2012). The role of Pdis in
health and disease is poorly studied (Ni & Lee, 2007; Galligan &
Petersen, 2012) though they might be implicated in infection (Nag-
uleswaran et al, 2005; Ou & Silver, 2006), fertilization (Ellerman
et al, 2006), coagulation (Manukyan et al, 2008), immunity (Garbi
et al, 2006), tumors (Goplen et al, 2006), or cell viability/growth (Li
& Lee, 1991; Severino et al, 2007). Emerging evidence obtained
from yeast and worms suggests that the function of Pdis is not
always redundant (Norgaard et al, 2001; Winter et al, 2007). Pdia4
is structurally unique because it is the largest member with three
GCHC motifs in the family. Unlike Pdia3 (Garbi et al, 2006), Pdia4
is not an essential gene since its knockout mice were shown to
survive without any noticeable phenotype (Almeida et al, 2011; Kuo
et al, 2017). Its expression could be further induced by calcium flux
(Li & Lee, 1991), ER stress (Li & Lee, 1991; Parker et al, 2001) and
hypoxia (Pawar et al, 2011) in tumors. However, like other Pdis,
nothing is known about the role of Pdia4 in diabetes, and its thera-
peutic potential and molecular basis in diabetes has not been deci-
phered.

In this study, we first evaluated the expression level of Pdia4
in the pancreatic islets and sera in mice and humans. Next, mice
with Pdia4 knockout and overexpression were generated to evalu-
ate the impact of Pdia4 on B-cell pathogenesis and diabetes. In
parallel, we elucidated the molecular mechanism of Pdia4 in ROS
generation and B-cell pathogenesis. Finally, we identified 2-B-D-
glucopyranosyloxyl-hydroxytrideca 5,7,9,11-tetrayne (GHTT) as a
Pdia4 inhibitor, which was used to assess its anti-diabetic potential
in diabetic mice.
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Results

Up-regulation of Pdia4 protein in pancreatic islets and sera of
mouse and human origin in response to excess nutrients

To explore the likely role of Pdis in B-cells, we first compared the
mRNA level of 8 typical Pdis (al, a2, a3, a4, a5, a6, al3, and al5)
and 2 atypical Pdis (al6 and al9) in Min6 cells, a mouse B-cell line,
and mouse islets. The real-time polymerase chain reaction (RT-PCR)
data showed that 4 Pdis (al, a3, a4, and a6) had a higher transcrip-
tional level than the rest in those cells (Appendix Fig S1A). In marked
contrast, the protein level of Pdia4, but not Pdial, Pdia3, or Pdia6,
was up-regulated by glucose in Min6 cells (Appendix Fig S1B). This
up-regulation was consistent with the presence of a putative ER stress
responsive element (ERSE) in the Pdia4 promoter (Appendix Fig
S1C). Further, high glucose increased the activity of Pdia4 promoter
in Min6 cells (Appendix Fig S1D). Next, we investigated the expres-
sion pattern of Pdia4 in mouse tissues. We discovered that Pdia4 was
expressed in mouse pancreata and islets to a greater extent than in
liver, kidney, testis, and fat tissue (Fig 1A). Further, Pdia4 was
expressed in B-cells but not a-cells of mouse islets (Fig 1B). However,
we could not rule out its expression in other pancreatic cell types. Of
note, this expression was up-regulated in response to a high dose of
glucose (left, Fig 1C) and palmitate (right, Fig 1C) in Min6 cells. Like-
wise, Pdia4 was expressed in human islets and this expression was
further up-regulated by excess nutrients (Fig 1D). Accordingly, the
in vivo studies revealed that Pdia4 was expressed in pancreatic islets
of wild-type (WT) control mice and this expression level was further
elevated in pancreatic islets of diabetic Lepr®®®® mice (Fig 1E). The
up-regulation of Pdia4 in pancreatic islets correlated well with
diabetes development in Lepr”® mice and Lep®”°® mice (Fig 1F),
two spontaneous mouse models of diabetes. Equally importantly,
serum Pdia4 also went up with diabetes development in Lepr®
mice, high-fat diet (HFD)-fed B6 mice, and diabetic patients (Fig 1G).
Since Pdia4 was initially documented as an ER-resident protein with
an ER retention motif, KEEL®*7°* | at its C-terminus (Ni & Lee, 2007;
Galligan & Petersen, 2012), we thus examined the subcellular distri-
bution of Pdia4 in Min6 B-cells. Surprisingly, the immunoblotting
data indicated that Pdia4 was distributed in the nuclei, cytosol,
membrane, mitochondria, and ER of Min6 cells (Fig 1H). Consis-
tently, mass spectroscopy (MS) data also confirmed that despite its
KEEL motif, Pdia4 resided in the aforesaid compartments of Min6 (-
cells and mouse serum (Appendix Fig S1E).

Overall, the data showed that Pdia4 was expressed in the
pancreas and was distributed in different cell compartments. The
remainder of the study concentrated on the investigation of Pdia4 in
B-cell pathogenesis and diabetes.

Reduction of ROS, HbA1c, islet atrophy, and islet cell death, and
increase in f-cell function and longevity in Pdia4-deficient mice

The fact that the Pdia4 expression increased with diabetes develop-
ment in mice and humans prompted us to examine whether it could
trigger B-cell pathogenesis and diabetes. First, conventional Pdia4
knockout mice (Pdia4~/~ B6) were bred as published (Almeida et al,
2011; Kuo et al, 2017). The mice were bred into BKS (Pdia4 /~ BKS)
and, subsequently, Lepr®? backgrounds (Pdia4™~ Lepr?”®) in
Appendix Fig S2A. WT and Pdia4~/~ mice on B6 (Almeida et al,
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Figure 1. Expression and distribution of Pdia4 in pancreatic islets and/or other tissues.

A Total lysates of different mouse organs underwent immunoblotting analysis using anti-Pdia4 and anti-actin antibodies.

B Confocal analysis of Pdia4 and insulin (Ins) or glucagon (Gcg) in mouse islets. The tissues were stained with the indicated antibodies and analyzed using a confocal
microscope. Scale bar =100 pum.

C Miné6 cells were treated with glucose and palmitate at the indicated dosages. Total lysate underwent immunoblotting analysis using the indicated antibodies.

D Human islets were treated with glucose and palmitate at the indicated dosages, followed by immunoblotting analysis.

E The islets of WT BKS and diabetic Lepr®® mice underwent immunoblotting analysis.

F IHC analysis of the islets from Leprdb/db
indicate islet regions.

G Sera from wild-type (WT) BKS and Lepr®®® mice, aged 4, 8, and 18 weeks, B6 mice, fed with a normal diet (ND) and a high-fat diet (HFD) for 4 weeks, and humans,
healthy volunteers and diabetic patients (T2D), were quantified for Pdia4 level using an anti-Pdia4 ELISA kit.

H Immunoblotting analysis of Pdia4 and markers in the cytosolic (Cyto), nuclear (Nuc), membrane (Mem), mitochondrial (Mito), and ER compartments of Ming 6 cells
using the indicated antibodies.

ob/ob

and Lep' mice at the indicated ages using anti-Pdia4 antibody and hematoxylin. Scale bar = 100 um. The dash circles

Data information: Data from 3 experiments (A-E, F and H) and more (C) are presented as the mean + SD. One-way ANOVA test was used for statistical analysis of
differences between groups, and P (*) < 0.05; P (**) < 0.01 and P (***) < 0.001 are considered statistically significant. The number of mice (n) is indicated in parentheses.
Source data are available online for this figure.
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2011; Kuo et al, 2017) and BKS backgrounds (Appendix Fig S2)
were diabetes-free. As expected, Lepr®? mice spontaneously
developed diabetes by 8 weeks of age and this diabetes became
more severe with age as evidenced by fasting blood glucose (FBG,
Appendix Fig S2A), postprandial blood glucose (PBG, Appendix Fig
S2A), the percentage of glycosylated hemoglobin Alc (Hbai,
Appendix Fig S2B), glucose tolerance (Appendix Fig S2C), homeo-
static model assessment (HOMA) indices (Appendix Fig S2D), and
diabetic incidence (Appendix Fig S2E). In sharp contrast, Pdiad "
“Lepr?®4 mice developed borderline diabetes with average FBG
and PBG of around 109 and 289 mg/dl at 24 weeks of age, respec-
tively (Appendix Fig S2A). Closer analysis revealed that 58% of the
Pdia4~~Lepr®”®® mice whose PBG was 137 mg/dl by 24 weeks of
age, were diabetes-free (Pdia4™ Lepr®, Appendix Fig S2E)
compared to the rest (42%) which exhibited slight diabetes with
PBG around 340 mg/dl (Pdia4 /" Lepr®®?, Appendix Fig S2E). The
diabetes-free and diabetic mice had daily food intake of 6.8 and
7.9 g, respectively. Regression analysis indicated a strong correla-
tion between PBG and food intake in Pdia4™ Lepr®? mice
(R* = 0.98, Appendix Fig S2F). Consistently, Pdia4/ Lepr®®
mice, given 6.8 g feed/day/mouse from 4 to 24 weeks of age,
showed completely arrested diabetes development (Pdia4/~Lepr™®
@b 1 FR, Appendix Fig S2E). In contrast, a ROS scavenger, vitamin
C, at 375 mg/kg failed to affect diabetes development in Lepr?®@®
mice (Lepr®9’ + VitC, Appendix Fig S2E). As published (Brem
et al, 2007), Lepr®? mice showed decreased food intake and PBG
with age over a period of 90 weeks (Appendix Fig S3A and B).
However, Pdia4d™ ’Leprdb/ 4 mice, aged 55 weeks and over, had
much lower PBG and HbAlc than the age-matched Lepr®% mice
(Appendix Fig S3B and C). Of note, Pdia4 /" Lepr®”% mice showed
more effective amelioration of diabetes than the age-matched
Lepr®@ mice as shown by water consumption (right, Appendix Fig
S3A), PBG (Appendix Fig S3B), glucose tolerance (Appendix Fig
S3D), islet preservation (Appendix Fig S3E), survival rate (top,
Fig 2A), and life span (bottom, Fig 2A). No significant difference in
food intake was observed between Lepr®”® and Pdia4~~Lepri®
mice, from 8 to 90 weeks (left, Appendix Fig S3A). Strikingly, all
the Pdia4”~Lepr™? mice became diabetes-free by the age of
55 weeks and beyond, which correlated with decreased food intake
in aged mice (Appendix Fig S3).

