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oxidative stress in Akita*/I"s2.derived B-cells. Am J Physiol En-
docrinol Metab 305: E585-E599, 2013. First published July 2,
2013; doi:10.1152/ajpendo0.00093.2013.—Insulin release from pan-
creatic B-cells plays a critical role in blood glucose homeostasis, and
B-cell dysfunction leads to the development of diabetes mellitus. In
cases of monogenic type 1 diabetes mellitus (T1DM) that involve
mutations in the insulin gene, we hypothesized that misfolding of
insulin could result in endoplasmic reticulum (ER) stress, oxidant
production, and mitochondrial damage. To address this, we used the
Akita*/™s2 TIDM model in which misfolding of the insulin 2 gene
leads to ER stress-mediated B-cell death and thapsigargin to induce
ER stress in two different $-cell lines and in intact mouse islets. Using
transformed pancreatic B-cell lines generated from wild-type Ins2*/*
(WT) and Akita™™s? mice, we evaluated cellular bioenergetics,
oxidative stress, mitochondrial protein levels, and autophagic flux to
determine whether changes in these processes contribute to B-cell
dysfunction. In addition, we induced ER stress pharmacologically
using thapsigargin in WT B-cells, INS-1 cells, and intact mouse islets
to examine the effects of ER stress on mitochondrial function. Our
data reveal that Akita™s2-derived B-cells have increased mitochon-
drial dysfunction, oxidant production, mtDNA damage, and altera-
tions in mitochondrial protein levels that are not corrected by au-
tophagy. Together, these findings suggest that deterioration in mito-
chondrial function due to an oxidative environment and ER stress
contributes to B-cell dysfunction and could contribute to TIDM in
which mutations in insulin occur.
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ticulum stress; mitochondrial quality control

INSULIN RELEASE from pancreatic $-cells is largely dependent on
mitochondrial and endoplasmic reticulum (ER) function and
plays a critical role in maintaining blood glucose homeostasis.
The synthesis of insulin in B-cells is an energy-requiring
process, with as much as 50% of the total protein of these cells
committed to generation of this single protein when stimulated
(51). Insulin requires posttranslational processing before it is
secreted, and it has been shown that mutations that lead to
misfolding may cause neonatal diabetes (11, 51). Once con-
sidered rare, monogenic mutations in insulin are becoming
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recognized as causes of neonatal diabetes mellitus. They can
also be causative factors for type 1b diabetes or maturity-onset
diabetes of the young and in some cases early onset type 2
diabetes mellitus (T2DM) (27, 50). Mutations in the insulin
gene lead to defective processing and accumulation of proin-
sulin in the ER, inducing ER stress. In addition, the consequent
dysregulation of blood glucose homeostasis can initiate serious
diabetic complications such as cardiovascular disease, neurop-
athy, and nephropathy (8). Thus, prevention or treatment of
B-cell injury and diabetes mellitus onset/progression continues
to be a challenge, particularly for the group of patients with
mutations in the insulin gene.

It has been established that there is a potential link
between the ER and the mitochondria, and this has been
suggested to contribute to B-cell dysfunction in both type 1
diabetes mellitus (T1DM) and T2DM pathogenesis (3, 16,
43, 52, 58). One proposed sequence of events is that ER
stress leads to disruption of Ca?* flow to the mitochondria,
causing mitochondrial dysfunction and triggering a series of
cyclic events, such as oxidative stress, that culminates in
induction of cell death (30). To counter the cell death
processes and development of TIDM, prosurvival mecha-
nisms such as autophagy can be initiated in B-cells (6).
Autophagy is a multistep process that targets damaged
proteins and organelles for degradation and efficiently reg-
ulates organelle turnover within the cell (57). The targeting
of phagophores to dysfunctional mitochondria is dependent
on mitochondrial quality and ubiquitinated proteins (17, 25).
A decrease in mitochondrial quality can be identified by
increased mitochondrial ROS production, mitochondrial fis-
sion, decreased membrane potential, mtDNA damage, and
suppressed bioenergetic function (20). How mitochondrial
morphology plays an important role in 3-cell dysfunction is
still unclear (52). In addition, how autophagy responds to
metabolic stress and impacts bioenergetic function and cel-
lular redox status is not well understood (26, 28, 47). This is
important to understand since lack of degradation of dam-
aged mitochondria can induce oxidative stress and cell death
(20, 38).

As a means to identify mechanisms that contribute to TIDM
and associated complications, several experimental models
have been developed (4, 34, 49, 59). In particular, there are two
animal models representative of the syndromes mentioned
above known as the Munich 1s2%°>S mutant mouse (19) and
the Akita'?*/~ mouse (60). The Akita mouse model contains
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a spontaneous dominant mutation in the insulin 2 gene allele in
which tyrosine is replaced by cysteine at residue 96, which has
also been reported in humans (1, 15, 46). This mutation causes
misfolding and accumulation of proinsulin in the ER. The
resulting ER stress has been proposed to lead to 3-cell death,
hyperglycemia, T1DM, and diabetic nephropathy (7, 30, 60). A
progressive loss of B-cell viability is a characteristic feature of
the progression of diabetes and may be largely influenced by
ER stress. It has been shown that the ER stress response is
induced in human islets from T1DM subjects (36), which if
prolonged may also contribute to disease progression (16).
Importantly, the link between ER stress and mitochondrial
function in B-cells is not fully understood.

In this study, we used transformed pancreatic -cell lines
generated from wild-type Ins2%/* (WT) and Akita*/1%52 mice
to investigate the role of mitochondrial bioenergetics, quality
control, and autophagy in a spontaneous ER stress model of
diabetes mellitus. Recently, we described that the Akita*/¥s2~-
derived B-cells exhibit ER stress and that they undergo cell
death via induction of the mitochondrial intrinsic apoptosis
pathway (30). Since mitochondria play a critical role in B-cell
function, we hypothesized that ER stress due to mutated insulin
would cause mitochondrial damage, oxidative stress, and ac-
cumulation of damaged mitochondria in Akita*/™2-derived
B-cells. In the present study, we show that the Akita*/"s2-
derived B-cells have impaired metabolic function, oxidative
stress, mitochondrial DNA and protein damage, and frag-
mented mitochondria. In addition, p62, the ubiquitin-binding
protein essential for targeting and transporting damaged mito-
chondria to autophagosomes, and Parkin, the protein that
targets damaged mitochondria and is essential for mitophagy,
were decreased. We have also tested the impact of ER stress on
bioenergetic function in B-cells, INS-1 cells, and intact islets
using thapsigargin. Our data suggest that ER stress induces
mitochondrial dysfunction and that defects in the autophagic
pathway contribute to B-cell dysfunction in humans with mu-
tations in the insulin gene.

MATERIALS AND METHODS

Reagents and antibodies. The following reagents were obtained
from Sigma-Aldrich (St. Louis, MO): oligomycin, FCCP (carbonyl
cyanide p-trifiuoromethoxyphenylhydrazone), antimycin A, TMRM
(tetramethylrhodamine methyl ester perchlorate), acetyl-coenzyme A
sodium salt, DTNB [5,5'-dithiobis(2-nitrobenzoic acid)], oxaloac-
etatic acid, chloroquine, thapsigargin, D-glucose, Triton X-100, re-
duced glutathione, oxidized glutathione, and trypan blue solution.
MitoSOX Red, BODIPY-FL-N-(2-aminoethyl)maleimide (Bodipy-
NEM), and MitoTracker Deep Red FM were purchased from Invit-
rogen (Eugene, OR). DTPA (diethylenetriamine pentaacetic acid) was
obtained from Fisher Scientific (Pittsburgh, PA).

Antibodies were purchased from a number of sources as follows:
complex I-39 kDa, complex II-70 kDa, complex III core I-53 kDa,
complex IV subunit I, voltage-dependent anion channel (VDAC), and
ATP synthase-a and -B (MitoSciences, Eugene, OR); light chain 3
(LC3), p62 (Sigma-Aldrich St. Louis, MO); Parkin (Santa Cruz
Biotechnology Santa Cruz, CA); manganese superoxide dismutase
(MnSOD; Enzo Life Sciences, Ann Harbor, MI); Mfnl (Abcam,
Cambridge, MA); Drpl (BD Biosciences, San Jose, CA); and citrate
synthase (Epitomics, Burlingame, CA).

Cell culture and intact mouse islets. WT and Akita™s>*/~ insuli-
noma pancreatic B-cell lines were generated from Akita mice or
isogenic WT C57BL/6 littermates, as described previously (39, 41,
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54). Both cell types were grown in 25 mM glucose Dulbecco’s
modified Eagle’s medium (DMEM; 4.5 g/l p-glucose, 4 mM
L-glutamine, and phenol red; Invitrogen, Eugene, OR) containing
15% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA),
1X penicillin-streptomycin (Invitrogen), and 150 uM B-mercap-
toethanol (Sigma-Aldrich, St. Louis, MO). The INS-1 insulinoma
cell line was maintained as described previously (31). All cell lines
were maintained in a 37°C incubator under an atmosphere of (5%
CO,-95% air) dioxide.

