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INTRODUCTION

In pancreatic B-cells, glucose metabolism regulates exocytosis
of insulin granules through metabolism-secretion coupling'.
Reactive oxygen species (ROS) is one of the most important

ABSTRACT

Aims/Introduction: Chronic hyperlipidemia impairs pancreatic B-cell function, referred
to as lipotoxicity. We have reported an important role of endogenous reactive oxygen
species (ROS) overproduction by activation of Src, a non-receptor tyrosine kinase, in
impaired glucose-induced insulin secretion (GIIS) from diabetic rat islets. In the present
study, we investigated the role of ROS production by Src signaling in palmitate-induced
dysfunction of B-cells.

Materials and Methods: After rat insulinoma INS-1D cells were exposed to 06 mmol/L
palmitate for 24 h (palmitate exposure); GlIS, ROS production and nicotinamide adenine
dinucleotide phosphate oxidase (NOX) activity were examined with or without exposure
1010 pmol/L 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[34-dlpyrimidine (PP2), a Src
inhibitior, for 30 or 60 min.

Results: Exposure to PP2 recovered impaired GIIS and decreased ROS overproduction
as a result of palmitate exposure. Palmitate exposure increased activity of NOX and protein
levels of NOX2, a pathological ROS source in B-cells. Palmitate exposure increased the pro-
tein level of p477", a regulatory protein of NOX2, in membrane fraction compared with
control, which was reduced by PP2. Transfection of small interfering ribonucleic acid of
p477"% suppressed the augmented p47°" protein level in membrane fraction, decreased
augmented ROS production and increased impaired GIIS by palmitate exposure. In addi-
tion, exposure to PP2 ameliorated impaired GlIS and decreased ROS production in isolated
islets of KK-AY mice, an obese diabetic model with hyperlipidemia.

Conclusions: Activation of NOX through Src signaling plays an important role in ROS
overproduction and impaired GIIS caused by chronic exposure to palmitate, suggesting a
lipotoxic mechanism of B-cell dysfunction of obese mice.

factors that impair glucose-induced insulin secretion (GIIS) in
B-cells.

Exposure to exogenous hydrogen peroxide (H,O,), the most
abundant ROS, reduces glucose-induced insulin secretion by
impairing mitochondrial metabolism in B-cells>*. ROS are nor-
mal byproducts of glucose metabolism, including glycolysis and
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production through non-mitochondrial and mitochondrial
pathways has been proposed. In the mitochondrial pathway,
ROS is generated in the electron transport chain associated with
the mitochondrial membrane potential’. However, in patho-
physiological conditions, nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX), an important non-mito-
chondrial ROS source, could play an important role in ROS
generation in B-cells®.

Deleterious effects of chronic hyperlipidemia on f-cell func-
tion are referred to as lipotoxicity”. Chronic exposure to palmi-
tate, a long-chain saturated fatty acid, impairs GIIS with an
increase in production of ROS in B-cells®. Recently, an impor-
tant role of NOX in ROS production in B-cells by palmitate
exposure has been proposed'’. In addition, both oxidative stress
markers and NOX expression are increased in islets of obese
diabetic rodents with hyperlipidemia'"?. We have proposed
that endogenous overproduction of ROS involving activation of
Src, a non-receptor tyrosine kinase, plays an important role in
impaired metabolism-secretion coupling in islets of diabetic
Goto—Kakizaki (GK) rats*>'>, An important role of Src in acti-
vation of NOX has been reported in various cells'®"”. In the
present study, to elucidate the mechanism of lipotoxicity in B-
cells more precisely, we investigated involvement of Src in ROS
production derived from NOX and impaired GIIS caused by
chronic exposure to palmitate.

MATERIALS AND METHODS

Materials

Palmitate obtained from Nacalai (Kyoto, Japan) was dissolved
in 95% ethanol at stock concentration of 100 mmol/L. The spe-
cific Src inhibitor, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyraz-
olo[3,4-d]pyrimidine (PP2), was purchased from Tocris
(Ellisville, MO, USA).

Cell Culture and Mouse Islet Isolation

Rat insulinoma cell line INS-1D cells were cultured as previ-
ously described"® with or without palmitate in the presence of
0.5% bovine serum albumin (BSA) for 24 h.