We also examined the structure and function of pancreatic islets
in WT and Pdia4 mice. Islet size in the four mouse lines aged
18 weeks was in the following ascending order: Lepr®™® mice <

Tien-Fen Kuo et al

WT BKS mice = Pdia4/~ BKS mice < Pdia4 ™ *Lepr‘ﬂ’/ b mice (odns,
Fig 2B). Also of note, the degree of islet atrophy in both mouse
backgrounds correlated with ROS accumulation in islets (dihy-
droethidium (DHE), Fig 2B) and blood (Fig 2C). To investigate
the role of Pdia4 in B-cell proliferation and demise, we checked
cell proliferation and death of mouse islets using 5-bromo-2-
deoxyuridine (BrdU) labeling assays and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL), respectively. BrdU
data showed no significant difference in cell proliferation of pancre-
atic islets between WT and Pdia4/~ mice on BKS and Lepri®@
backgrounds irrespective of Pdia4 content (left, Fig 2D). In sharp
contrast, Leprdb/ 4> mice had more TUNEL-positive islet cells, dead
cells, and living cells undergoing proliferation and repair, than
Pdia4~~Lepr?®% mice, WT, and Pdia4~~ BKS mice (right, Fig 2D).
Both types of assays suggest that Pdia4 is inversely correlated to cell
death in mouse islets. Furthermore, we generated islet-specific Pdia4
knockout mice (Pdia4”"Lepri®Cre'¥%) to verify the islet-specific
function of Pdia4 in islets and diabetes (Appendix Fig S4). The
conditional Pdia4 knockout mice (Appendix Fig S4) had similar pre-
clinical parameters to the conventional Pdia4 knockout mice (Fig 2
and Appendix Fig S2) in terms of FBG, PBG, Hb,;., serum insulin,
islet atrophy, ROS, HOMA indices, and glucose tolerance.

Moreover, Pdia4 ™~ mice had better B-cell function than WT
mice on BKS and Lepr®? backgrounds as evidenced by HOMA-B
(Appendix Fig S2D), serum insulin (Fig 2E), and glucose-stimulated
insulin secretion (GSIS) (Fig 2F). At 8 weeks of age, Lepr®”® and
Pdia4~~Lepr®? mice had a high but similar level of serum insulin
compared to a low serum insulin level in WT BKS and Pdia4 "~
BKS mice (8 weeks, Fig 2E). However, at 18 weeks of age and
beyond, Pdia4~~Lepr®”“’ mice continued to produce high serum
insulin while Lepr® mice gradually lost their serum insulin (18
and 30 weeks, Fig 2E). Consistently, GSIS data indicated that
Pdia4~/'~ islets had better function than WT islets regardless of
mouse background (Fig 2F). Serum insulin change seemed to reflect
the status of B-cell function and/or insulin resistance.

Taken together, the loss-of-function data suggest that Pdia4 is a
key regulator for B-cell pathogenesis and diabetes.

Increase in diabetes, ROS, HbAlc, and islet atrophy and decrease
in p-cell function in Pdia4 transgenic mice

In parallel, a gain-of-function approach was taken to confirm the
role of Pdia4 in diabetes development. Pdia4 transgenic (Pdiad'®/'8)

Figure 2. Pdia4 ablation increases survival rate and longevity and reduces islet atrophy, ROS production, and islet cell death, elevates serum insulin, and

potentiates p-cell GSIS in Pdia4—'~Lepr®®®® mice.

A Survival rate and life span of WT, Pdia4~/~ (KO), and Pdia4™®/® (TG) mice on Lepr®/@ background from birth to 120 weeks (Appendix Figs S2A and S6A).
B Pancreata of 18-week-old WT and Pdia4~/~ (KO) mice on BKS or Lepr®®®® background were stained with anti-insulin (aIns) antibody and dihydroethidium (DHE)
(left). Islet area (um?) and relative fluorescence intensity (RFI) were quantified (right). Scale bar: 100 um. The dash circles indicate islet regions.

C  Serum ROS of the 18-week-old mice (B) were determined.

D  The same batch mice as in (B) were given water containing BrdU. The BrdU™ cells of the islets were visualized and quantified (BrdU™ labeling). TUNEL-positive cells
in the islets of the mice (B) were visualized and quantified (TUNEL assay). BrdU™ cells per islet area (0.01 mm?) and TUNEL" cells per islet area (0.05 mm?) are
expressed in arbitrary units (AU). The dash circles indicate islet regions, and the black arrowheads indicate TUNEL" cells.

E, FELISA kits were used to quantify serum insulin (E) of the same mice as in (B) and their supernatants of the mouse islets (F) in GSIS assays. High glucose (HG,

16.7 mM) or low glucose (LG, 3.3) was used in GSIS assays.

Data information: The number of mice (n) is indicated in parentheses. Data from over three experiments are presented as the mean + SD. Log rank (A) and one-way
ANOVA test (B—F) were used for statistical analysis of differences between groups, and P (*) < 0.05; P (**) < 0.01 and P (***) < 0.001 are considered statistically significant.

Source data are available online for this figure.
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Figure 3. Pdia4 overexpression increases islet atrophy and ROS production, decreases serum insulin, and impairs p-cell GSIS in Pdia4‘g/tgLepr’”’/’"’ mice.

A Serum insulin of WT and Pdia4'®/® (TG) mice on BKS or Leprd”/"b background (Appendix Fig S6A), at the indicated ages, was measured using an ELISA kit.

B Pancreata of the same batch of mice as in (A), at the age of 14 weeks, were stained with anti-insulin (aIns) antibody and DHE (left). Islet area (um?) and relative
fluorescence intensity (RFI) were quantified (right). Scale bar =100 pum. The dash circles indicate islet regions.

C Serum ROS of the mice from (A) were determined.

The islets of the mice from (C) were tested for GSIS. High glucose (HG, 16.7 mM) or low glucose (LG, 3.3 mM) was used in GSIS assays.

E Pancreatic islets of WT, Pdia4 ™/~ (KO) and Pdia4'®’e (TG) BKS mice, which received an intraperitoneal dose of glucose (1 g/kg body weight) for 0.5 h, were isolated
and divided into 2 aliquots. One aliquot of the islets was stained with anti-insulin antibody and measured for their basal insulin content using flow cytometry
analysis (O h). The other aliquot of the islets were grown in a complete medium for 24 h, and their insulin content was measured (24 h).

(w]

Data information: Data from 3 experiments (E) and more (A-D) are presented as the mean + SD. One-way ANOVA test was used for statistical analysis of differences
between groups, and P (*) < 0.05; P (**) < 0.01 and P (***) < 0.001 are considered statistically significant. The number of mice (n) is indicated in parentheses.
Source data are available online for this figure.