Intact mouse islets. Male C57/BL6 mice were bred and maintained
according to the Institutional Animal Care and Use Committee poli-
cies at the University of Alabama at Birmingham, which approved our
experiments. Mice (4-5 wk of age) were euthanized with CO, or
cervical dislocation prior to the islets being isolated, as described
previously (29). In brief, the pancreas was removed, distended, and
processed through digestion and a series of washes using RPMI 1640
to isolate intact islets. The remaining islets were then selected under
a microscope, counted, and incubated overnight in complete RPMI
1640 medium under an atmosphere of 5% CO, and 95% air at 37°C.
Typical islet yields were 150 per mouse.

Mitochondrial bioenergetics. To assess cellular and intact islet
bioenergetics, the Seahorse XF-24 extracellular flux analyzer from
Seahorse Biosciences (North Billerica, MA) was utilized. WT and
Akita*™2.derived B-cells or INS-1 cells were seeded at 60,000
cells/well in Seahorse XF-24 specialized cell culture plates. The
following day, medium was replaced with unbuffered DMEM for 1 h
at 37°C (without COy) prior to basal oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) being assessed simultane-
ously in the Seahorse XF-24 analyzer. Twenty-five minutes later, the
effects of the mitochondrial inhibitors oligomycin (1 wg/ml), FCCP (2
M), and antimycin A (10 pM) were measured. Both the OCR and
ECAR were normalized to total protein in each well using the
Bio-Rad DC protein assay (Bio-Rad Laboratories, Hercules, CA). The
cellular bioenergetic parameters ATP-linked respiration, proton leak
respiration, maximal OCR, reserve capacity, and nonmitochondrial
respiration were calculated as described previously (14). Briefly, the
ATP-linked respiration was derived from the difference between basal
OCR and respiration following complex V inhibition (oligomycin).
The difference in respiration between antimycin A and oligomycin
indicated the amount of oxygen consumed that is due to proton leak.
Maximal OCR was determined by subtracting FCCP-induced respi-
ration from the OCR after the addition of antimycin A. Finally, the
reserve capacity was calculated as the difference between maximal
respiration (OCR after FCCP) and basal OCR. In separate experi-
ments, cells were treated with thapsigargin (1 wM), an ER stress
inducer, for 6 h prior to assessing cellular bioenergetics with thapsi-
gargin in the medium.

Islets (50/well) isolated from C57/BL6 mice and treated with
vehicle (DMSO) alone or thapsigargin (2 pM) were plated in XF24
islet capture microplates containing 3 mM DMEM glucose using an
established protocol (56). Following plating, islets were allowed to
equilibrate for 1 h at 37°C (without CO,) prior to assessing basal
OCR. After basal OCR was measured for 50 min, p-glucose (20 mM)
was injected into the cellular medium to determine the islets’ glucose
response over time, and oligomycin (5 uM) was injected subsequently
to inhibit OCR. Finally, the OCR was normalized to total protein in
each well using the Bio-Rad DC protein assay (Bio-Rad Laborato-
ries).

Mitochondrial membrane potential and superoxide generation.
The inner mitochondrial membrane potential was assessed using
TMRM dye. Briefly, cells (80,000 cells/well) were seeded in a Costar
96-well black clear-bottom plate (Fisher Scientific, Pittsburgh, PA).
The following day, cells were incubated for 30 min with 100 nM
TMRM dye in culture medium alone or in medium containing FCCP
(10 uM) or oligomycin (6 pg/ml). Next, the cellular medium con-
taining dyes and inhibitors was removed, and trypan blue was added
to the cells for 10 min to quench extracellular TMRM fluorescence.
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Subsequently, trypan blue was aspirated, and cells were washed once
with medium. Fresh medium was added to the cells, and TMRM
intracellular fluorescence was measured using a FLUOstar Omega
Microplate Reader (BMG Labtech, Ortenberg, Germany) with exci-
tation/emission filters (560/595 nm).

To detect basal mitochondrial superoxide generation in WT and
Akita*™2.derived B-cells, MitoSOX Red (Invitrogen), a cationic
dye that fluoresces red when oxidized by mitochondrial superoxide,
was utilized. Briefly, cells (50,000 cells/well) were plated in glass
chamber slides (Nunc, Rochester, NY). The following day, cells were
treated in the dark with MitoSOX Red (300 nM for 15 min). Subse-
quently, cells were washed with cellular medium and imaged using a
Leica SP1 UV confocal laser scanning microscope (X100) with
excitation/emission (510/580 nm) filters. All images were captured
with equal exposure times and quantified using Simple PCI software
(Compix, Cranberry Township, PA).

MnSOD activity. Enzymatic activity of MnSOD was determined by
the cytochrome ¢ reduction method in the presence of 1 mM KCN to
inhibit Cu/Zn-SOD activity, as described previously (37). Briefly,
cells were harvested in PBS containing DTPA (10 uM), 0.1% Triton
X-100, and protease inhibitors. The protein content of cleared lysates
was measured by the Bradford protein determination method. Sample
amounts were titrated to a reaction mixture consisting of 50 mM phos-
phate buffer, pH 7.8, containing 0.2 mM EDTA, 10 pM cytochrome c,
50 pM xanthine, and 1 mM KCN until the rate of xanthine-xanthine
oxidase-generated superoxide production was reduced by approximately
one-half. The amount of xanthine-xanthine oxidase required to achieve a
rate of reduction of cytochrome ¢ of 0.025 absorbance U/min was
predetermined prior to beginning the assay.

Western blotting. Protein extracts from WT and Akita*/"2-derived
{B-cells that were untreated or treated with chloroquine (40 uM for 5
h), a lysosomotropic agent that inhibits autophagic flux, or thapsi-
gargin (1 uM for 2 h), an ER stress inducer, were separated on
SDS-PAGE (10 or 15% gels) and transferred to polyvinylidene
fluoride (PVDF) or nitrocellulose membranes. Subsequently, mem-
branes were blocked in TBST (Tris-buffered saline with 0.05% Tween
20) containing 5% nonfat dry milk powder for 1 h and probed with
primary antibodies overnight at 4°C. The following day, blots were
washed three times with TBST and incubated with appropriate sec-
ondary antibodies for 1 h at room temperature (RT). Membranes were
then washed with TBST three times prior to developing with SuperSignal
West Dura chemiluminescent substrate (Thermo Scientific, Rockford,
IL). Equal protein loading was established (10 or 20 p.g) using the Lowry
DC protein assay and verified by staining the membrane with Ponceau S
or Amido Black. In all cases, the variation in protein loading was
determined to be <10%, and no further correction was applied. Com-
parison of proteins was performed within the same gel to avoid variability
in exposure and development conditions. Relative levels of protein
expression were quantified using densitometry from the AlphaView SA
software (Protein Simple, Santa Clara, CA).

Glutathione assays. The total glutathione level was determined in
cell lysates using the Tietze recycling assay (53). In brief, cells were
lysed in 0.1% Triton X-100 in PBS buffer, pH 7.4, containing 10 uM
DTPA. Total glutathione was determined on the basis of the reduction of
DTNB at 412 nm, using an extinction coefficient of 13,000 M~ /cm™1.
Subsequently, all values were normalized to cellular protein.

For GSH and GSSG measurements by mass spectrometry, cells
were scraped in 10 mM Tris, pH 7.4, containing 10 mM N-
ethylmaleimide (NEM) and allowed to incubate on ice for 30 min
prior to the protein being precipitated with two volumes of cold
methanol. Precipitated proteins were removed by centrifugation at
16,500 g for 15 min. Cleared supernatants (5 1) were then injected
onto the mass spectrometer. GSH-NEM standards were prepared
by reacting 1 mM GSH with 10 mM NEM for 30 min at 37°C. To
determine the efficiency of the alkylation procedure, the concen-
tration of unreacted GSH was measured using the reduction of
DTNB, and the reaction was shown to be 100% (data not shown).
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Calibration curves ranging from O to 0.05 nmol (injected on the
column) of GSH-NEM and GSSG were established in conjunction
with the samples. The linearities of the GSH-NEM and GSSG
curves were > = 0.9861 and 2 = 0.9982, respectively. To
separate the NEM-GSH from GSSG and excess unreacted NEM, a
gradient elution was used. The elution profile was as follows:
initial state 100% mobile phase A; 0- to 5-min linear 0-100%
gradient of mobile phase B, followed by a reequilibration with
100% mobile A from 5.1 to 10 min. Mobile phase A consisted of
isopropanol-acetonitrile-formic acid (50:50:0.5 vol/vol), respec-
tively, and mobile phase B consisted of 0.5% formic acid. The
column was a normal phase 2.1 X 20 mm ZIC-HILIC SeQuant (3.5
micron particle size). Positive ion electrospray ionization was
employed for analysis using an AB/Sciex API-4000 Triple Quad-
rupole mass spectrometer equipped with a Shimadzu Prominence
HPLC system. Selected ion monitoring in the positive mode was
conducted to simultaneously monitor ions at m/z 433 and 613 that
corresponded to the protonated molecular ions of GSH-NEM and
GSSG, respectively.