Male KK-A” mice and control C57/BL6 mice (Clea Japan,
Tokyo, Japan) were maintained and used in accordance with
the guidelines of the animal care committee of Kyoto Univer-
sity. All experiments were carried out with mice aged
8-10 weeks. Pancreatic islets were isolated as previously
described".

Insulin Secretion

Insulin secretion from INS-1D cells was determined as previ-
ously described’, INS-1D cells cultured on 24-well plates
coated with 0.001% poly-L-ornithine were washed with Krebs—
Ringer bicarbonate HEPES (KRBH) buffer composed of (in
mmol/L) 140 NaCl, 36 KCl, 05 MgSO,, 05 NaH,PO,, 1.5
CaCl,, 2 NaHCO; and 10 HEPES (pH 7.4) with 0.1% BSA
and 2 mmol/L. glucose, pre-incubated at 37°C for 30 min in
KRBH with 2 mmol/L glucose, and then incubated at 37°C for

30 min in KRBH with 2 mmol/L glucose and 10 mmol/L glu-
cose. Insulin release from intact islets was measured using batch
incubation using KRBH supplemented with 0.2% BSA as previ-
ously described".

ROS Measurements

ROS was measured according to the method previously
described®. INS-1D cells and isolated islets were incubated in
KRBH medium containing 2 mmol/L glucose and 10 pmol/L
5-(and 6-) chloromethyl-2',7"-dichlorodihydrofluorescein diace-
tate (CM-H,DCFDA; Invitrogen, Carisbad, CA, USA) for
60 min at 37°C, and then were rapidly frozen, stored at —80°C
and thawed. Fluorescence of the supernatant was quantified
using a reader (Powerscan HT; DS Pharma Biomedical, Suita,
Japan) with excitation wavelength at 485 nm and emission at
530 nm, which was corrected by subtracting parallel blanks.

Isolation of Total Ribonucleic Acid and Quantitative Reverse
Transcription Polymerase Chain Reaction

Total ribonucleic acid (RNA) was isolated from INS-1D cells
using RNeasy mini kit (Qiagen, Hilden, Germany). cDNA was
prepared by reverse transcriptase (Superscript II; Invitrogen)
with an oligo (dT) primer. The rat sequences of forward and
reverse primers to NOX2/gp91”"* and f-actin (as an inner
control) were as follows: (NOXZ/gp91Ph‘”‘: 5-TGA CTC GGT
TGG CTG GCA TC-3, 5-CGC AAA GGT ACA GGA ACA
TGG G -3/, f-actin: 5'- CAA TGA GCG GTT CCG ATG CC
-3, 5'- AAT GCC TGG GTA CAT GGT GG -3'). AmpliTaq
Gold (Applied Biosystems, Foster, CA, USA) was used as a
DNA polymerase for reverse transcription polymerase chain
reaction (RT-PCR). SYBR Green PCR Master Mix (Applied
Biosystems) was prepared for quantitative RT-PCR run. The
thermal cycling conditions were denaturation at 95°C for
10 min followed by 40 cycles at 95°C for 30 s and 60°C for
30 s.