mice on B6, BKS, and Lepr®’ backgrounds, which expressed a (Appendix Figs S5 and S6). HFD-fed B6 mice were used as a murine
high level of transgenic Pdia4 in islets, were created and monitored model because they are closest to human metabolic syndrome (Hin-
for diabetes (Appendix Fig S5A). No noticeable phenotypes were der et al, 2017). However, HFD-fed Pdia4'®'® B6 mice developed
observed in WT and transgenic mice on B6 and BKS backgrounds moderate diabetes as evidenced by BG, HbA;., GTT, and diabetic
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incidence in comparison with HFD-fed WT and Pdia4 /= B6 mice
(Appendix Fig S5A-E). Further, HFD-fed Pdia4'®/*® B6 mice had
worse HOMA-B and islet atrophy than HFD-fed WT and Pdia4 ™~ B6
mice (Appendix Fig SS5F and G). Likewise, Pdia4'8/®8Lepr®” % mice
spontaneously developed diabetes by 6 weeks of age, around
2 weeks earlier than the age-matched Lepr®? controls, and,
finally, both lines reached a profound degree of diabetes as
evidenced by FBG, PBG and HbA;. (Appendix Fig S6A). At 7 weeks
of age, Pdia4'®/*Lepr®/4® mice had a higher level of serum insulin
than Lepr‘ﬂ’/ @ mice (Fig 3A). Afterward, the serum insulin in
Pdia4'®*®Lepr®®® and Lepr®? gradually decreased with age (14—
18 weeks, Fig 3A). However, WT and Pdia4'®/*® BKS mice had basal
serum insulin levels that remained unaltered over the lifetime
(Fig 3A). The change in serum insulin was consistent with HOMA
indices (Appendix Fig S6B) and glucose tolerance (Appendix Fig
S6C) in the four mouse lines. Further, we checked the structure and
function of pancreatic islets in WT and Pdia4'®/'® mice on BKS and
Lepr®/@ backgrounds. By 14 weeks of age, islet size in the four
mouse lines was (in descending order), Lepr®® mice > Pdia4'8/'¢
Lepr®/@® mice = Pdia4'®/'® BKS mice = WT BKS mice (oIns, Fig 3B).
Similar to islet atrophy (alns, Fig 3B), ROS accumulation in the
islets (DHE, Fig 3B), and sera (Fig 3C) of Pdia4'®'®Lepr®/4® mice
was more pronounced than that seen in the islets and sera of
Leprdb/ 4> pdiaq'®’'® BKS mice, and WT BKS mice. Moreover,
Pdia44'¢*Lepr®® mice had worse p-cell function than Lepri®®®
mice, Pdia4'®’*® BKS, and WT BKS mice as evidenced by in vitro
GSIS assays (Fig 3D) and in vivo HOMA-B (right, Appendix Fig
S6B). Accordingly, flow cytometry analysis showed that the basal
level of insulin content in Pdia4~~ islets was slightly higher than
that of insulin content in WT and Pdia4'®’ islets (0 h, Fig 3E). Like-
wise, Pdia4 ™ islets produced slightly more insulin than WT and
Pdia4'®/'® islets in complete DMEM medium 24 h post-culture (24 h,
Fig 3E). Collectively, the data on Pdia4 overexpression suggest that
Pdia4 promotes B-cell pathogenesis and diabetes.

Pdia4 in the regulation of cell dysfunction, cell death,
ROS production, and the activity of Nox and ETC Cl in
pancreatic islets

Given that Pdia4 was implicated in the increase of ROS generation
and islet atrophy during diabetes, we next investigated cell death of
pancreatic islets in WT, Pdia4~~, and Pdia4'®’'® BKS mice. Propid-
ium iodide (PI) staining data indicated a similar basal extent of cell
death in Pdia4'®'8, WT, and Pdia4 /" islets in the presence of low

EMBO Molecular Medicine

glucose (LG, Fig 4A). In contrast, Pdia4'®/'® islets had more cell
death than WT and Pdia4 " islets in the presence of high glucose
(HG, Fig 4A). Immunoblotting data showed that Pdia4'®/'8 islets had
slightly more Beclin 1, LC3-I, LC3-1I, and p62 than the WT and
Pdia4™/~ islets in the presence of low glucose (LG, Fig 4B). In
contrast, Beclin 1, LC3, and p62 showed a greater increase
in Pdia4'®/'8 islets in comparison with WT and Pdia4™/~ islets in
response to high glucose (HG, Fig 4B). Next, we compared the ROS
content in the mitochondria and cytosol of pancreatic islets of WT,
Pdia4~/~, and Pdia4'®/*® BKS mice. The mitochondrial ROS level in
pancreatic islets of BKS mice at a low glucose concentration was (in
descending order): Pdia4'8/® islets > WT islets = Pdia4 ™~ islets (LG,
Fig 4C). In contrast, the mitochondrial ROS level of mouse pancre-
atic islets at a high glucose concentration was (in descending order):
Pdia4'8/'® islets > WT islets > Pdia4 ™~ islets (HG, Fig 4C). Similarly,
the cytosolic ROS level in the pancreatic islets of BKS mice at a low
glucose concentration was (in descending order): Pdia4'8/'8 islets >
WT islets = Pdia4™/~ islets (LG, Fig 4D). In contrast, the cytosolic
ROS level in mouse pancreatic islets at a high glucose concentration
was (in descending order): Pdia4'®/8 islets > WT islets > Pdia4 ™/~
islets (HG, Fig 4D).

Furthermore, we measured mitochondrial ETC and Nox activities
in pancreatic islets in WT, Pdia4 ™™, and Pdia4'®/'8 BKS mice using
MitoCheck assays and luminometry, respectively. MitoCheck assays
indicated that the activity of ETC CI in the isolated mitochondria of
the three mouse pancreatic islets was (in descending order):
Pdia4'®/'8 islets > WT islets > Pdia4 /" islets (CI, Fig 4E). However,
there was no difference in the activity of ETC CII/IIl and ETC CIV
(CII/1I and CIV, Fig 4E) in the isolated mitochondria of three mouse
pancreatic islets. On the contrary, luminometric assays demon-
strated that the Nox activity in pancreatic islets of BKS mice at a low
glucose concentration was (in descending order): Pdia4'®’®8 islets >
WT islets = Pdia4™~ islets (LG, Fig 4F). However, the Nox activity
in pancreatic islets of BKS mice at a high glucose concentration was
(in descending order): Pdia4'8’®8 islets > WT islets > Pdia4 /™ islets
(HG, Fig 4F). In parallel, we assessed the effect of Pdia4 on the
expression level of antioxidant enzymes in mouse pancreatic islets.
We found no difference in the protein levels of Sod1, Sod2, Gpxl1,
and catalase in the islets of WT, Pdia4 /", and Pdia4'®/*® mice
(Appendix Fig SGE).

We also checked the significance of Pdia4 in the function of B-
cells using a transmission electron microscope (Fig SA). We found
that the number of mitochondria in B-cells of BKS and Lepr®/d®
mice was (in descending order): Pdia4™~ B-cells > WT B-cells >

Figure 4. Pdia4 is involved in the regulation of cell death, ROS accumulation, and the activity of ETC and NOX.

A The islets of WT, Pdia4 ™/~ (KO), and Pdia4*®®® (TG) BKS mice were isolated and grown in complete DMEM medium containing 3.3 mM (LG) and 30 mM glucose
(HG) for 12 h. The islets stained with propidium iodide (PI), photographed, and quantified. Scale bar =50 um.
B The islets from the mice (A) were treated with 3.3 mM (LG) or 30 mM glucose (HG). After lysis, the lysates underwent immunoblotting analysis using the antibody

against Beclin 1, LC3, p62 and actin.

C, D The islets from the mice (A) were incubated with MitoGreen plus MitoSOX (C) or Hoechst 33342 (Ho) plus CM-H,DCFDA (D) in the presence of glucose at 3.3 mM
(LG) and 16.7 mM (HG). Mitochondrial (C) and cytosolic ROS (D) in the islets were visualized and quantified. Scale bar =100 pm.

E Mitochondria isolated from the mouse islets (A) were measured for the activity of ETC Cl (left), ClI/Ill (middle), and CIV (right) using MitoCheck assays.

F The membrane fraction of the pancreas from the mice (A) was measured for Nox activity using luminometric assays.

Data information: Data from three experiments are presented as the mean + SD. One-way ANOVA test was used for statistical analysis of differences between groups,

and P (*) < 0.05; P (**) < 0.01 and P (***) < 0.001 are considered statistically significant.

Source data are available online for this figure.

© 2021 The Authors
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Figure 5. Pdia4 affects mitochondria and insulin granules in p-cells.

Tien-Fen Kuo et al

A Ultrastructure of mitochondria and insulin granules in typical p-cells of three mouse lines on BKS and Lepr®®® backgrounds. Arrows indicate the mitochondria

whereas arrowheads indicate insulin granules. Scale bar =1 pm.

B Average number (left), average area (middle), and swelling percentage (right) of the B-cell mitochondria from the mouse pancreatic islets (A) in microscopic sections.
C The average number of insulin granules in B-cells from the mouse pancreatic islets (A) in microscopic sections.

Data information: A total of 15-23 images per group were analyzed. Data from each group are presented as the mean + SD. One-way ANOVA test was used for statistical
analysis of differences between groups, and P (*) < 0.05; P (**) < 0.01; and P (***) < 0.001 are considered statistically significant.

Source data are available online for this figure.

Pdia4'®'® B-cells (left, Fig 5B). In contrast, the average area and
swelling of p-cell mitochondria in BKS and Lepr®®?’ mice was (in
descending order): Pdia4'®/'8 B-cells > WT B-cells > Pdia4 =~ B-cells
(middle and right, Fig 5B). In addition, the insulin granule number
of B-cells in BKS and Lepr®“ mice was (in descending order):
Pdia4~'~ B-cells > WT p-cells > Pdia4'8/'® B-cells (Fig 5C). The data
on mitochondria and insulin granules imply an inverse association
between Pdia4 and B-cell function.

Overall, the data suggest that Pdia4 modulates ROS production
and, subsequently, cell death and cell dysfunction in B-cells through
the regulation of Nox and ETC activities.