Protein thiol oxidation. To detect protein thiols in WT and Akita*/ms2
derived B-cells, Bodipy-NEM, a fluorophore-labeled alkylating agent
that reacts specifically with thiol groups in biological samples, was
used (22). In brief, cells were treated with 100 wM Bodipy-NEM for
15 min, lysed, and separated using 10% SDS-PAGE with nonre-
ducing conditions. To visualize the thiol redox state, in-gel fluo-
rescence imaging of the BODIPY signal using a Typhoon imager
(GE Healthcare Biosciences, Pittsburgh, PA) was implemented.
ImageQuantTL analysis software (GE Healthcare Biosciences) was
used to analyze the fluorescent signal intensity for each lane. In addition,
the concentration of Bodipy in each sample was quantified using a
Bodipy-GAPDH standard curve, as described previously (22).

Protein S-glutathiolation. Cells (3 X 10°) were suspended in 100
wl of 1 mM ethyl ester GSH-biotin (Invitrogen, Grand Island, NY) in
serum-free medium and then incubated overnight at 37°C. Cell sus-
pensions were centrifuged, and the resulting cell pellets were washed
with fresh serum-free medium (500 pl). Cellular extracts were pre-
pared in lysis buffer containing 20 mM Tris, pH 7.4, 1% Triton x-100,
10 uM DTPA, 25 mM NEM, and protease inhibitors. To enrich for
S-glutathiolated proteins, cleared lysates were mixed with neutravidin
beads and incubated overnight at 4°C. Beads were then washed and
the modified proteins eluted and probed by Western blotting (21, 62).
To identify mitochondrial proteins that were S-glutathiolated, affinity-
purified material (10 pl) was loaded onto 4-18% gradient gels and
then probed with an antibody specific to VDAC.

Mitochondrial copy number. Mitochondrial copy number was de-
termined using real-time quantitative PCR. Real-time PCR using
SYBR Green (Life Technologies, Carlsbad, CA) was performed using
50 ng of total DNA as template. The primer sequences used for
mtDNA were mtF (5'- CCCCAGCCATAACACAGTATCAAAC-3")
and mtR (5'-GCCCAAAGAATCAGAACAGATGC-3') in an ABI
7500 system (Applied Biosystems, Grand Island, NY). Real-time
PCR conditions were as follows: 94°C for 2 min, followed by 40
cycles of denaturation at 94°C for 15 s, annealing and extension at
60°C for 1 min. mtDNA copy number was normalized to amplifi-
cation of an 18S nuclear amplicon using the following primer set:
ms18s forward, aaacggctaccacatccaag; msl18s reverse, 5'-caatta-
cagggectcgaaag-3'.

Mitochondrial DNA damage. To assess mitochondrial DNA
(mtDNA) damage, total DNA was isolated from WT and Akita™/ns2.
derived B-cells using a QIAamp DNA Mini Kit according to the
manufacturer’s instructions (Qiagen, Valencia, CA). The 16-kb
mtDNA was amplified by PCR using 50 ng of total DNA and the
primer set M13597/M13361 (forward: cccagctactaccatcattcaagtag; re-
verse: 5'-gagagattttatgggtgtaatgcggte-3’), as described previously
(55). To normalize mtDNA copy number, a short 80-bp segment of
mtDNA product was amplified using primer set M13281/M13361
(forward: 5'gcaaatccatattcatccttctcaac; reverse: gagagattttatgggtgtaat-
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geggtg-3"). Quantitation of the average lesion frequency in the 16-kp
mtDNA was performed assuming a random distribution of lesions in
accordance with the Poisson equation (55).

Citrate synthase activity. Citrate synthase catalyzes the first reac-
tion of the TCA cycle and was evaluated in WT and Akita*/2s2-
derived B-cells, as described previously (45). In brief, citrate synthase
activity in cell lysates was measured spectrophotometrically at 412
nm based on the reaction between oxaloacetate, acetyl-CoA, and
DTNB. Subsequently, cellular protein was determined and used to
normalize citrate synthase activity.

Mitochondrial morphology. To assess mitochondrial morphology,
cells were grown in Lab-Tek chambered coverglass systems (Nunc,
Rochester, NY). The following day, cells were washed with DMEM
medium and incubated with 100 nM MitoTracker Deep Red FM
(Invitrogen) for 15 min at 37°C. Subsequently, cells were washed with
medium and imaged using a Carl Zeiss LSM 700 inverted confocal
microscope (X40 oil; NA 1.4, Zoom X3). Optical Z stacks were
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obtained, and thereafter the Zen software (Carl Zeiss) was utilized to
assess the number of fragmented mitochondria per total mitochondrial
area. Mitochondrial fragments that were 0.5 wm or smaller in diam-
eter were considered for quantitation and counted in each optical slice
of a z-stack after thresholding to account only for mitochondrial
pixels. Subsequently, the total mitochondrial area per optical slice was
determined by adding all of the mitochondrial area in the z-stacks.
Finally, the number of fragmented mitochondria was normalized by
total mitochondrial area and expressed as the number of mitochondrial
fragments (<0.5 pm diameter) in 100 pm?2.

Immunocytochemistry. WT and Akita*s2-derived B-cells were
plated on glass coverslips in 12-well plates. The following day, cells
were washed with cold PBS, fixed for 15 min with 4% paraformal-
dehyde in PBS (Affymetrix, Santa Clara, CA), washed gently with
PBS, and permeabilized with 0.15% Triton X-100 in PBS for 15 min
at RT. Cells were then washed with PBS and blocked with 1% bovine
serum albumin (Sigma-Aldrich) plus 1% donkey serum host (Santa

B
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Cruz Biotechnology) in PBS for 30 min at RT. Subsequently, cells
were incubated with the rabbit polyclonal LC3 antibody (Sigma-
Aldrich) for 1 h at RT. Cells were then washed with 0.1% BSA in PBS
for 10 min at RT and then incubated with a goat anti-rabbit IgG Alexa
488 secondary antibody (1:1,000; Invitrogen) for 30 min in the dark
at RT. Finally, cells were washed gently with PBS for 15 min,
coverslipped with mounting medium, and stored in the dark at 4°C.
Fluorescence staining was evaluated using a Leica DM6000 epifluo-
rescence microscope (X 100). All images were captured with identical
exposure settings and quantified using Simple PCI software (Compix,
Cranberry Township, PA).

mRNA analyses. RNA was isolated from cells using TRIzol (Life
Technologies, Carlsbad, CA) according to the manufacturer’s proto-
col. RNA (0.5-2 p.g) was used to make cDNA using the iScript cDNA
Synthesis Kit (Bio-Rad Laboratories) according to the manufacturer’s
protocol. Quantitative real-time PCR was performed with SYBR
Green Mastermix (Life Technologies, Carlsbad, CA) with the follow-
ing conditions: 95°C for 5 min, 95°C for 10 s, 60°C for 10 s, and 72°C
for 15 s X 40. Real-time quantitative RT-PCR results were normal-
ized against an internal control (B-actin). Forward and reverse primer
sequences for genes analyzed are as follows: Parkin (forward, gagcttc-
cgaatcacctgac; reverse, ccetccagatgcatttgttt), P62 (forward, cgagtgget-
gtgetgttc; reverse, tgtcagetcctcateactgg), and B-actin (forward, gacg-
gecaggtcateactat; reverse, aaggaaggetggaaaagage).