Immunoblot Analysis

For immunoblotting, cells were washed with phosphate-buf-
fered saline (PBS) containing protease inhibitor cocktail (Com-
plete; Roche, Mannheim, Germany) and phosphatase inhibitor
cocktail (Calbiochem, Darmstadt, Germany), suspended in
1 mL of PBS containing protease inhibitor and phosphatase
inhibitor, and homogenized as previously described'®., Mem-
brane fraction was prepared as described previously”’. INS-1D
cells were washed three times with PBS, suspended in buffer A
consisting of 50 mmol/L Tris (pH 7.5), 1 mmol/L ethylenedi-
aminetetraacetic acid, and containing protease inhibitor cocktail,
phosphatase inhibitor cocktail and 5 mol/L sodium pyrophos-
phate, homogenized and then centrifuged at 10,000 g at 4°C
for 1 h. The pellets were resuspended in 500 pL of buffer A
and stored at —80°C until immunoblot analysis or NOX activity
assay. Protein (20 ng per sample) was separated on a 15%
polyacrylamide gel and transferred to a polyvinylidene difluo-
ride membrane. After blocking with Tris-buffered saline
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(10 mmol/L Tris/HCl and 100 mmol/L NaCl, pH 7.5) contain-
ing 0.1% Tween 20 and 5% BSA (blocking buffer) at room
temperature (25°C) for 2 h, blotted membranes were incubated
overnight at 4°C with anti-p418 Src antibody (Biosource, Cam-
arillo, CA, USA) at 1:1000 dilution, anti-glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) antibody (Millipore, Billerica,
MA, USA) at 1:1000 dilution, anti-NCF1 (p47°"%) antibody
(Abcam, Cambridge, UK) at 1:1000 dilution, anti-NOX2/
gp917"°* antibody (Abcam) at 1:1000 dilution, anti-flotillin-1
antibody (Cell Signaling Technology, Danvers, MA, USA) at
1:1000 dilution in blocking buffer and subsequently with anti-
rabbit or anti-mouse immunoglobulin G horseradish peroxi-
dase-conjugated secondary antibody (GE Healthcare, Little
Chalfont, UK) diluted at 1:5000 at room temperature for 2 h
before detection using ECL prime™ (GE Healthcare). Band

intensities were quantified with Multi Gauge software (Fujifilm,
Tokyo, Japan).

NOX Activity Assay

NOX activity was measured by a luminescence assay in a cuv-
ette containing 50 mmol/L phosphate buffer (pH 7.0), 1 mmol/
L ethylene glycol tetraacetic acid, 150 mmol/L sucrose,
500 pmol/L lucigenin as the electron acceptor and 100 pmol/L
NADPH as the substrate (total volume 900 pL) as previously
described”. No activity was measured in the absence of
NADPH. In some experiments, PP2 (final concentration
10 umol/L) was added to the cuvette 10 min before readings.
The reaction was started by the addition of 100 pL of mem-
brane fraction (50-300 pg protein). Photon emission was mea-
sured every 15 s for 15 min in a luminometer (GloMax 20/20n
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Figure 1 | Effect of palmitate exposure on glucose-induced insulin secretion (GlIS) and reactive oxygen species (ROS) production in INS-1D cells.

Values are mean + standard error of the mean (n = 4 in each bar). After

INS-1D cells were cultured with or without various concentrations of

palmitate (Palm) for 24 h, GIIS and ROS production were measured. (a) Effect of palmitate exposure on GlIS. GIIS was examined in the presence of
2 mmol/L (white bar) and 10 mmol/L glucose (black bar) for 30 min (n = 4 in each bar). *P < 001 vs 10 mmol/L glucose, culture without
palmitate; P < 001 vs 2 mmol/L glucose, culture without palmitate. (b) Effect of palmitate exposure on ROS production. After INS-1D cells were
incubated in medium containing 2 mmol/L glucose and 10 pumol/L CM-H,DCFDA for 60 min, ROS production was measured. ROS production was
also measured using INS-1D cells cultured with 0.6 mmol/L palmitate plus ROS scavengers (0.1 mmol/L vitamin E + 0.2 mmol/L vitamin C [Vit]) or

anti-oxidant mimics (10 mmol/L tempol [superoxide dismutase mimic] +

10 umol/L ebselen [glutathione peroxidase mimic] [T + EJ) for 24 h.

Culturing with these agents suppressed enhanced ROS production by exposure to 06 mmol/L palmitate (n = 5 in each bar). *P < 0.01 vs culture
without palmitate; TP < 001 vs culture with 06 mmol/L palmitate. () Effect of Src inhibitor on impaired GIIS by 06 mmol/L palmitate exposure.
GIIS was measured in the presence of 2 mmol/L (white bar) and 10 mmol/L glucose (black bar) with or without 10 umol/L 4-amino-5-4-
chlorophenyl)-7-(t-butyl)pyrazolo[34-dlpyrimidine (PP2) for 30 min (0 = 4 in each bar). *P < 0.01 vs 10 mmol/L glucose without PP2, culture
without palmitate; TP < 001 vs 10 mmol/L glucose without PP2, culture with 06 mmol/L palmitate. (d) Effect of Src inhibitor on augmented ROS
production by 0.6 mmol/L palmitate exposure. After INS-1D cells were incubated in medium containing 2 mmol/L glucose and 10 umol/L CM-
H,DCFDA with or without 10 pmol/L PP2 for 60 min, ROS production was measured (n = 5 in each bar). *P < 001 vs without PP2, culture with
06 mmol/L palmitate. (e) Effect of Src small interfering ribonucleic acid (sIRNA) on protein expression and GIIS in INS-1D cells cultured with
palmitate. After INS-1D cells transfected with control and Src sSiRNA were cultured with 06 mmol/L palmitate for 24 h, protein levels and GIIS were