Characterization of the interaction of Pdia4 with Ndufs3
and p22°P"ex

To decode the molecular basis of Pdia4 for ROS production in B-
cells, we teased out the interaction of Pdia4 with the ROS-generating
machinery such as the mitochondrial ETC, Nox, and Erol pathways.
Proteomic analysis of the Pdia4 and mock precipitates in Min6 cells
identified Ndufs3, a component of ETC CI, and, p22P"*, a common
component of Nox 1 to 4, but not Erol as potential interacting part-
ners of Pdia4 (data deposited at PeptideAtlas (PASS01396). Consis-
tently, immunoprecipitation assays showed that Pdia4 bound
Ndufs3 (top left, Fig 6A) and p22P°* in Min6 cells where those
three were endogenous proteins (right, Fig 6A). However, Pdia4 did
not bind Erol (bottom left, Fig 6A) or the component of ETC CII to
IV (top left, Fig 6A). Confocal data showed that Pdia4 was colocal-
ized with Ndufs3 and p22P"°* in the mitochondria and membrane of
Miné6 cells, respectively (Fig 6B). To further verify the interaction of
Pdia4 with Ndufs3 and p22P"%, we co-expressed Pdia4 and Ndufs3
or p22P°% with different tags at their N-terminus in 293T cells. We

Figure 6. Binding domain mapping analysis of Pdia4 and Ndufs3 or p22P"°x,

confirmed this interaction in 293T cells using those proteins with
different tags (Fig 6C). Further, we tested the in vitro direct interac-
tion between Pdia4 and its partners. Pull-down assays revealed that
Pdia4 specifically and directly bound to Gst-Ndufs3 and Gst-p22P"°
but not Gst-TecSH3, an irrelevant protein (Fig 6D), and Nox 1 to 4
(Appendix Fig S7A). We also explored the action of Pdia4 on the
stability of Ndufs3 and p22P"°* in the presence of protease
(Appendix Fig S7B). The co-incubation assays showed that Pdia4
protected against the trypsin-mediated degradation of Ndufs3 (top,
Appendix Fig S7B) and p22P"* (bottom, Appendix Fig S7B) more
than an irrelevant protein, bovine serum albumin (BSA), implying
that Pdia4 stabilized the ROS-generating pathways.

To pinpoint the interaction domain in Pdia4, Ndufs3, and
P22PRoX 93T cells co-expressing Flag-tagged Pdia4 or its dele-
tion/point mutation mutants and full-length Ndufs3 or p22Phox
with Myc/Flag tags were tested. Co-immunoprecipitation experi-
ments using Myc antibody showed that the first two CGHC
domains (a and a’) of Pdia4 were mainly responsible for its interac-
tion with Ndufs3 (left, Fig 6E) and p22P"°* (right, Fig 6E). In
contrast, non-catalytic domains (b and b’) of Pdia4 failed to bind
Ndufs3 and pZth"X (Pdia432%515, Fig 6E). However, conversion of
CGHC into SGHS in the three CGHC domains of Pdia4 resulted in
the loss of its ability to bind Ndufs3 and p22P"°* (Pdia4*, Fig 6E).
The same strategy was used to characterize the interaction domain
of Ndufs3 or p22P"°* for Pdia4. The results showed that the domain
corresponding to the first 132 amino acids of Ndufs3 (truncated
Ndufs3, tNdufs3) or the domain corresponding to the first 99
amino acids of p22PP°* (truncated p22P"°%, tp22P"°%) was the
domain for Pdia4 association (Fig 6F). Overall, these data suggest
that Pdia4 interacts with Ndufs3 and p22P"°* in a CGHC motif-
dependent fashion.

A Mitochondrial (Mito, top left), ER (bottom left) and membrane (Mem, right) fractions of Min6 cells were precipitated with isotype (Iso) or anti-Pdia4 (Pdia4) antibody.

The fractions and immunoprecipitates (IP) underwent immunoblotting analysis.

B Confocal analysis of the indicated proteins in Min6 cells. Min6 cells were intracellularly stained with anti-Pdia4 and anti-Ndufs3 antibodies plus MitoRed (top). Min6
cells were surface stained with anti-Pdia4 antibody, followed by intracellular staining with anti-p22°"* antibody (bottom). Scale bar =5 pm.

C The construct encoding Flag-Pdia4 and that expressing Myc/Flag-tagged Ndufs3 (top) or p22°™° (bottom) were co-transfected into 293T cells. Total lysates of the cells
were incubated with anti-Myc (left) or anti-Pdia4 (right) antibodies plus protein G beads. Their total lysates (TL) and immunoprecipitates (IP) underwent

immunoblotting analysis anti-Flag antibody.

D His-tagged Pdia4 was incubated with the recombinant proteins, Gst-TecSH3, Gst-Ndufs3, and Gst-p22P"®. The immunoprecipitates (IP) and recombinant proteins

underwent immunoblotting analysis with anti-Gst and anti-His antibodies.

E The construct encoding Flag-Pdia4 or its mutants and that expressing Myc/Flag-tagged Ndufs3 (left) or p22°"°* (right) were co-transfected into 293T cells. Total
lysates (TL) and anti-Myc immunoprecipitates (Myc IP) underwent immunoblotting analysis. N-terminal Flag tag, catalytic domains (a, @, and a”), non-catalytic
domains (b and b’), and C-terminal KEEL are indicated. Pdia4* is a mutant of Pdia4 whose three CGHC motifs were changed into three SGHS motifs (a*, a™*, and a”*).

F  The construct encoding Myc/Flag-tagged p22P"°*, Ndufs3 or their mutants and that expressing Flag-tagged Pdia4 were co-transfected into 293T cells. Total lysates
(TL) and anti-Myc immunoprecipitates (Myc IP) underwent immunoblotting analysis using anti-Flag antibody.

Source data are available online for this figure.
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Molecular regulation of ROS generation by Pdia4 in

pancreatic p-cells

Furthermore, we wanted to address how Pdia4 controlled B-cell ROS
production via ETC and Nox pathways. First, a genetic approach
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was used to examine the function of Pdia4 in ROS production. The
content of mitochondrial and cytosolic ROS in Min6 GK cells, a
scramble control, Min6 KD cells with Pdia4 knockdown, and Min6
OVE cells with Pdia4 overexpression, was measured using the
MitoSOX and CellROX dyes, respectively. We found that Min6 OVE
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Figure 7. Pdia4 regulates ROS generation involving Ndufs3 and p22P"°% in Min6 cells.

A Min6 cells infected with a lentivirus expressing a scramble RNAi (GK), a Pdia4 RNAi (KD), and a Pdia4 cDNA (OVE) were sorted and tested for the Pdia4 protein level
(left). The cells were incubated with NAC (1 mM) and then stained with MitoSOX or CellROX in response to 0.5 mM (LG) and 25 mM (HG) glucose for an additional
30 min. Signal from MitoSOX (middle) and CellROX (right) was re-plotted into histograms.

B Min6 cells infected with a lentivirus expressing a scramble RNAi (GK) and an RNAi of Ndufs3 (Ndufs3 KD) or p22P"°* (p22P"°* KD) were selected and tested for levels of
Ndufs3 (1%t column), mitochondrial ROS (2" column, MitoSOX), p22P"* (3" column), and cytosolic ROS (4" column, CellROX). The cells were grown in the presence of

0.5 mM (LG) and 25 mM (HG) glucose.

C The same experiments as (B) were conducted except that Min6 cells were infected with a lentivirus expressing a cDNA of truncated Ndufs3 (tNdufs3) and p22P"°

(tp22P">).

D Min6 GK or KD cells infected with a lentivirus expressing a cDNA of full-length Ndufs3 or p22P"°* were selected and tested for the level of Pdia4 and Ndufs3 (1°F
column), mitochondrial ROS (2" column, MitoSOX), Pdia4 and p22P"°* (3™ column), and cytosolic ROS (4™ column, CellROX). The cells were grown in the presence of

0.5 mM (LG) and 25 mM (HG) glucose.

Data information: Data from 3 experiments are presented as the mean + SD. One-way ANOVA test was used for statistical analysis of differences between groups, and P

(*) <0.05; P (**) < 0.01; and P (***) < 0.001 are considered statistically significant.

cells had a slight increase in mitochondrial and cytosolic ROS
compared with Min6 GK and Min6 KD cells in response to low
glucose (LG, Fig 7A). Accordingly, Min6 OVE cells had higher ROS
content in the mitochondria and cytosol than Min6 GK and
KD cells in response to high glucose (HG, Fig 7A). However, N-
acetylcysteine (NAC), a ROS scavenger, abolished the increase of
Pdia4-mediated ROS production in the mitochondria and cytosol in
all Min6 lines (HG+NAC, Fig 7A). Next, we assessed the involve-
ment of Ndufs3 and p22P"* in ROS production in the mitochondria
and cytosol of Min6 cells. The siRNA experiments showed that
knockdown of Ndufs3 and p22P"°* reduced the mitochondrial and
cytosolic ROS content in Min6 cells, respectively (Fig 7B).

Next, to test the likely link among Pdia4, Ndufs3, p22P™*, and
ROS production, we examined whether overexpression of tNdufs3,
a truncated mutant of Ndufs3 (a.a. 1 to 132), and tp22P"°*, a trun-
cated mutant of p22P"°* Ndufs3 (a.a. 1 to 99), interfered with ROS
production in Min6 cells. The data indicated that overexpression of
tNdufs3 and tp22P"°* caused a significant reduction in mitochondrial
and cytosolic ROS content in Min6 cells at a high glucose

Figure 8. Effect of GHTT on diabetes development and ROS production in Lepr

db/db

concentration (HG, Fig 7C). However, this reduction was not signifi-
cant at a low glucose concentration (LG, Fig 7C). In parallel, we
overexpressed Ndufs3 and p22P"* in Min6 KD cells in which Pdia4
was knocked down. The overexpression of Ndufs3 and p22P"o*
could restore the mitochondrial and cytosolic ROS production in
Min6 KD cells to a comparable level of ROS production in Min6 GK
cells in the presence of high glucose (HG, Fig 7D). This restoration
was also seen in low glucose (LG, Fig 7D) though it was not statisti-
cally significant. Therefore, the genetic data supported the notion
that Pdia4 up-modulated Ndufs3- and p22P"**-mediated ROS genera-
tion via their mutual association.