Statistics. All results are expressed as means = SE (n = 3-5/
group). Statistical analysis was performed using one-way ANOVA
and Tukey’s post hoc test. All values were considered statistically
significant when P < 0.05.
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RESULTS

Akita™™2.derived B-cells have lower rates of oxidative
phosphorylation. Mitochondrial bioenergetics in WT and Akita™/s2-
derived B-cells were assessed using the Seahorse XF-24 ana-
lyzer (Fig. 1A). As shown in Fig. 1, basal OCR was measured
for 25 min and was decreased in Akita™"%-derived B-cells
compared with WT B-cells. Subsequently, oligomycin, an ATP
synthase inhibitor, was injected and as expected caused a rapid
decline in ATP-linked respiration in both WT and Akita™*/s2.
derived B-cells. Next, FCCP, a mitochondrial uncoupler, was
injected and stimulated maximal respiration in both cell types
(Fig. 1B). Finally, injection of antimycin A inhibited mitochon-
drial respiration to an equal extent in both cell types. From this
profile, several bioenergetic parameters were determined (Fig.
1C). Basal respiration, ATP-linked respiration, and maximal res-
piration were all significantly lower in Akita*™2-derived B-cells
compared with WT B-cells (Fig. 1C). The reserve capacity,
which is an estimate of the potential bioenergetic capacity of
the cell available to meet increased ATP demand or to
combat oxidative stress (13), was also significantly lower in
Akita™/s2_derived B-cells. Under the same conditions, the
ECAR, which is an index of glycolysis, was found to be
similar between WT and Akita*/""s2-derived B-cells and is
shown plotted against the basal OCR rates in Fig. 1D.
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ER stress induces bioenergetic defects in WT B-cells, INS-1
cells, and C57 mouse islets. To assess the effect of ER stress on
mitochondrial bioenergetics, WT B-cells and INS-1 cells were
treated with thapsigargin for 6 h prior to the mitochondrial
bioenergetic profile being assessed. As shown in Fig. 24,
thapsigargin pretreatment significantly decreased basal respi-
ration, ATP-linked respiration, and proton leak in WT B-cells
(Fig. 2A). However, thapsigargin had no effect on maximal
respiration and increased reserve capacity significantly (Fig.
2A). As shown in Fig. 2B, thapsigargin also elicited similar
effects in INS-1 cells.

These findings were further confirmed in intact mouse islets
treated with thapsigargin (24 h) prior to the islet glucose
response being measured, using an established protocol (56)
(Fig. 3). As shown in Fig. 34, the basal OCR of mouse islets was
measured for 45 min before glucose was injected to stimulate
increased oxygen consumption. Approximately 50 min later, oli-
gomycin, an ATP synthase inhibitor, was injected and caused a
rapid decline in respiration. Islets treated with thapsigargin had a
significantly lower basal OCR compared with control islets (Fig.
3, A and B). In addition, thapsigargin prevented a rapid increase in
OCR following glucose stimulation and delayed the effects of
oligomycin inhibition on respiration (Fig. 3, A and B). These data
confirm that ER stress negatively affects cellular bioenergetics in
both cell lines and isolated islets.

Akita™"2.derived B-cells have increased mitochondrial
membrane potential, mitochondrial superoxide, and MnSOD
activity. As shown in Fig. 44, Akita™/"s2_derived B-cells had a
significantly higher basal mitochondrial membrane potential
compared with WT cells (Fig. 44). As expected, FCCP

A
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decreased the TMRM signal significantly in both WT and
Akita*/1%52_derived B-cells. However, oligomycin induced a
further increase in membrane potential in the WT B-cells
but to a much lesser extent in the Akita*2.derived B-cells.
A higher mitochondrial membrane potential is frequently as-
sociated with increased superoxide production from the respi-
ratory chain, which we assessed using MitoSOX Red fluores-
cence. As shown in Fig. 4B, the red fluorescence, reflecting
increased mitochondrial superoxide generation, was increased
significantly in Akita*/™2-derived B-cells. In addition, Mn-
SOD protein and activity levels were increased significantly in
the Akita*/"2.derived B-cells (Fig. 4, C and D). These data
suggest that although MnSOD is increased in the Akita*/172-
derived B-cells, it is not sufficient to mitigate superoxide
generation.

We found that the total glutathione pool was significantly
lower in the Akita*/™2-derived B-cells compared with the WT
B-cells (Fig. 5A). Since decreased glutathione levels would
suggest changes in the ratio of reduced (GSH) to oxidized
(GSSG) glutathione, we examined this using mass spectrome-
try and found the GSH/GSSG ratio to be significantly lower in
Akita*/"2.derived B-cells (Fig. 5B). Given that glutathione
oxidation is frequently associated with increased protein thiol
oxidation, we evaluated the extent of oxidation using Bodipy-
NEM, which introduces a fluorescent tag on reduced protein
thiols. As shown in Fig. 5C, the overall Bodipy-NEM fluores-
cence intensity in the Akita™™2derived B-cell lane was
~20% lower than the WT B-cells. An increased oxidation state
of the GSH/GSSG redox couple could lead to S-glutathiolation,
which would account for the decreased protein thiol content
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>

Fig. 4. Mitochondrial membrane potential, super-
oxide generation, and manganese superoxide dis-
mutase (MnSOD) in WT and Akita*"™2-derived
B-cells. A: to detect mitochondrial membrane po-
tential, WT and Akita ™2~ -derived B-cells were
treated with 100 nM tetramethylrhodamine
methyl ester perchlorate (TMRM) for 30 min.
FCCP and oligomycin controls were included to
depolarize and hyperpolarize mitochondrial
membrane potential, respectively. Results are
expressed as mean arbitrary fluorescence units
(AFU) = SE; n = 3/group. B: WT and
- Akita*/ms2-derived B-cells were treated with
300 nM MitoSOX Red for 15 min and imaged
using confocal microscopy (X100) to detect mi-
tochondrial superoxide levels. The bar graph
shows the arbitrary levels of mitochondrial su-
peroxide detected in these cells per unit area.
Results are means * SE; n = 3/group. C: cell
lysates from WT and Akita*/®s2-derived B-cells
were resolved by SDS-PAGE, transferred to
polyvinylidene fluoride (PVDF) membranes,
and probed for MnSOD. Western blot loading
was controlled for by protein staining, and band

HH

WT ' Akita intensities were quantified using AlphaView SA
software. Results are expressed as mean fold
change arbitrary units (AU) over WT B-cells =
SE; n = 3/group. D: MnSOD activity was de-
termined in cell lysates using the cytochrome ¢
reduction method. Results are expressed as mean
fold change activity normalized to total protein

* over WT B-cells = SE; n = 3/group. *P < 0.05
compared with WT B-cells; #P < 0.05 com-
pared with respective controls.
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(23), and this was tested by incubating the cells with biotinyl-
ated GSH-ester and measuring protein S-glutathiolation. As
shown in Fig. 5D, thiol modification of proteins was increased
approximately fivefold in the Akita*™>-derived B-cells. Next,
using the biotin to affinity purify the S-glutathiolated pro-
teins, we blotted for VDAC, a mitochondrial outer mem-
brane protein, to determine whether it was modified. As
shown in Fig. 5E, no detectable S-glutathiolated VDAC was
detected in the WT cells, whereas the Akita™"™2-derived
B-cells showed extensive modification. These findings sug-
gest that there is increased oxidative stress and protein thiol
oxidation in Akita*/™2.derived B-cells.

MtDNA is highly susceptible to oxidation, and therefore, we
hypothesized that it would also be modified in Akita™/1s2-
derived B-cells compared with WT 3-cells. As shown in Fig. 64,

WT | Akita

real-time quantitative PCR detected no significant difference in
mtDNA copy number between the two cell types. When we
assessed mtDNA damage, as expected, the short product (80
bp) was not significantly different between the two cell types
(Fig. 6B). However, the long product (16 kb) was decreased
significantly in Akita*""*2-derived B-cells, which is consistent
with increased mtDNA damage (Fig. 6B).

Akita™2-derived B-cells have altered mitochondrial pro-
tein composition. Since the total mitochondrial number, as-
sessed by mtDNA, appears not to have influenced the bioen-
ergetic changes described above, these changes could arise due
to differential regulation of components of the mitochondrial
respiratory chain (42). To assess this, we performed both activity
assays and Western blot analyses of proteins in different mito-
chondrial compartments. Both the activity and levels of the matrix
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enzyme citrate synthase were significantly lower in Akita™*ms2-
derived B-cells compared with WT B-cells (Fig. 7, A-C). The
outer membrane mitochondrial protein VDAC is essential for
substrate transport and permeability transition and was found
to be approximately threefold higher in Akita™"*2-derived
B-cells compared with WT B-cells (Fig. 7, A and B). Next, we
assessed selected mitochondrial respiratory complexes (Fig. 7,
A and B) and found that complex I (39 kDa) and II (70 kDa)
protein levels were increased in Akita*/™™?-derived B-cells.
However, complex III core 1 protein was significantly de-
creased in Akita*™™2-derived B-cells compared with WT
B-cells. In contrast, complex IV subunit I protein levels were
expressed equally between the two groups. Furthermore, ATP
synthase a-levels were increased in Akita*/2-derived B-cells,
whereas ATP synthase- expression was similar to WT 3-cell

levels (Fig. 7, A and B). Together, these data indicate significant
changes in mitochondrial composition in the Akita™*/™2-derived
{3-cells compared with WT B-cells.