measured. Representative immunoblots were presented.
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Luminometer; Promega, Fitchburg, WI, USA), which was cor-
rected by a subtracting blank.

Small Interfering RNA Transfection

Stealth™ small interfering (s)RNAs were synthesized by Invi-
trogen. The sequences of siRNAs specific for rat NCFI (p47°"*)
were as follows: 5-GGU GAA GCC AUC GAG GUC AUU
CAU A-3', 5-UAU GAA UGA CCU CGA UGG CUU CAC
C-3'. The sequences of siRNAs specific for rat Src were as fol-
lows: 5-GGG AGC GGC UGC AGA UUG UCA AUA A-3
5-UUA UUG ACA AUC UGC AGC CGC UCC C-3". The
sequences of control siRNAs were as follows: 5-ACC AAC
AAC AGU UUG GGA AUA GGG A-3, 5-U CCC UAU
UCC CAA ACU GUU GUU GGU -3". Cultured INS-1D cells
were trypsinized, suspended with RPMI 1640 medium without
antibiotics, mixed with Opti-MEM (Invitrogen) containing siR-
NA and Lipofectamine 2000 (Invitrogen), plated on dishes or
wells and then incubated at 37°C. The final contents of INS-
1D cell, RPMI 1640, Opti-MEM, siRNA and Lipofectamine

2000 were 1 x 106 cells/rmL, 75% v/v, 25% v/v, 80 nmol/L and
0.3% v/v, respectively. The medium was changed to RPMI
1640 3—4 h after transfection. All experiments using siRNA-
transfected INS-1D cells were carried out 72 h after transfec-
tion.

Statistical Analysis

The data are expressed as mean * standard error of the mean.
Statistical significance was calculated by the unpaired Student’s
t-test. P < 0.05 was considered significant.

RESULTS

Src Inhibition Recovers Impaired Glucose-Induced Insulin
Secretion and Decreases Augmented ROS Production as a
Result of Exposure to Palmitate

Exposure to palmitate (C16:0) concentration dependently
decreased GIIS and increased ROS production (Figure lab).
Oleic acid (C18:1) slightly increased ROS production, but ara-
chidonic acid (C20:4 n-6) did not increase ROS production
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Figure 2 | Effect of palmitate exposure on Src and nicotinamide adenine dinucleotide phosphate oxidase (NOX). Values are mean =+ standard error
of the mean. After INS-1D cells were cultured with or without palmitate (Palm) for 24 h, and incubated with Krebs—Ringer bicarbonate HEPES with
or without 10 pmol/L 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[34-dlpyrimidine (PP2) for 30 min, messenger ribonucleic acid (MRNA), protein
levels and NOX activity were measured. Immunoblot was carried out using (a,d) whole cell and (e) membrane fraction. (a,de) Representative
immunoblots are presented. *P < 001 vs cultured without palmitate; P < 001 vs without PP2, culture with 0.6 mmol/L palmitate. (a) Effect of
palmitate exposure on Src activation. Src activation was detected by Tyr*'®-phosphorylated Src. Data are expressed relative to control values
without palmitate corrected by glyceraldehyde 3-phosphate dehydrogenase (GAPDH) level (n = 5 in each bar). (b) Effect of palmitate exposure on
NOX activity. NOX activity was measured using membrane fraction (n = 5 in each bar). (¢) Effect of palmiate exposure on expression of NOX2/
gp91°P™™ MRNA. Data were normalized by the expression of f-actin (n = 4 in each bar). C, control without palmitate; Palm, 06 mmol/L palmitate.
(d) Effect of palmiate exposure on expression of NOX2/gp917™ protein. Data are expressed relative to control values without palmitate corrected