Identification and effect of GHTT, a Pdia4 inhibitor, on diabetic
reversal in Lepr?®“’ mice

Finally, we checked whether Pdia4 inhibitors could rescue B-cells
from death and, in turn, reverse diabetes in diabetic mice. We first
screened for Pdia4 inhibitors using the virtual screening of the Pdia4
binding pocket in 261 in-house phytocompounds (Fig 8A) as

mice.

A Molecular docking indicating the interaction between GHTT and active motifs (AMs) of Pdia4. AM 1, 2, and 3 represent the first, second, and third CGHC domains. The
sulfur, nitrogen, and oxygen atoms are shown in yellow, blue, and red, respectively. The hydrogen bond and hydrophobic interaction between GHTT (light pink) and
the amino acid residues (gray) of Pdia4 model are shown by the green and yellow dashed lines, respectively.

B Insulin-based turbidity assays were used. Insulin was incubated with recombinant Pdia4 in the presence of PBS and inhibitors at 25°C. After 30 min, the reaction was
stopped and measured the absorbance at 595 nm. The relative activity (%) of Pdia4 was obtained by the formula, 100% % (ODsgs 0f PBS — ODsgs of GHTT)/(ODses of

PBS).

C Min6 cells were incubated with medium containing low glucose (LG, 0.5 mM) and high glucose (HG, 25 mM) in the absence or presence of 28 uM GHTT (HG+GHTT)
and then stained with MitoSOX or CellROX for an additional 30 min. Signal from CellROX (right) and MitoSOX (left) was quantified and re-plotted into histograms.

D 293T cells, which were transfected with the construct encoding Flag-Pdia4 and that expressing Myc/Flag-tagged p22P"° or Ndufs3, were treated with GHTT (28 M)
for 30 min. The cells were lysed and incubated with anti-Pdia4 antibodies plus protein G beads. Their total lysates (TL) and immunoprecipitates (IP) underwent

immunoblotting analysis with anti-Flag antibody.

E Eight-week-old diabetic Lepr® mice were orally fed with a daily dose of PBS (CTR), sitagliptin (STG, 90 mg/kg) and GHTT (1, 5, and 25 mg/kg) from 8 to 24 weeks.

Their FBG and PBG were measured.

F  The sections of pancreata of the mice (E) were stained with anti-insulin (aIns) antibody and dihydroethidium (DHE) (left). Islet area (um?) and relative fluorescence
intensity (RFI) were quantified (right). Scale bar: 100 um. The dash circles indicate islet regions.

G Aschema illustrating the regulation of Ndufs3 and p22P"°* by Pdia4 via a CGHC-dependent intermolecular interaction. Pdia4 interacts with Ndufs3 and p22°"°,
leading to an increased activity of ETC Cl and Nox. Consequently, the exuberant ROS induces B-cell pathology and diabetes. Conversely, Pdia4 deficiency and
inactivation of Pdia4 by GHTT can abolish the interaction of Pdia4 and p22P"* or Ndufs3, leading to reduction of ROS production and p-cell failure and mitigation of

diabetes.

Data information: Data from three experiments (B, C and F) and more (E) are presented as the mean + SD. Log rank (E) and one-way ANOVA test (B, C and F) were used
for statistical analysis of differences between groups, and P (*) < 0.05; P (**) < 0.01; and P (***) < 0.001 are considered statistically significant. The number of mice (n) is

indicated in parentheses.
Source data are available online for this figure.

© 2021 The Authors
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described (Almeida et al, 2011; Kuo et al, 2017). GHTT, one of the
best hits, was tested for Pdia4 activity and had an inhibitory activity
with an ICso of 358 uM (Fig 8B). Then, we explored the impact of
GHTT on ROS production and ROS-generating pathways. We found
that GHTT lowered ROS in the cytosol and mitochondria of Ming 6
cells (Fig 8C). Furthermore, GHTT reduced the interaction between
Pdia4 and Ndufs3 or p22phox (Fig 8D).

Moreover, we examined the in vivo anti-diabetic effect of GHTT
in new-onset diabetic Lepr®®’ mice. As anticipated, 90 mg/kg of
sitagliptin, which was used as a positive control, moderately
reduced FBG and PBG in Lepr™? mice (STG, Fig 8E). GHTT
normalized diabetes in a dose-dependent manner as evidenced by
FBG (top, Fig 8E), PBG (bottom, Fig 8E), GTT (Appendix Fig S8A),
and Hb,,. (Appendix Fig S8B). Accordingly, GHTT dose-
dependently reduced islet atrophy (Fig 8F), islet ROS (Fig 8F), and
serum ROS (Appendix Fig S8C) in Lepr®”?’ mice. However, sita-
gliptin failed to reduce islet atrophy (Fig 8F). Preservation of the
islets by GHTT was in agreement with HOMA-B (Appendix Fig S8D)
and serum insulin (Appendix Fig S8E). Overall, the data demon-
strated that the Pdia4 inhibitor, GHTT, phenocopied its genetic
knockout in mouse models.

In conclusion, this work suggested that under normoglycemic
conditions, Pdia4 produced a basal level of ROS to maintain B-cell
mass and function via its interaction and stabilization of Ndufs3 and
p22Ph°% (Fig 8G). Under hyperglycemic conditions, excess nutrient
up-regulated Pdia4 expression. This up-regulation increased the
activity of Ndufs3 and p22P"*, via intermolecular interaction, and,
subsequently, ROS production in B-cells. Consequently, the exuber-
ant ROS resulted in B-cell pathogenesis and diabetes (Fig 8G).
Conversely, Pdia4 inhibitor reversed diabetes via decreased f-cell
pathology and ROS production in diabetic animals (Fig 8G). These
findings also revealed the underlying mechanism and function of
Pdia4 in B-cells and diabetes as well as the likely use of Pdia4 inhibi-
tors as an anti-diabetic therapy.

Discussion

Pancreatic B-cell failure is a hallmark of diabetes (Cerf, 2013).
Nevertheless, the mechanism through which this failure occurs is
poorly investigated. In this study, we conducted comprehensive
phenotyping of a previously unrecognized factor, Pdia4, in glucose
homeostasis in two mouse models of obesity-related diabetes. In
mouse models and islet mass, deletion of Pdia4, either globally or in
B-cells, led to protection from hyperglycemia, most likely due to a
decrease in oxidative stress. Enrichment of Pdia4 in the B-cells of
mice resulted in accelerated diabetes development and failure to
accrue islet mass. Consistently, the Pdia4 inhibitor, GHTT, protected
against hyperglycemia in the mouse models. Mechanistically, Pdia4
was shown to interact with Ndufs3 and p22P"* in a sequence-
specific fashion. The Pdia4, Ndufs3, and p22P"* pathways were
confirmed to dictate ROS production in endocrine B-cells. We
conceptualized these findings as follows: under pathological condi-
tions, excessive Pdia4 and ROS led to B-cell failure and diabetes;
conversely, Pdia4 ablation and inhibition diminished ROS content in
B-cells and, thereby, reduced B-cell failure and diabetes develop-
ment. In essence, exuberant ROS is detrimental to [B-cells, and
getting rid of Pdia4 improves ROS.

© 2021 The Authors
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This work unraveled the molecular mechanism through which
Pdia4 resulted in a decrease in functional B-cell mass during
diabetes. We demonstrated that Pdia4 positively regulated p-cell
dysfunction/death during diabetes. First, PI staining data indicated
that, consistent with ROS production, Pdia4 promoted cell death in
B-cells (Fig 4A). Furthermore, Pdia4 significantly increased the
expression of two markers, Beclin 1, a key player in the initiation
step of autophagy, and LC3-1I, a player in the elongation step of this
process, during autophagy in B-cells (Fig 4B) in agreement with the
literature stating that autophagy is linked to diabetes (Yang et al,
2017). Since B-cell dedifferentiation has been reported to participate
in B-cell failure (Kim-Muller et al, 2016; Efrat, 2019), we also exam-
ined the relationship between Pdia4 and Aldhla3, a dedifferentia-
tion marker of B-cells. We found that Pdia4 increased the expression
level of Aldhla3 in islet cells (Appendix Fig S9B). Thus, Pdia4
contributed to cell death in B-cells in a manner that involved autop-
hagy (Fig 4) and dedifferentiation (Appendix Fig S9B) but not JNK
(Appendix Fig S9A) in B-cells. However, we found that Pdia4 did
not affect B-cell proliferation (BrdU, Fig 2D) and differentiation
(PDX1 and MafA, Appendix Fig S9C). In this context, the signifi-
cance and mechanisms of Pdia4 in B-cell physiopathology from the
perspective of dedifferentiation and autophagy are worth further
investigation. We also showed that Pdia4 was associated with
dysfunction in B-cells through GSIS (Figs 2F and 3D), insulin
content (Fig 3E), insulin granules (Fig SA and C), and mitochon-
drial parameters (Fig SA and B). This dysfunction could be attrib-
uted to the up-regulation of ROS by Pdia4 because ROS is known to
impair mitochondrial structure/function and insulin production/se-
cretion in B-cells (Gerber & Rutter, 2017). However, Pdia4 failed to
regulate the expression of antioxidant proteins (Appendix Fig S6E).
According to these data, we concluded that Pdia4 increased ROS
and, thereby, caused B-cell dysfunction and death. Mechanistically
speaking, Pdia4 up-regulated ROS accumulation in response to
glucose in B-cells (Fig 7) via the interaction of Pdia4 with Ndufs3
and p22P"*, key components of ETC CI and Nox 1-4, respectively
(Fig 6). This intermolecular interaction involved the first two CGHC
motifs of Pdia4 and the N-terminal portion of Ndufs3 or p22PPoX
(Fig 6). In addition, this interaction seemed to increase the stability
of Ndufs3 or p22P"°* in the presence of trypsin (Appendix Fig S7B).
We also established the new link between Pdia4, Ndufs3, p22P"°%,
and ROS production in B-cells based on the interference and comple-
mentation data (Fig 7). Accordingly, disruption of this interaction
by GHTT, the Pdia4 inhibitor, led to decreased ROS in p-cells
(Fig 8C and D). Both the genetics and pharmaceutical data are
consistent with several publications that have reported the increased
expression and/or activity of Ndufs3 and p22P"°* in diabetic patients
and rodents (Huang et al, 2011; Wu et al, 2017). However, a caveat
in the genetics approaches used in this study was that Pdia4 was
deficient or overexpressed from the inception of B-cell development.
In parallel, treatment with GHTT reduced islet atrophy in B-cells
(Fig 8F). Pharmaceutical approaches complemented the genetics
approaches in terms of B-cell improvement. Therefore, this work
demonstrates the novel function and molecular basis of the chaper-
one, Pdia4, in B-cells in terms of oxidative stress, dysfunction, and
death and extends our understanding of islet biology.