Mitochondrial morphology is altered in Akita™""?-derived
B-cells. Mitochondrial morphology is established by equilib-
rium between fusion and fission, which are important cellular
processes that control mitochondrial dynamics and turnover
(33). Using specific antibodies, we determined the levels of the
key fusion protein mitofusin 1 (Mfnl) and the key fission
protein dynamin-related protein 1 (Drpl) in the WT and
Akita*/"s2_derived B-cells. As shown in Fig. 84, Mfn1 protein
expression was significantly lower in Akita*/ ™2 derived
B-cells. In contrast, Drpl was approximately threefold higher
in Akita*/™2-derived cells than in WT B-cells (Fig. 8B). These
results suggested that mitochondrial integrity is compromised
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Fig. 6. Mitochondrial DNA (mtDNA) copy num-
ber and damage in WT and Akitat/™2-derived
B-cells. A: mtDNA copy number was quantified
from WT and Akita*™s2-derived B-cells total

* DNA using real-time quantitative PCR. mtDNA
copy numbers were normalized to nuclear DNA
copy numbers (18S) and represented as the fold
change compared with WT B-cells. B: mitochon-
drial lesion frequency was calculated using the
ratio of the long PCR (16 kb) product normalized
to the short PCR (80 bp) based on the assumption
that the lesion is distributed randomly in the 16-kp
mtDNA according to the Poisson equation men-
tioned in MATERIALS AND METHODS. Results are
mean * SE; n = 3/group. *P < 0.05 compared
with WT B-cells.
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in Akita™"?_derived B-cells. To assess this, we visualized
mitochondrial morphology using the fluorescent dye Mito-
Tracker Red. As illustrated in Fig. 8C, WT 3-cell mitochondria
were larger and had longer tubular structures and filamentous
networks. However, the Akita*/™"2-derived B-cell mitochon-
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dria were smaller, fragmented, and punctate, which is consis-
tent with a higher level of mitochondrial fission. In addition,
Akita*™2_derived B-cells had a significant increase in the
number of fragmented mitochondria per mitochondrial area
compared with the WT B-cells (Fig. 8C).

W Akita

Fig. 7. Mitochondrial protein composition in
WT and Akita*"*s2-derived B-cells. A: cell
lysates from WT and Akita™™2-derived
B-cells were prepared and resolved on SDS-
PAGE gels, transferred to PVDF membranes,
and subjected to immunoblot analysis for the
following antibodies: citrate synthase, VDAC,
complex I (39-kDa subunit), complex II (70-

2 = @ o

3 3 % § o § @ kDa subunit), complex III core protein 1,
= a3 €€ €% complex IV subunit I, and ATP synthase «-
<« €8 =353 X3 . .

3 8 a #& ©38 and B-subunits. B: Western blot loading was
g pa po controlled for by protein staining, and band
3 < < intensities were quantified using AlphaView

SA software. Results are expressed as mean
fold change AU over WT B-cells = SE; n =
3/group. C: citrate synthase activity was de-
termined and normalized to cellular protein,
as described in MATERIALS AND METHODS. Re-
sults are means * SE; n = 3/group. *P <
0.05 compared with WT B-cells.
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Fig. 8. Mitochondrial dynamics and morphol-
ogy in WT and Akita*™2-derived B-cells.
Cell lysates from WT and Akita*/™s2-derived
B-cells were prepared and resolved on SDS-
PAGE gels, transferred to PVDF membranes,
and subjected to immunoblot analysis for
mitofusin 1 (Mfnl; mitochondrial fusion; A) 0 .
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and dynamin-related protein 1 (Drpl; mito- WT
chondrial fission; B). Western blot loading
was controlled for by protein staining, and
band intensities were quantified using Al-
phaView SA software. Results are expressed
as mean fold change arbitrary units over WT
B-cells = SE; n = 3/group. C: representative
maximum intensity projection of 3 consecu-
tive optical z-slices acquired from WT and
Akita*/7s2-derived B-cells stained with Mito-
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Autophagy in Akita™™?-derived B-cells. The microtubule-
associated LC3 protein is a marker of autophagy and is com-
prised of two isoforms, LC3-I and LC3-II (28). Upon induction
of autophagy, LC3-I is lipidated to form LC3-II. As shown in
Fig. 9A, the ratio of LC3-II to LC3-I was not significantly
different between WT and Akita™/52-derived B-cells. To as-
sess autophagic flux, we treated cells with chloroquine (CQ), a
compound that prevents autophagy completion and degrada-
tion of LC3-1II (28). CQ treatment had no effect on LC3-I in
either cell type but increased LC3-II as expected, resulting
in an increase in the LC3-II/LC3-I ratio, similarly in both
cell types, indicating that Akita™/™2-derived B-cells exhibit
normal autophagic flux (Fig. 94). Furthermore, both cells
exhibited similarly significant increases in the LC3-II/LC3-I
ratio after being exposed to thapsigargin (Fig. 94). Consis-
tent with the data shown in Fig. 94, there was no difference
in LC3 between the two cell types, as evidenced by immu-
nocytochemistry (Fig. 9B). We also examined LC3 levels in
the mitochondria and found that LC3-II was increased
significantly in the Akita™2-derived B-cells (Fig. 9C). In
addition, the isolated mitochondria showed no detectable
actin and were enriched in citrate synthase content, as
expected (Fig. 9C).

'—
Tracker Red. Quantification of mitochondrial =
fragments was performed as described in MA-
TERIALS AND METHODS. *P < 0.05 compared
with WT B-cells.
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Although overall autophagic flux is unaltered, both p62
and Parkin, which are important in targeting damaged mi-
tochondria for degradation, were decreased significantly in
the Akita*/™™2_derived B-cells compared with WT B-cells
(Fig. 10, A and B). To determine whether this was due to
transcription, we further examined p62 and Parkin mRNA
levels. As shown in Fig. 10C, Akita*™2-derived B-cells had a
significant decrease in p62 mRNA levels; however, Parkin
mRNA was not significantly different between the two cell

types.

DISCUSSION

Mitochondrial changes, ER stress, and oxidative stress have
all been suggested to contribute to pancreatic (3-cell dysfunc-
tion (10, 16, 24). In the present study, we examined the effects
of endogenous ER stress induced by a mutation in the insulin
B chain in pancreatic B-cell lines generated from Akita™s2*/~
mice and by inducing ER stress pharmacologically using thap-
sigargin in WT B-cells, INS-1 cells, and C57/BL6 mouse islets.
This is important to understand because mutations in insulin
have been shown to occur in rare cases of neonatal diabetes in
humans (1, 15, 46). Spontaneous mutations of insulin result in
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progressive [-cell death and secondary complications of
T1DM such as diabetic nephropathy (7, 9). Previous studies
with B-cells generated from Akita™™? and WT mice have
shown that Akita™"™2.derived B-cells exhibited decreased
insulin release, increased ER stress, and increased apoptotic
cell death through the intrinsic mitochondrial cell death path-
way (30, 41). We hypothesized that ER stress due to mutated
insulin would cause mitochondrial damage, oxidative stress,
and accumulation of damaged mitochondria in Akita™/ms2-
derived B-cells and that the failure to maintain a healthy
mitochondrial population may underlie the mechanisms lead-
ing to cytotoxicity. Consistent with our hypothesis, we found
that Akita™2-derived B-cells have decreased mitochondrial
function and increased mitochondrial ROS, mitochondrial fis-
sion, and mtDNA damage.

Increased intramitochondrial oxidative stress observed
was associated with changes to the cellular bioenergetics
that were evident by decreased ATP-dependent and maximal
respiration. The lower levels of respiration could arise from

LC3-II Citrate Synthase

a decrease in the number of mitochondria, but this explana-
tion is unlikely since the total mtDNA copy numbers were
similar between the Akita™/™2-derived B-cells and controls.
Under the same conditions, glycolysis was also measured
and found to be not significantly different between WT and
Akita*/152_derived B-cells, suggesting that the Akita™/"s2-
derived B-cells had overall lower energetic requirements
than WT B-cells. In support of this finding, the resting
mitochondrial membrane potential was higher in Akita™ns%-
derived 3-cells and was not further hyperpolarized following
the addition of oligomycin. It is well established that an
increased mitochondrial membrane potential contributes to
higher rates of mitochondrial superoxide production (40),
and this was also evident in the current study. Indeed, both
MnSOD protein and activity levels were also increased, but
the level of enzyme activity was only 1.4-fold compared
with a fourfold increase in protein levels. It has been shown
previously that modifications such as S-glutathiolation and
nitration cause decreased MnSOD activity, and it is possible
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that these could be occurring and explain that the increase in
enzyme activity is substantially lower than the increase in
protein levels (35, 44).

Pancreatic B-cells are extremely susceptible to oxidative
stress due to their low levels of antioxidant enzymes such as
glutathione peroxidase 1 and Cu/Zn-superoxide dismutase 1
(32). Consistent with these findings, we found total glutathione
to be lower in Akita™"s2-derived B-cells. We further evaluated
the GSH/GSSG redox couple in the Akita™™2-derived B-cells
and found it to be more oxidized, consistent with an increased
level of protein S-glutathiolation, including S-glutathiolation of
the mitochondrial outer membrane protein VDAC. In addition,
increased protein thiol oxidation was observed in the Akita™/s2-
derived B-cells, which correlates with increased mitochondrial
superoxide generation and the formation of downstream oxidants.
In agreement with this conclusion, it has been shown that oxida-
tive stress, tyrosine nitration, and mitochondrial swelling are
induced in Akita™"™-derived B-cells (61).