- by GAPDH level (n = 5 in each ban). () Effect of palmiate exposure on the level of p477 protein. Data are expressed relative to control values
without palmitate corrected by flotillin-1 level (n = 4 in each bar).
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(Figure S1). Exposure to 10 pmol/L PP2 for 30 min recovered
impaired GIIS caused by exposure to 0.6 mmol/L palmitate for
24 h (palmitate exposure), but did not affect GIIS in the con-
trol condition without palmitate exposure (Figure 1c). Increased
ROS production by palmitate exposure was reduced by 60-min
exposure to 10 umol/L PP2 (Figure 1d). Src downregulation
ameliorated glucose-induced insulin secretion of INS-1D cells
cultured with palmitate (Figure le).

Palmitate Exposure Causes NOX2 Activation by Src Activation

Palmitate exposure caused Src activation, shown by an
increased protein level of Tyr*'®-phosphorylated Src (Figure 2a).
NOX activity was prominently increased by palmitate exposure
(Figure 2b). Palmitate exposure also increased the messenger
RNA level and protein level of NOX2 (Figure 2c,d). Exposure
to 10 pmol/L PP2 for 30 min reduced augmented ROS pro-
duction (Figure 2b), but did not affect the protein level of
NOX2 (Figure 2d). Palmitate exposure caused an increase in
the protein level of p47”"™ in membrane fraction that was
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reduced by exposure to PP2 for 30 min (Figure 2e). Palmitate
exposure caused a decrease in the protein level of p47°"* in
cytosol fraction that was increased by exposure to PP2 for
30 min (Figure S2).

p47°1°* Knockdown Ameliorates Impaired Insulin Secretion
and ROS Overproduction by Palmitate Exposure

The increased protein level of p47”"** in membrane fraction by
palmiate exposure was reduced by transfection with p477"
SiRNA (Figure 3a). Downregulation of the p47”"** level was
also observed without palmitate exposure by p47#"™ knock-
down (Figure S3). p47"** Knockdown ameliorated impaired
GIIS, and decreased augmented ROS production by palmitate
exposure (Figure 3b).

Src Inhibition Ameliorates Glucose-Induced Insulin Secretion
and Decreases ROS Production in Isolated Islets of KK-AY Mice
Impairment of GIIS from islets of KK-AY mice was ameliorated
by exposure to PP2 for 30 min (Figure 4a). ROS production
and the level of p47”"** protein in membrane fraction in the
islets of KK-AY mice was reduced by exposure to PP2 (Fig-
ure 4b,c). The protein level of Tyr*'®-phosphorylated Src was
increased in KK-AY mice islets compared with that in control
islets (Figure $4).

DISCUSSION
Exposure to palmitate, a saturated non-esterified fatty acid
decreased GIIS and increased ROS production (Figure 1a,b), as

<
|

Figure 3 | Effect of p47°" siRNA on protein expression, glucose-
induced insulin secretion (GlIS) and reactive oxygen species (ROS)
production. Values are mean + standard error of the mean. After INS-1D
cells transfected with control and p47°" small interfering ribonucleic
acid (siRNA) were cultured with or without 0.6 mmol/L palmitate (Palm)
for 24 h, protein levels, GlIS and ROS production were measured. (a)
Effect of p47°" knockdown on enhanced expression of p47°"* protein
by palmitate exposure. Immunoblot was carried out using membrane
fraction. Data are expressed relative to control values transfected with
control siRNA and cultured without palmitate corrected by flotillin-1
level (n = 5 in each bar). *P < 001 vs transfected with control siRNA,
cultured without palmitate; TP < 0.01 vs control SIRNA transfected,
cultured with 0.6 mmol/L palmitate. Representative immunoblots are
presented. (b) Effect of p477" knockdown on impaired GIIS (upper
panel) and increased ROS production (lower panel) by palmitate
exposure. Upper panel: GIIS was examined in the presence of 2 mmol/L
(white bar) and 10 mmol/L glucose (black bar) for 30 min (h = 4 in
each bar). *P < 001 vs transfected with control siRNA, culture without
palmitate, 10 mmol/L glucose. P < 0.01 vs transfected with control
SIRNA, culture with 06 mmol/L palmitate, 10 mmol/L glucose. Lower
panel: After cells were incubated in medium containing 2 mmol/L
glucose and 10 pmol/L CM-H,DCFDA for 60 min, ROS production was
measured (n = 5 in each bar). $P < 007 vs transfected with control
SiRNA, cultured without palmitate. §P < 0.01 vs control siRNA
transfected, cultured with 0.6 mmol/L palmitate.
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Figure 4 | Effect of Src inhibition on glucose-induced insulin secretion
(GlIS) and reactive oxygen species (ROS) production, and the protein
level of p47°™* in KK-AY mouse islets. Values are mean # standard error
of the mean. (a) Effect of Src inhibition on GIIS. Freshly isolated islets of
KK-A¥ mice were batch-incubated in the presence of 28 mmol/L
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10 pmol/L 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[34-d]
pyrimidine (PP2) for 30 min, and released insulin in the medium was
measured (n = 5 in each bar). *P < 001 vs without PP2, 167 mmol/L
glucose. (b) Effect of Src inhibition on ROS production. Freshly isolated
islets of KK-AY mice were batch-incubated in the presence of