The findings presented further suggest the potential of Pdia4 to
serve as a therapeutic target for obesity-related diabetes and p-cell
pathology. Lepr®”/?® mice and HFD-fed B6 mice were used as mouse
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models of diabetes to study the significance of Pdia4 in B-cell failure
and diabetes because Lepr®”’ mice develop severe diabetes while
B6 mice fed a high-fat diet develop moderate diabetes. First, Pdia4
ablation led to a remarkable reduction in diabetes incidence (58%)
in Pdia4” Lepr™®® mice aged 24 weeks (Pdia4~/ Lepr®/®,
Appendix Fig S2E). This incidence went down to zero in Lepr®/®
mice aged 55 weeks or over (Appendix Fig S3B) presumably
because food consumption decreased with age (Appendix Fig S3A).
Consequently, Pdia4 "~ Lepr®? mice had a better survival rate and
life span than Lepr?”%° mice (Fig 2A). Accordingly, GHTT treatment
phenocopied Pdia4 knockout in Lepr® mice (Fig 8). Conversely,
Pdia4 overexpression accelerated diabetes in Pdia4'®’*®Lepr® mice
and HFD-fed Pdia4'®/'8 B6 mice (Appendix Figs S5 and $6). In addi-
tion, Pdia4'®/'*Lepr®4’ mice had a worse survival rate and life span
than Lepr®™?® mice (Fig 2A). Of note, Pdia4 deficiency and inactiva-
tion also improved -cell failure and diabetes. The reversal of
diabetes in aged Pdia4/Lepr®”?’ mice most probably came from
reduced B-cell death by Pdia4 and/or replenishment of B-cells (Gao
et al, 2015). Although these findings with Lepr®™?° mice are fasci-
nating, their relevance to human diabetes remains tentative. The
role of Pdia4 in HFD-fed B6 mice was further verified because this
model resembles human diabetes more closely than Lepr®/@’ mice
in terms of disease etiology (Hinder et al, 2017). Both models of
diabetes complemented each other and revealed the importance and
therapeutic potential of Pdia4 for diabetes and B-cell failure. Target-
ing Pdia4 and its pathways may thus constitute attractive
approaches for the treatment of B-cell pathogenesis and diabetes
(Leahy et al, 2010).

Oxidative stress is well recognized to play a major role in B-cell
physiopathology and diabetes (Dos Santos et al, 2019). Homeostasis
of ROS is controlled by ROS-generating and ROS-degrading path-
ways. A basal level of ROS is essential for B-cell physiology and
function (Trachootham et al, 2009). However, metabolic overload
stimulates ROS overproduction which impairs insulin secretion and
insulin action during diabetes (Tangvarasittichai, 2015). This
impairment can get worse if antioxidant enzymes are insufficient.
Our current work agrees with the literature stating that elevated
ROS, arising from increased oxidative stress, contributes to p-cell
failure and diabetes development (Lenzen et al, 1996; Tiedge et al,
1997; Robertson, 2004; Robertson & Harmon, 2007). Although the
concept of ROS causing f-cell failure is not a new concept, the
participation of Pdia4 in the Ndufs3 and p22"°* pathways gives
greater understanding of the progression from oxidative stress to p-
cell pathology and diabetes. Overall our work can be viewed as
follows: excess nutrients/hyperglycemia — Pdia4 — Ndufs3 and
p22PBoX _, ROS — P-cell failure and diabetes (Fig 8). ROS acts as a
double-edged mediator of f-cell physiopathology and diabetes.
Thus, antioxidant compounds and enzymes are commonly used to
scavenge excessive ROS during diabetes in pre-clinical and clinical
settings (Robertson, 2004; Robertson & Harmon, 2007; Chang &
Chuang, 2010). However, this approach has frequently failed to
treat diabetes in diabetic mice and patients (Chang & Chuang, 2010)
likely because some ROS might have already exerted its action
before its clearance by antioxidants. In this study, targeting Pdia4
seemed to have some advantage over the using antioxidant
compounds and enzymes because Pdia4 deficiency eliminated the
possibility of diabetes development by lowering ROS production,
different from elimination of ROS by antioxidants, in which the cells
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continue to produce ROS through the ROS-generating machinery. So
far, no drugs can clinically cure diabetes (Leahy et al, 2010). Thus,
preserving B-cell number and/or function by intervention in the
Pdia4/Ndufs3/p22""°* pathways is a promising therapy.

With regard to advances in knowledge of Pdia4 in general, Nduf-
s3 and p22P"°* are recognized as specific partners/substrates of
Pdia4 in ROS-generating pathways in B-cells for the first time in this
study. Pdia4 regulated mitochondrial and cytosolic ROS production
via its binding to Ndufs3 and p22P"°, respectively (Figs 4, 6, 7, and
8). Pdia4 served as a chaperone to enhance the stability and/or
activity of mitochondrial Ndufs3 or cytosolic p22P"* outside the ER
compartment. Furthermore, the active site and interacting motifs in
Pdia4 and their partners were identified (Fig 6). These findings pave
the way for understanding how a chaperone like Pdia4 is engaged in
regulation of oxidative stress. Pdia4 possesses a C-terminal KEEL
motif and was originally considered to be an ER-resident protein
chaperone that could assist in protein folding. (Ni & Lee, 2007; Galli-
gan & Petersen, 2012). This study pushes the boundary of under-
standing of Pdia4 from purely ER-relevant functions to an
unconventional ER-irrelevant function in B-cells (Figs 1G and H,
and 6B) and supports the novel notion that a chaperone with the ER
retention motif can reach other subcellular compartments for their
physiological needs. Pdia4 is demonstrated to utilize a hitherto
undocumented mechanism to modulate oxidative stress in B-cells.
This mechanism is distinguished from those in which ER stress
proteins, antioxidant enzymes, and ser/thr kinases, regulate f-cell
functions, survival, and/or cell death via modulation of ER stress,
ROS, and phosphorylation (Lei & Vatamaniuk, 2011; Ardestani &
Maedler, 2016; Herbert & Laybutt, 2016). We also figured out the
reason why Pdia4 was named glucose-regulated protein 72 (Fig 1
and Appendix Fig S1). There is an ER stress-response element
(ERSE) present in the Pdia4 promoter that functionally responds to
high glucose (Appendix Fig S1C). One piece of our data also shed
light on the expression of Pdia4 in mouse organs and its distribution
in B-cell compartments. In comparison with other Pdis, Pdia4 was
found to be more specific in terms of substrate specificity and func-
tional non-redundancy (Appendix Fig S7). Finally, the data on the
unique mode of action and substrate specificity proposed that Pdia4,
a non-essential gene, are indeed druggable.

Overall we believe the data presented provide conceptual
advances in Pdia4 research and the application of B-cells and
diabetes. Furthermore, this work presents a compelling case for the
further investigation of Pdia4 as a crucial player of B-cell pathogene-
sis and diabetes.

Materials and Methods

Plasmid construction and lentiviral infection

The pLKO.1-GFP lentiviral vectors, GK, KD, OVE, Ndufs3 KD,
p22PP°X KD, Ndufs3/tNdufs3, and p22P"°*/tp22P"°*  contained a
scramble RNAi, a Pdia4 RNAi sequence, a Pdia4 cDNA, a Ndufs3
RNAi sequence, a p22PP°* RNAi sequence, a full-length/truncated
Ndufs3 cDNA, and a full-length/truncated p22P"°* cDNA, respec-
tively (Appendix Tables S1 and S2). To produce lentiviral particles,
HEK 293T cells were transfected with lentiviral plasmids plus pack-
aging plasmids using the TransIT-LT1 reagent (Mirus Bio, WI) as
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described elsewhere (Kuo et al, 2017). A FACSAria cell sorter (BD
Biosciences) was used to isolate stable cells for further use. The
plasmids encoding Flag-tagged Pdia4 and its deletion/point muta-
tion mutants, Myc/Flag-tagged Ndufs3, pZZ"]‘O", and their deletion
mutants were constructed using PCR cloning.