It is clearly evident that an oxidative environment can alter
mtDNA and protein composition and function. Evaluation of
both mtDNA and selective mitochondrial proteins showed
evidence of increased mtDNA damage and a significant re-
structuring of the mitochondrial proteins. Citrate synthase
protein levels and activity, a TCA cycle enzyme generally
regarded as resistant to oxidative stress, was significantly

lower, and VDAC levels were enhanced. The latter was par-
ticularly interesting because VDAC is essential for mitochon-
drial Ca** uptake from the ER and plays a key role in
mitochondrially mediated apoptosis. The increase in VDAC
observed in the Akita™2derived B-cells suggests that
VDAC may be contributing to Ca?* overload and cell death.
Indeed, VDAC protein levels have been shown to be increased
in diabetic mouse coronary vascular endothelial cells and were
suggested to cause increased mitochondrial superoxide due to
Ca?" overload within the mitochondria (48). This could be an
additional mechanism for increased mitochondrial superoxide
in the Akita™2_derived B-cells since it is well documented
that disruption of electron transport in the mitochondria can
lead to increased mitochondrial superoxide generation (40).
Hence, we also evaluated proteins related to oxidative phos-
phorylation in these cells because mitochondrial protein com-
position is critical in regulating the respiratory chain. In the
Akita™™m2derived B-cells the distribution of several proteins
was significantly different and may explain the changes ob-
served in cellular bioenergetics. In particular, complex I and IT
subunits were increased in Akita™™2.derived B-cells com-
pared with WT B-cells, but complex III was significantly
decreased, and complex IV subunit I levels were not signifi-
cantly different between the two groups. Interestingly, ATP
synthase a-subunit was twofold higher in Akita™"™-derived
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B-cells compared with WT B-cells. However, the ATP syn-
thase B-subunit was not changed, which suggests defective
assembly of this mitochondrial complex. Consistent with our
findings, both complex I and ATP synthase protein expression
have been shown to be increased in islets isolated from T2DM
subjects (2), suggesting that the composition of mitochondrial
proteins in diabetes plays an important role in B-cell viability.
In addition, the composition of mitochondrial proteins and
their function is largely dependent on mitochondrial dynamics,
where the balance between fusion and fission is essential for
regulating mitochondrial morphology and maintaining a
healthy population of mitochondria (12). In the Akita™/s2-
derived B-cells, mitochondrial fission was elevated and re-
sulted in smaller fragmented mitochondria.

Damaged mitochondria are typically programmed for re-
moval by mitophagy, and it has been shown previously that
inhibition of mitophagy results in the accumulation of damaged
mitochondria that generate increased levels of reactive oxygen
species (28). However, although Akita*/™2-derived B-cells
exhibited more mitochondrial fragmentation, LC3 protein lev-
els as well as autophagic flux are comparable in the Akita™™*
derived B-cells and the WT B-cells. These data suggest that,
although there are more damaged mitochondria in the
Akita*/™s2_derived B-cells, autophagic flux is not adequate to
meet the demand for mitochondrial clearance. Intriguingly,
higher levels of LC3-II were detected in the mitochondrial
fraction, perhaps due to a redistribution of LC3-II to the
mitochondria rather than the autophagosomes. Paradoxically,
although there is evidence for deterioration in mitochondrial
quality, perhaps due to a lowering in energetic demand in
Akita*™™2-derived B-cells, the mitochondrial population ap-
pears to be able to maintain an energized state. A decrease in
mitochondrial membrane potential is one of the characteristics
of mitochondria targeted for mitophagy (20), and this is not
occurring in Akitat/™2.derived cells. On the contrary, the
mitochondrial membrane potential is higher in Akita*/"s%-
derived f-cells than in WT cells and is associated with in-
creased superoxide. Notably, the levels of both p62 and Parkin,
proteins vital for targeting and transporting mitochondria to the
phagophore, are lower in Akita*/™2-derived B-cells. These
lowered levels may result in an insufficient mitophagy activity,
contributing to accumulation of damaged mitochondria in the
Akita*"2_derived B-cells. It is important to note that the
decrease in p62 levels was due to a decrease in transcription,
whereas the decrease in Parkin appears to be independent of
transcriptional repression. The mechanisms for transcriptional
repression of p62 in Akita*/I"2-derived B-cells are not known,
although we speculate that this may be mediated by the
ROS-N1f pathway. Furthermore, the increased mitochondrial
ROS may contribute to the increased cytosolic oxidation of
protein thiols and glutathione. Recently, it has been shown in
two reports that stimulation of autophagy with rapamycin in
Akita™2 mice and in two different B-cell lines attenuates
stress and T1DM pathogenesis (5, 6), supporting the hypoth-
esis that an increase in mitophagy may be required for main-
taining mitochondrial quality in Akita*/"2-derived B-cells.

One of the limitations of the study is that transformed cell
lines were used. However, our findings clearly demonstrate the
ER stress induced by thapsigargin causes mitochondrial dys-
function in two B-cell lines and in normal intact islets, and a
recent study has shown that thapsigargin can inhibit autophagy
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(18). Furthermore, our data suggest that the accumulation of
damaged mitochondria due to ER stress and insufficient au-
tophagy in combination with oxidative stress may contribute to
poor pancreatic (3-cell function. As a result, this may contribute
to dysregulation of physiological mechanisms involved in
insulin release and hyperglycemia and suggests that promotion
of autophagy may preserve B-cells in individuals with TIDM
mutations in the insulin gene.
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Protein S K196E mutation, a genetic risk factor
for venous thromboembolism, is limited
to Japanese

Dear Editors,

Ethnic differences in thrombotic genetic risk have received much
attention in recent years because the established thrombotic genetic
variants, factor V Leiden and prothrombin G20210A mutation, are
limited in Caucasian populations but not in East Asian populations
[1]. We and others have identified the protein S K196E mutation
(rs121918474) as a genetic risk factor for venous thromboembolism
(VTE) in a Japanese population with odds ratios between 3.74 and
8.56 [2-5]. The allele frequency of this mutation is 0.0089 [5,6]. When
overlapping with congenital protein C deficiency, this mutation facili-
tates the development of VTE [4,7]. The individuals heterozygous for
the mutant E-allele had 16% lower protein S anticoagulant activity than
wild-type subjects [8]. An in vitro study showed that the recombinant
protein S with the K196E mutation lost activated protein C-dependent
anticoagulant activity [9]. Since East Asians including Japanese, Chinese,
and Koreans are geographically and genetically close, the protein S
K196E mutation, which has so far been found only in Japanese, may be
found in other East Asians. In this study, we have genotyped the protein
S K196E mutation in Chinese and Korean populations to clarify the geo-
graphic distribution of this thrombotic mutation. The mutation was not
found in Chinese or Koreans.

The first panel for the genotyping was a general Chinese population
consisting of 509 individuals: 50 in Dehui, 49 in Huludao, 50 in Beijing,
49in Jinan, 50 in Xi'an, 47 in Baoji, 50 in Shanghai, 50 in Changsha, 15 in
Heping, 50 in Nanning, and 49 in Tainan. The second panel was a general
Korean population consisting of 492 individuals including 105 in Seoul,
29 in Chonan, 46 in Haman, 247 in Pusan, and 65 in Jeju-do [10,11]. The
third panel consisted of 122 Chinese patients with VTE and 112 Chinese
control individuals [12]. Furthermore, from the 1000 Genomes Project
(http://www.1000genomes.org/) we retrieved the genetic information
of protein S K196E mutation in 197 Chinese consisting of 97 Chinese
in Beijing and 100 Chinese in southern China, as well as in 89 Japanese
[13].

The genotype of protein S K196E mutation in the first two panels
was determined by the TagMan genotype discrimination method {8]
using the primers 5'- ACCACTGTTCCTGTAAAAATGGTTT/5'- TTTAATT
CTACCATCCTGCTCTITACCT and the probes 5'-FAM - CAATCTTTCTtAT
TTGAAAGC-MGB (the wild-type allele)/5-VIC- AATCTTTCTcATTTGA
AAGC (the mutant allele). In the third panel, we genotyped the muta-
tion by the Homogeneous Mass Extend and iPLEX assays (Sequenom,
Hamburg, Germany) and validated it with the SNaPshot assay (Applied
Biosystems, USA). Primer sequences of the SEQUENOM assay are avail-
able on request. The PCR primers for the SNaPshot were AGACATAA
ATGAACGCAAAGATC and TCTAACTGGGATTATTCTCACAC, and the se-
quence for the extension probe was TITITTTTTTTITTCITACCTTTACA
GTCTTTCT. The SNaPshot products were resolved and analyzed using
an ABI 3730 Automated Sequence Analyzer (Applied Biosystems). The

0049-3848/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doiorg/10.1016/].thromres.2013.05.008

study protocol was approved by the Institutional Review Boards and
Ethics Committees of Kyoto University School of Medicine and by the
General Hospital of the People's Liberation Army.