28 mmol/L with or without 10 pmol/L PP2 for 60 min, and ROS
production was measured (n = 3 in each bar). *P < 0.05 vs without
PP2. () Effect of cSrc inhibition on the protein level of p47°™. Freshly
isolated islets of control C57/BL6 mice (white bar) and KK-A" mice
(black bar) were batch-incubated in the presence of 28 mmol/L with
or without 10 pmol/L PP2 for 30 min, and the protein level of p47°7%
was measured using membrane fraction (n = 4 in each bar). Data are
expressed relative to control values of C57/BL6 mice corrected by

flotillin-1 level. *P < 001 vs C57/BL6. TP < 0.01 vs KK-A without PP2.
Representative immunoblots are presented.
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previously described®. We have previously described an
important role of endogenous ROS production that involves
Src activation in impaired GIIS in diabetic islets™>™. In the

present study, we investigated the effects of PP2, a specific Src
inhibitor, on impaired GIIS and augmented ROS production
by lipotoxicity. Exposure to PP2 ameliorated impaired GIIS
and decreased augmented ROS production by palmitate expo-
sure (Figure Ic,d). In addition, Src downregulation ameliorated
impairment of GIIS by palmitate exposure (Figure le). These
results suggest that Src activation might be involved in
impaired GIIS and augmented ROS production as a result of
palmitate exposure.

Src is a non-receptor tyrosine kinase that is associated with
the cell membrane and plays important roles in various signal
transductions. Its activity is regulated by intramolecular interac-
tions that depend on tyrosine phosphorylation and phosphory-
lation of Tyr*'® at the kinase domain that results in Src
activation®. Palmitate exposure caused Src activation indicated
by an increased protein level of Tyr*'®-phosphorylated Src (Fig-
ure 2a). In a recent study, it was proposed that palmitate alters
membrane distribution of Src, causing it to partition into intra-
cellular membrane subdomains, where it likely becomes autop-
hosphorylated and activated®®, NOX2 (gp917*** and p22°"),
an isoform of NOX, and its related subunits (p47°"* and
p677°%) are expressed in B-cells'****?”, Interestingly, exposure
to palmitate affects expression level of p47°"** in islets®. In
addition, impaired GIIS and an increase in apoptosis by
chronic exposure to palmitate are restored by suppression of
NOX2 with a decrease in ROS level in a B-cell line’. The effects
of palmitate exposure on NOX2 and involvement of Src were
therefore examined. NOX activity was prominently increased
by palmitate exposure (Figure 2b). PP2 reduced augmented
ROS production (Figure 2b), but did not affect protein level of
NOX2 (Figure 2d). These results suggest that Src activation
might affect regulatory factor(s) of NOX. An important role of
Src in activation of NOX2 through translocation of p47°"* to
plasma membrane has been reported in various cells'®". In
addition, cigarette smoke particle-phase extract induces Src acti-
vation, which causes NOX2, Src and p47°"** complex forma-
tion that increases NOX activity in smooth muscle cells®®.
Palmitate exposure was found to cause an increase in protein
level of p47°"* in membrane fraction that was reduced by PP2
(Figure 2e). Taken together, these findings show that palmitate
exposure increases NOX activity mainly by increasing transloca-
tion of p477** to plasma membrane through Src signaling.