Reagents and cells

DHE, DAPI, CellROX, MitoGreen, MitoRed, MitoSOX, Hochest
33342, and chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate
(CM-H,DCFDA) were purchased from Molecular Probes (Eugene,
OR). Glucose, BSA, trypsin, palmitate, NADPH, and histopaque-
1077 were purchased from Sigma (St. Louis, MO). Lucigenin, and
collagenase P were from Roche (Switzerland). GHTT was purified
as described previously (Almeida et al, 2011; Kuo et al, 2017).
Recombinant proteins, 6xHis-Pdia4, Gst-p22P"°* and Gst-Ndufs3
were purchased from Enzo (Farmingdale, NY). Gst-TecSH3, contain-
ing a SH3 domain of Tec, was produced as published (Kuo et al,
2017). The antibodies used in this study were purchased
(Appendix Table S3). 293T cells (CRL-3216), Min6 cells (Yagi et al,
1995), and pancreatic islets were grown in complete DMEM medium
(Thermo Fisher, Waltham, MA) containing 10% and 20% fetal
bovine serum (FBS), respectively, and 3.3 mM glucose unless indi-
cated otherwise. Human islets were purchased from Lonza (Switzer-
land) and handled according to the protocol of the Academia Sinica
Institutional Review Board (AS-IRB01-14015). Informed consent
was obtained from all human subjects and the experiments
conformed to the principles of the WMA Declaration of Helsinki and
the Department of Health and Human Services Belmont Report.

Generation of conventional knockout mice, conditional knockout,
and transgenic mice

B6, BKS (Jackson Laboratory stock No. 000662), and B6.BKS(D)-
Lepr®/J (Jackson Laboratory stock No. 000697) were purchased from
the Jackson laboratory. To generate conventional knockout mice
(Appendix Fig S2), Pdia4 gene targeting vector was first constructed
using a bacterial artificial chromosome (BAC) recombineering strat-
egy. Briefly, a 230-kb Bac clone contains an entire allele of mouse
Pdia4 gene as indicated. The first Neo cassette containing two homol-
ogy arms, two loxP sites (>) and a Neo gene underwent homologous
recombination and was inserted into the intron 6 of Pdia4 gene in the
Bac. The first Neo cassette in the recombined Bac was popped out by
in vitro incubation with Cre recombinase. The second Neo cassette
containing two homology arms, two frt sites (0)), one loxP site ([>),
and a Neo gene was inserted into the intron 2 of Pdia4 gene in the
Bac. Following linearization, this BAC construct was electroporated
into B6 ES cells. After recombination screening, the targeted ES lines
were selected for blastocyst injection and, in turn, generation of
chimeric mice. Chimeric mice were bred with B6 mice to obtain
Pdia4”" mice. Pdia4”' mice were crossed with Ella-Cre deleter (Jack-
son Laboratory stock No. 003724) mice to obtain the Pdia4”~ mice
whose exons 3 to 6 were deleted. Sibling mating of Pdia4"/~ mice
produced wild-type (Pdia4"’"), Pdia4"/~ and Pdia4~~ mice. Alterna-
tively, pdia4”' mice were crossed with Ins2-Cre deleter mice (Jackson
Laboratory stock No. 003573), a transgenic B6 composed of the
mouse insulin 2 promoter linked to a Cre cDNA to obtain Pdia4”
ICre'®'8 B6 mice, the islet-specific (conditional) knockout mice
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(Appendix Fig S4). To generate Pdia4 transgenic mice (Appendix Fig
S5), a vector composed of the human insulin (hINS) promoter linked
to a human Pdia4 cDNA was constructed. A linearized Kpnl/Dralll
fragment from this vector was microinjected into the pronuclei of B6
fertilized eggs, followed by oviduct transfer into surrogate mothers.
One line (Pdia4'®’*® mice) was selected and crossed with B6 mice. To
breed B6 background to a Lepr™? background, the B6 mice with
Pdia4 knockout and overexpression were first crossed with BKS mice
and this backcrossing was repeated until the SNPs of BKS mice were
confirmed as published (Genomics 83 (2004) 902-911). The resultant
mice were then crossed with B6.BKS(D)-Lepr?®/J mice in order to
obtain Pdia4 ™ Lepr®® and Pdia4'®'®Lepr®® mice. Similarly,
Pdia4”/Cre'8’'8 B6 mice were bred into BKS mice and crossed with
B6.BKS(D)-Lepr®®/J mice in order to obtain Pdia4”/Cre'®/'8Lepr®/d
mice. Moreover, Pdia4 knockout, conditional knockout, and trans-
genic mice on Lepr®” background were analyzed using genetic con-
firmation as published (Mao et al, 2006). The BKS mice were used as
control littermates. All the mouse lines were confirmed using PCR,
Southern blots or immunoblots. All animals had free access to chow
and water, and were maintained at 21-23°C with 12 h light-12 h dark
cycles in the institutional animal facility. The experiments of B6, BKS,
and Lepr®™® females at the indicated ages for diabetes were
approved by the Academia Sinica Institutional Animal Care and
Utilization Committee (11-03-158).

Drug administration and measurement of metabolic parameters

WT, Pdia4 ™", and Pdia4®*¢ B6 mice had free access to a high-fat diet
(60% of fat) from 4 to 28 weeks of age. Their FBG, PBG, and Hba;
were measured using a glucometer and a DCA 2000 analyzer (Bayer,
Germany) at the indicated ages as published (Chang et al, 2013). Food
intake, water consumption, survival rate, diabetic incidence, and lifes-
pan were monitored weekly. For glucose tolerance test (GTT), the
mice at the indicated ages were fasted for 16 h. The mice received an
intraperitoneal injection with glucose (1 g/kg). The levels of blood
glucose were measured using blood samples taken from the tail vein
at 0, 30, 60, 120, and 180 min after glucose injection with an Elite
glucometer. Homeostatic model assessment of B-cell function (HOMA-
) and that of insulin resistance (HOMA-IR) were calculated using the
following formulae: HOMA-B = 20 x fasting insulin (mU/ml)/[fasting
glucose (mmol/l) — 3.5] and HOMA-IR = fasting glucose (mmol/
1) x fasting insulin (uU/ml)/22.5. Hba;c, immunohistochemical stain-
ing, serum insulin, and serum ROS were measured as described in the
Materials and Methods section. Alternatively, 8-week-old diabetic
Lepr®™®@ mice were daily fed with GHTT and sitagliptin at the indi-
cated dosages from 8 to 24 weeks. Their GTT, Hba;., serum ROS,
HOMA indices, and serum insulin were monitored.

To compare the efficacy of ROS scavenger, vitamin C, and Pdia4
ablation in diabetes, Lepr®”“" mice were fed with feed containing a
daily dose of vitamin C at 42, 125, and 375 mg/kg. To assess the
effect of food restriction on diabetes, Pdia4 "~ Lepr®® mice were
given feed (6.8 g/mouse/day). The mice were monitored for their
diabetic incidence based on post-meal glucose.

Measurement of insulin and serum Pdia4

The level of serum insulin was determined by ELISA assays as
published previously (Chang et al, 2013). Alternatively, mouse
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pancreata were digested with collagenase P (Roche, Switzerland)
and harvested with histopaque-1077 gradient centrifugation. For
GSIS, mouse pancreatic islets were isolated and pre-incubated in
serum-free oxygen-saturated Krebs-Ringer bicarbonate (KRB)
buffer containing 3.3 mM glucose at 37°C for 30 min. The islets (5
islets/well) were then incubated with KRB buffer containing high
glucose (16.7 mM) or low glucose (3.3 mM) for an additional
30 min. The supernatants were collected for insulin ELISA assays.
To detect the insulin content in pancreatic islets, fasted 14-week-
old WT, Pdia4~/~ and Pdia4'®'® BKS mice were intraperitoneally
injected with glucose (1 g/kg body weight). After 0.5 h, the mouse
islets were isolated and divided into 2 aliquots. One aliquot of the
islets was treated with GolgiPlug, followed by intracellular staining
with an anti-insulin antibody (0 h). The other aliquot of the islets
were grown in complete DMEM medium plus 3.3 mM glucose for
24 h and GolgiPlug was added 6 h before insulin staining. The
islets underwent intracellular staining with an anti-insulin anti-
body (24 h). Both aliquots of the islets underwent flow cytometry
analysis. The level of serum Pdia4 was determined by an ELISA kit
(LSBio, WA).

Real-time poly chain reaction (RT-PCR)

Total RNA of Min6 cells and mouse pancreatic islets were extracted
and converted to cDNA. Real-time RT-PCR was performed with the
above cDNA using the primer sets (Appendix Table S4). The rela-
tive expression level (REL) of typical Pdis versus atypical Pdis was
quantified in relation to the level of L13.

Transmission electron microscopy

Pancreatic islets were isolated from mouse lines, fixed with
formaldehyde, and embedded with resin. The samples underwent
ultramicrotomy, heavy metal staining, and observation under
Tecnai G2 F20 TEM. B-cells were recognized by their typical appear-
ance and photographed. The number and average area of mitochon-
dria and insulin granules in B-cells were quantified using Image J
software.