We genotyped the protein S K196E mutation in 509 Chinese and
492 Koreans and found that none carried the mutation. We did not
identify the mutation in 122 Chinese patients with VTE or in 112 Chinese
control individuals. Thus, the genetic analysis of three independent
panels indicated that the protein S K196E mutation is present solely in
Japanese and not in Chinese. The number of Korean individuals we
genotyped was insufficient to yield conclusive evidence, and the
1000 Genomes Project does not include Koreans, but it is likely that
Koreans also do not carry the mutation. The 1000 Genomes Project
showed that none of the 197 Chinese carried the protein S K196E muta-
tion, but one heterozygous carrier was present in 89 Japanese. We calcu-
lated a statistical power to detect a difference of minor allele frequency
between Japanese and Chinese/Korean with the 0.05 level of significance.
A one-sided statistical power more than 0.80 was considered statistically
significant. Albeit a large enough statistical power for Chinese (0.82), a
low statistical power, 0.67, for Korean may permit us to apply above argu-
ment to only Chinese.

The finding that the protein S K196E mutation is present only in
Japanese was unexpected, because in thrombosis-related factors, two
genetic mutations found in Japanese but not in Caucasians, plasminogen
A620T and ADAMTS13 P475S, are both present in Chinese and Koreans
[14,15]. The present results suggest that, even though Japanese, Chinese,
and Koreans are geographically close to one another, the genetic back-
ground for thrombosis differs among them. The results also suggest that
the protein S K196E mutation is a recent occurrence and fixed within
the Japanese population.
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ARTICLE INFO ABSTRACT

Moyamoya disease (MMD) and moyamoya syndrome are vasculopathies characterized by progressive
stenosis in the circle of Willis and its branches. The RNF213 gene, which encodes a novel class of proteins,
characterized by both E3 ligase and AAA + ATPase activities, has been identified as the susceptibility gene
for MMD. However, its physiological functions remain unknown. MMD and moyamoya syndrome are
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Keywords: often accompanied by diabetes mellitus. In this study, we generated Rnf213 knockout (KO) C57BL/6 mice
Rnf213 g (Rnf2137!; Ins2*1"), which were mated with Akita (C57BL/6 Rnf213*"*; Ins2*/“®®Y) mice, a strain that devel-
[l\)ﬂigﬁzgya 1sease ops diabetes spontaneously by 5 weeks of age, to obtain mice lacking Rnf213 and carrying the Akita muta-

tion (KOJAkita, Rnf213~/~; Ins2*/°°6Y). Body weight and blood glucose concentration were measured from
6 to 20 weeks. Glucose tolerance, insulin resistance, plasma insulin and leptin concentrations, food con-
sumption, pancreatic insulin content and histopathology were evaluated at 18 weeks of age. We found
that glucose tolerance, as indicated by AUC, was 20% lower (p < 0.05) and insulin contents in pancreas
were 150% higher (p < 0.05), in KO/Akita than in Akita mice. The number of CHOP positive p-cells assayed
by histopathological examination was 30% lower and food consumption was 34% lower in KO/Akita than
in Akita mice (p < 0.05 each). These findings indicated that the disruption of Rnf213 improved glucose tol-

Knockout mouse
Akita mouse

erance by protecting islet B cells.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Moyamoya disease (MMD) and moyamoya syndrome are vas-
culopathies characterized by occlusion at the internal carotid
arteries in the circle of Willis and the compensatory formation of
an abnormal vascular network, resembling “puffs of smoke”, that
are called moyamoya vessels [1]. Patients with moyamoya syn-
drome have a predisposing disease [2], including Down’s syndrome
[3], neurofibromatosis 1 [4], or microcephalic osteodysplastic pri-
mordial dwarfism type Majewski Il (MOPDII) [5], whereas patients
with MMD have no such predisposing conditions.

Conditions predisposing to moyamoya syndrome are frequently
accompanied by diabetes [2,5-7]. Moreover, the prevalence of type
1 diabetes mellitus was shown to be much higher in patients with
MMD than in the general population [8], suggesting a pathological
link between MMD and diabetes. We recently demonstrated that
RNF213 was the susceptibility gene for MMD, and that the
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Sakyo-ku, Kyoto 606-8501, Japan. Fax: +81 75 753 4458.
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! These authors contributed equally to this work.
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p.R4810K polymorphism (ss179362673: G>A) is a founder variant
commonly found in East Asian patients [9]. Although knockdown
of RNF213 in zebrafish caused abnormal vascular development
[9], the physiological function of RNF213 remains largely unknown.

RNF213 encodes a unique, 591-kDa protein with both a ring fin-
ger domain and Walker motifs, and RNF213 mRNA is expressed in
various tissues [9]. The E3 ligase activity of the ring finger domain
was confirmed by self-ubiquitination, and ATPase in the Walker
motifs was confirmed biochemically [9]. Ring-base E3 ligases have
been linked to the control of many cellular processes, including
proteasome-dependent proteolysis, DNA repair, signal transduc-
tion, apoptosis, immunological processes and transcription [10].
RNF213 is also an AAA + ATPase because it has Walker A and Walk-
er B motifs. AAA + ATPases usually exist and function as oligomers;
their cellular functions include vesicular transport, quality control,
cargo trafficking and microtubule homeostasis [11].

In this study, we tested whether ablation of Rnf213 can modify
diabetes mellitus in Akita mice (C57BL/6 Rnf213*!*; Ins2*/c96Y), a
model for type 1 diabetes [12], in which B-cell destruction results
from endoplasmic reticulum (ER) stress. We found that ablation of
Rnf213 unexpectedly alleviates diabetes by preserving B-cell func-
tion through moderating the vicious cycle of hyperphagia and
hypoinsulinemia.
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2. Materials and methods
2.1. Generation of Rnf213 knockout mice

An Rnf213-targeting construct was produced using a Multisite
Gateway Three-Fragment Vector Construction Kit (Invitrogen).
Briefly, a loxP site was cloned into the 5’ site of exon 20, and a frag-
ment containing a loxP site and a neomycin-resistance gene (Neo)
was cloned into the 3’ site of exon 20 (Fig. 1A, Supplemental mate-
rial). The construct was linearized and electroporated into RENKA
C57BL/6 ES cells and selected with G418. Integration of the target-
ing vector into the mouse genome by homologous recombination
was verified in targeted ES clones by Southern blotting (data not
shown). Correctly targeted clones were injected into C57BL/6 blas-
tocysts to generate chimeric mice with the targeted allele incorpo-
rated into the germ lines. The resulting chimeric male mice were
mated with female C57BL/6 mice, and germ line transmission of
the targeted allele was examined in the offspring. Offspring carry-
ing the target allele were bred with Cre-transgenic C57BL/6 mice to
generate mice heterozygous for the Rnf213 deficiency (Rnf213~").
Heterozygous male and female mice were bred to produce homo-
zygous offspring (KO, Rnf2137/-).

2.2. Experimental animals

Akita (Ins2*/“°¢¥) mice on a C57BL/6 background and C57BL/6
(WT) mice were purchased from Japan SLC. To generate mice lack-
ing Rnf213 and carrying the Akita mutation (KO/Akita, Rnf213~/-;
Ins2*%%Y), male double-heterozygous (Rnf213*/~; ms2*/°°®Y) mice
were generated and mated with female Rnf213 KO mice. Experi-
ments were performed on four groups of male mice: (1) KO/Akita
(Rnf2137/=; Ins2*/°%%Y), (2) Akita (Rnf213*/*; Ins2*€9%Y), (3) KO
(Rnf2137/; Ins2*™), and (4) WT (Rnf213*"*: Ins2*/*). Progeny of
(1-3), aged 4 weeks, were selected by PCR genotyping for Rnf213
(Supplemental material) and the Ins2 locus, as described [13]. Mice
were allowed free access to a standard diet (CLEA, Rodent Diet CE-
7, 3.4 kcal/g) and tap water. The care of the animals and all exper-
imental procedures were in accordance with the Animal Welfare
Guidelines of Kyoto University.

2.3. Culture of Akita and min-6 cell lines and real-time PCR (RT-PCR)

To test Rnf213 expression in B cells, we used Akita cells and the
min-6 cell line [14,15]. Quantitative RT-PCR for Rnf213 was per-
formed using the specific primers, Rnf213cex29-31F (5'-TAA GGA
TGT CCG CTC CTG GTT-3') and Rnf213cex29-31R (5'-TTG ATG
GCA GTA TAC TTG GCA-3').

2.4. Western blotting

Protein samples from mice pancreas or cultured cells were sub-
jected to immunoblotting using the rabbit polyclonal anti-RNF213
antibody and anti-GAPDH antibody (Santa Cruz Biotechnology).
The rabbit polyclonal antibody was produced by inoculation of rab-
bits with cloned human full-length RNF213 as an antigen. The
polyclonal IgG was purified from rabbit serum.

2.5. Measurement of glucose, insulin, proinsulin and leptin

Blood glucose was measured by Glutest Neo Super (Sanwa). All
values above 600 mg/dl were treated as 600 mg/dl. Glucose
tolerance testing (GTT) was performed by fasting 18-week-old
mice for 16 h, followed by an intraperitoneal injection of 1.5 g/kg
glucose. Insulin tolerance testing (ITT) was performed by fasting
18-week-old mice for 6 h, followed by an intraperitoneal injection

of 1.5 U/kg insulin (Eli Lilly and Company). To measure leptin con-
centrations, blood was collected from the tail veins of 18-week-old
mice after a 16 h fast. Plasma concentrations of insulin, leptin and
proinsulin were measured by ELISA (Shibayagi).

2.6. Measurement of pancreatic insulin and proinsulin contents

Mice were sacrificed at 18 weeks of age in the morning after a
6 h fast. Each pancreas was homogenized in acid ethanol (75% eth-
anol, 1.5% HCI) and extracted at 4 °C overnight. The extracts were
centrifuged, and the insulin and proinsulin concentrations of the
supernatants were measured.

2.7. Pathological investigations

Mice were sacrificed under sevoflurane at 18 weeks of age after
a 6 h fast. Each pancreas was fixed in 10% formaldehyde, embedded
in paraffin, and sectioned. The sections were immunostained with
guinea pig anti-insulin antibody (Dako) or rabbit anti-C/EBP
homologous protein (CHOP)/GADD153 antibody (Santa Cruz Bio-
technology). To estimate B-cell mass, consecutive paraffin sections
75 um apart and spanning the entire pancreas (5-8 sections per
pancreas) were prepared, and islet areas and relative abundance
of insulin- and CHOP-positive cells were quantified on more than
20 islets per pancreas in three or four mice per genotype using Im-
age-] software (National Institutes of Health). For electron micros-
copy, pancreases were fixed in 2% glutaraldehyde and post-fixed in
1% osmium tetroxide.

2.8. Statistical analysis

Results are presented as the mean + standard deviation (SD) or
standard error (SE). Differences were analyzed by t-test or ANOVA
followed by Tukey’s honestly significant difference test using
STATISTICA software (StatSoft). p < 0.05 was considered statisti-
cally significant.

3. Results
3.1. General characterization of Rnf213 KO mice

To determine the physiological function of Rnf213, we gener-
ated mice with targeted deletion of Rnf213 exon 20. This targeting
strategy, in which a frame shift mutation was introduced into this
exon, resulted in the disruption of the Walker motifs and the ring
finger domain (Fig. 1A). Complete removal of Rnf213 exon 20 from
genomic DNA (Fig. 1B) and the absence of Rnf213 protein expres-
sion (Fig. 1C), were confirmed in KO mice. KO mice were born in
the predicted Mendelian ratio and did not show any apparent
health problems, including a cerebrovascular phenotype similar
to MMD, even at around 80 weeks of age. Both males and females
were fertile and produced normal-sized litters (mean, 6-8 pups).
The body weight of KO mice was about 13% less than that of WT
mice after 25 weeks of age (p < 0.05), and GTT results in KO and
WT mice did not differ at 50 weeks of age (Supplemental Fig. 1).

3.2. Expression of Rnf213 in Akita and min-6 cells

Rnf213 protein was expressed in the pancreas (Fig. 1C). To as-
sess the expression of Rnf213 in B cells, we investigated the expres-
sion of Rnf213 mRNA and protein in Akita and min-6 cell lines by
quantitative RT-PCR and western blotting, respectively. We found
that Rnf213 mRNA and protein were expressed in these cells, with
no differences between Akita and min-6 cell lines (Fig. 1D and E).
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Fig. 1. Generation of Rnf213 KO mice. (A) Structure of the endogenous mouse Rnf213 gene, the targeted allele, and the disrupted allele. (B) PCR genotyping of WT and KO mice.
(C) Rnf213 immunoblotting of pancreas extracts from WT and KO mice. (D) Quantitative RT PCR for Rnf213 in Akita and min-6 cells. Data are shown as mean * SD. (E) Rnf213
immunoblotting of extracts from Akita and min-6 cells. Membranes were immunoblotted with antibody to GAPDH as a loading control.

3.3. Body weight over time

The mean body weight of KO/Akita mice was lower than that of
Akita mice between 6 and 9 weeks of age, although they did not
differ after 10 weeks of age (Fig. 2A). The mean body weights of
both KO/Akita and Akita mice were significantly lower than those
of KO and WT mice. Between 6 and 20 weeks of age, there were no
differences in body weight between KO and WT mice.

3.4. Blood glucose level and glucose tolerance

From 6 to 20 weeks of age, blood glucose concentrations after a
16 h fast were consistently and significantly lower in KO/Akita
than in Akita mice (Fig. 2B). Moreover, blood glucose levels after
a 6h fast were significantly lower in 18 week old KO/Akita
(348 £ 153 mg/dL) than in Akita (572 £ 42 mg/dL) mice, although
both were significantly higher than in KO (140 + 32 mg/dL) and
WT (147 + 22 mg/dL) mice (Fig. 2C). GTT at 18 weeks showed that
glucose tolerance in KO/Akita (Area under the curve [AUC]
49298 + 8864 mg min/dL) mice was impaired relative to KO (AUC
22179 +1516 mg min/dL) and WT (AUC 18284 + 1170 mg min/
dL) mice, but was better than in Akita mice (AUC
62346 + 9105 mg min/dL) (Fig. 2D and E). These results indicated
that deletion of Rnf213 led to improvements in glucose tolerance
in Akita mice. We also investigated the insulin sensitivity of KO/
Akita mice. ITT at 18 weeks of age revealed no difference in insulin
sensitivity among the KO/Akita, Akita, KO and WT strains (Fig. 2F).

3.5. Plasma insulin and proinsulin concentrations

Plasma insulin concentrations were significantly higher in
18 weeks old KO/Akita (1300 * 270 pg/mL) than in Akita mice
(54 + 14 pg/mL) after a 6 h fast, but were similar in KO/Akita, KO
(1466 £ 323 pg/mL) and WT (783 + 93 pg/mL) mice (Fig 3A). Plasma
insulin concentrations after fasting for 6 h and 16 h showed a sig-

nificant and positive correlation with blood glucose concentrations
in KO/Akita (R=0.50, p=0.0009), but not in Akita (R=0.26,
p=0.275), mice (Fig. 3B), indicating that insulin secretion was
responsive to increased blood glucose in KO/Akita, but not in Akita,
mice. The plasma ratios of proinsulin/insulin concentrations did not
differ significantly among KO/Akita, KO and WT mice (Supplemen-
tal Fig. 2A). Proinsulin was not detected in the plasma of Akita mice.

3.6. Food intake and plasma leptin concentration

Male Akita mice develop more profound diabetes than female
Akita mice. Castration of male Akita mice alleviated such sex differ-
ences by reducing hyperphagia [16]. We have shown that castra-
tion normalized hyperphagia by acting on plasma leptin and
normalizing anorexigenic proopiomelanocortin (POMC) [16]. To
examine the regulation of feeding, we measured food consumption
and plasma leptin concentration. Food consumption by KO/Akita
mice (3.92 £ 0.78 g/day) was similar to that by KO (3.25+0.33 g/
day) and WT (3.06 + 0.23 g/day) mice, but was 34% lower than by
Akita mice (5.96 + 0.68 g/day) (Fig. 3C). Plasma leptin concentra-
tions were similar in KOJAkita (353 £226 pg/mL) and Akita
(348 + 43 pg/mL) mice, but lower than in KO (741 + 156 pg/mL)
and WT (744 * 145 pg/mL) mice (Fig. 3D), suggesting that de-
creased food consumption in KO/Akita mice was likely attributable
to elevated insulin concentration, which stimulates overlapping
insulin-leptin signal pathways in the central nervous system to
suppress appetite [17].

3.7. Pancreatic insulin and proinsulin concentration

Total pancreatic insulin levels were significantly higher in KO/
Akita (2689 + 746 ng/pancreas) than in Akita (1102 + 43 ng/pan-
creas) mice, although they were about one-fifth of those in KO
(14,434 + 3359 ng/pancreas) and WT (13,348 + 2500 ng/pancreas)
mice (Fig. 4A). Pancreatic proinsulin contents were also signifi-
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