Immunohistochemical (IHC) analysis

Mouse pancreata were removed and frozen in optimal cutting
temperature medium. For insulin staining, the sections were incu-
bated at 25°C for 30 min with anti-insulin antibody, followed by
diaminobenzidine tetrahydrochloride development. In addition,
DHE was used to stain cytosolic ROS. For BrdU labeling assays, the
mice had free access to water containing BrdU (1 mg/ml) for
23 days. After sacrifice, the pancreatic sections were stained with
anti-BrdU antibody, followed by colorimetric development (BD
Biosciences, San Jose, CA). Alternatively, the pancreatic sections
were subjected to TUNEL assays (Chemicon, Temecula, CA). The
slides were photographed and analyzed using the Axio Vision
program (Carl Zeiss). For cell death, WT, Pdia4 ", and Pdia4'¢/'8
islets were grown in complete DMEM medium containing 3.3 (LG)
and 30 mM glucose (HG) for 12 h. One aliquot of the islets were
stained with PI and quantified. The other aliquot underwent
immunoblotting analysis using the indicated antibodies. For confo-
cal analysis, Min6 cells, stained with the antibody against Pdia4,
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p22P"°% and/or Ndufs3, and mouse islets, stained with the anti-
body against Pdia4, insulin and/or glucagon, were visualized using
confocal microscopy.

Measurement of ROS and the activity of Nox and ETC

Pancreatic islets isolated from the mice were pre-treated with
3.3 mM (LG) and 16.7 mM (HG) glucose for 30 min. The islets were
then incubated with Hochest 33342 plus CM-H,DCFDA or Mito-
Green plus MitoSOX for additional 30 min. Alternatively, Min6 cells
and those infected with lentiviral particles were grown in RPMI
medium in the presence or absence of NAC (1 mM) and GHTT
(10 pg/ml) for 30 min. The cells were then incubated with CellROX
plus Hochest 33342 or MitoGreen plus Mitosox in the presence of
0.5 mM (LG) and 25 mM (HG) glucose for an additional 30 min.
The ROS signal of the islets or cells was recorded using confocal
microscopy and quantified using the Zen software. To measure
serum ROS (Tsai et al, 2011), the sera of mouse tail veins were incu-
bated with lucigenin and monitored using Victor 3 (Perkin Elmer).
Mouse islets were pre-treated with 3.3 mM (LG) and 16.7 mM (HG)
glucose for 30 min. Membrane and mitochondrial fractions of the
islets were prepared with protein extraction kits (Abcam, UK)
according to the manufacturer’s protocol. The membrane fractions
were incubated with lucigenin and NADPH and tested for Nox activ-
ity as published (Minkenberg & Ferber, 1984). The mitochondrial
fractions were measured for the activity of ETC I to IV using Mito-
Check CI, CII/III and CIV Kkits based on the manufacturer’s guideli-
nes (Cayman, MI).

Immunoblotting analysis

All the cells were lysed with RIPA buffer unless indicated otherwise.
The cell lysates or fractions underwent immunoblotting analysis.
Alternatively, Min6 cells, human islets, and/or mouse islets were
treated with glucose at the indicated dosages or 0.4 mM palmitate
for 48 h. After extensive washing, the cells or islets were either
lysed with RIPA buffer or further fractionated into mitochondrial,
membrane, and cytosolic fractions with Abcam protein extraction
kits. For ER proteins, the cell lysates were subjected to discontinu-
ous sucrose gradients to purify ER organelles using centrifugation,
followed by ER organelle harvest and lysis.

Interaction and domain mapping analysis of Pdia4 with Ndufs3
and p22°Phex

To characterize the in vivo interaction of Pdia4 with Ndufs3,
p22P"°*and Erol, 293T cells were transfected with the plasmid
encoding Flag-tagged Pdia4 or its mutants and the plasmid express-
ing Myc/Flag-tagged p22P"°%, Myc/Falg-tagged Ndufs3 or their dele-
tion mutants. The mitochondrial, membrane and ER fractions of the
cells were fractionated and precipitated with the indicated antibod-
ies, followed by immunoblotting analysis. The same procedure was
performed to assess the in vivo interaction of Pdis with Ndufs3 and
p22PhoxX | Alternatively, 293T cells transfected with the above plas-
mids were pre-treated with GHTT (10 pg/ml) for 2 h, followed by
the same procedure. For in vitro interaction of Pdia4 with Ndufs3
and p22P"°X, His-tagged Pdia4 (50 ng) was incubated with an
equimolar amount of Gst-TecSH3 (32 ng), Gst-Ndufs3 (41 ng), or
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Paper explained

Problem

A gradual loss of functional pancreatic B-cells is a cardinal feature of
type 2 diabetes. Understanding the cellular and molecular mecha-
nisms of B-cell failure is important and may lead to improved
diabetes treatment.

Results

Pdia4 was identified as a key protein for promoting ROS production
and pathogenesis in B-cells during diabetes in Lepr®®® mice and
HFD-fed B6 mice. Mechanistically, Pdia4 recruited its partners, Ndufs3
and p22°"°% to increase ROS generation in the mitochondria and
cytosol of B-cells, leading to B-cell failure and the development of
diabetes. This recruitment involved interaction and stabilization of
Ndufs3 and p22°"* by interaction with Pdia4. Furthermore, the Pdia4
inhibitor abolished the interaction of Pdia4 with its partners and,
consequently, reduced ROS production in B-cells and improved B-cell
failure and diabetes symptoms in Lepr™®® mice. Both the genetics
and pharmacological approaches demonstrated that targeting Pdia4
can preserve functional B-cells and ameliorate diabetes in mouse
models.

Impacts

This work illustrates the novel role of the Pdia4/Ndufs3/p22P">
cascade as a central regulator of ROS generation in B-cells and further
establishes the new link between the Pdia4/Ndufs3/p22P"* cascade,
which orchestrates oxidative stress, B-cell failure and diabetes. Admin-
istration of a first-in-class Pdia4 inhibitor represents a feasible
approach for treating B-cell failure during diabetes. The overall find-
ings also highlight the potential of targeting Pdia4 to prevent B-cell
loss and treat diabetes.

Gst-pZthOX (33 ng), in vitro. After pull-down with nickel beads, the
precipitates and recombinant proteins underwent immunoblotting
analysis. To test the in vitro interaction of Gst-Pdia4 with His-tagged
Nox1, Nox2, Nox3, and Nox4, the recombinant proteins were incu-
bated for 1 h, followed by an addition of Gst beads. The recombi-
nant proteins and precipitates were subjected to immunoblotting
analysis. To test the protease-mediated regulation of Ndufs3 and
p22Ph°* by Pdia4, His-tagged Pdia4 was incubated with Gst-Ndufs3
and -p22P"°* in the presence of trypsin/EDTA (0.05%) for 10 min.
The mixture then underwent immunoblotting analysis using the
indicated antibodies.

Dual-luciferase assay

A 1,809 bp fragment of mouse Pdia4 promoter was used to replace
the SV40 promoter upstream of firefly luciferase in pGL3 vector
(Promega, Madison, WI) to generate pPdia4-Luc. The plasmid pp-
actin-RL containing the B-actin promoter linked to Renilla luci-
ferase reporter gene was purchased from Promega. Min6 cells
transfected with pPdia4-Luc a construct composed of a Pdia4
promoter linked to a firefly luciferase gene and internal control,
pB-actin-RL plasmid, were incubated with DMEM medium contain-
ing 10% FBS in the presence of 3.3 mM glucose (LG) and 16.7 mM
glucose (HG) for 6 h. Total lysates underwent dual-luciferase
assay. Pdia4 promoter activity is indicated in folds obtained from
the ratio of firefly luciferase activity to Renilla luciferase activity in
the lysates.
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Liquid chromatography-mass spectroscopy (LC-MS)

To determine Pdia4 partners related to ROS production in
B-cells, Min6 cells were lyzed with RIPA buffer. The lysates were
precipitated with anti-Pdia4 antibody and isotype antibody. The
precipitates underwent LC-MS analysis, followed by Mascot
database search against the International Protein Index mouse V
3.87 database. Similarly, Min6 cells were fractionated into the
cytosolic, nuclear, membrane, mitochondrial, and ER fractions
as described in the Materials and Methods section. The above
proteins and mouse serum underwent electrophoresis, respec-
tively. The protein bands corresponding to Pdia4 were eluted
from the sodium dodecyl sulfate gel and digested with Asp-N
endopeptidase (NEB, USA) overnight. The peptide mixture
was subjected to LC-MS/MS analysis in the PRM (parallel reac-
tion monitoring) mode using a synthesized Pdia4 peptide
(DEHATKRSRTKEEL) as a standard peptide, followed by identifi-
cation of the target m/z(s) of the peptide precursor and product
ions using Skyline software (MacCoss Lab, University of
Washington).

Statistics

Data from three independent experiments or more are presented as
mean =+ standard deviation (SD). ANOVA test and log rank were
used for statistical analysis of differences between groups, and P (*)
< 0.05; P (**) <0.01 and P (***) < 0.001 are considered statistically
significant.

Data availability

The Proteomics data have been deposited in PeptideAtlas with the
accession code PASS01396 (https://db.systemsbiology.net/sbeams/
cgi/PeptideAtlas/PASS_View?identifier = PASS01396). All other data
supporting the findings of this study are available within the paper
or as supplementary Source Data files. Any other additional data
that may be of interest are available from the corresponding author
upon reasonable request.

Expanded View for this article is available online.
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