To elucidate the role of p47°"* in impaired insulin secretion
and ROS overproduction by palmitate exposure, the effect of
477" knockdown on GIIS and ROS production was exam-
ined. p477"™ Knockdown ameliorated impaired GIIS and
decreased augmented ROS production by palmitate exposure
(Figure 3B). These results show that p477"* is involved in
impaired GIIS and ROS overproduction by palmitate exposure.

Src inhibition by PP2 treatment completely recovered palmi-
tate-induced GIIS impairment despite partial reduction of NOX
activation and p477"* expression in the membrane in INS-1D
cells. Explanation of these findings is difficult using the data in
the present study, but one possibility is that palmitate exposure
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also decreases vulnerability to ROS in B-cell function. In addi-
tion, it is proposed that Src is constantly activated by forming
an intracellular disulphide bond derived from ROS exposure®™,
which could affect the concentration-dependent effect of Src
inhibitors. Suppression of ROS content was partial despite com-
plete suppression of the p47""* level by knockdown. These
phenomena might be explained by the fact that palmitate expo-
sure increases NOX2 expression in addition to the p477"°* level
(Figure 2c,d).

NOX2 expression is upregulated in islets from obese diabetic
mice'*? and rats'". The pathophysiological significance of the
results in the present study was examined using isolated islets
of KK-AY mice, an obese diabetic model with hyperlipidemia.
Impairment of GIIS from islets of KK-AY mice was ameliorated
by PP2 (Figure 4a). In addition, ROS production and the level
of p47°"°* protein in membrane fraction in the islets of KK-AY
mice was reduced by exposure to PP2 (Figure 4b,c). These
results suggest that activation of NOX through Src signaling
might be involved in impairment of GIIS from islets of KK-A”
mice.

The ameliorating effect of Src inhibition on GIIS is less in
islets of obese KK-AY mice than it is in islets of non-obese GK
rats'>. As shown in Figure S4, Src activation is similar in KK-
AY mice islets to that in GK rat islets'. This indicates that the
differing effect of Src inhibition on GIIS is not derived from
the different level of Src activation. Impairment of GIIS is more
prominent in KK-AY mice islets than in GK rat islets. Another
mechanism of impaired GIIS independent of ROS overproduc-
tion might exist in obese mice islets. Severe impairment of GIIS
is also observed in islets of ob/ob mice, another obese diabetic
model, in which upregulation of UCP-2 derived from upregula-
tion of TBP-2 plays an important role in impaired GIIS". In
contrast, we observed neither UCP-2 upregulation nor TBP-2
upregulation in GK rat islets (unpublished observation).

In conclusion, activation of NOX through Src signaling plays
an important role in ROS overproduction and impaired GIIS
caused by chronic exposure to palmitate, suggesting a lipotoxic
mechanism of B-cell dysfunction in obese mice.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article:

Figure S1 | Effect of oleic acid (Ole) and arachidonic acid (Ara) exposure on reactive oxygen species (ROS). After INS-1D cells
were cultured with 0.1 mmol/L palmitate, 0.6 mmol/L palmitate, 0.1 mmol/L Ole and 0.1 mmol/L Ara for 24 h, ROS production
was measured. Values are mean + standard error of the mean; n = 4 in each bar. *P < 0.01 vs control without free fatty acid.
Figure S2 | Representative immunoblots of p47”*** in the cytosol fraction from two independent experiments. After INS-1D cells
were cultured with or without palmitate (Palm) for 24 h and incubated with Krebs—Ringer bicarbonate HEPES with or without
10 pmol/L 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) for 30 min, immunoblots of the cytosol fraction
were carried out.

Figure S3 | Effect of p47°"** small interfering ribonucleic acid (siRNA) on basal p47°"** level in membrane fraction without palmi-
tate exposure. After INS-1D cells transfected with control, and p47#"** siRNA were cultured without palmitate for 24 h, protein
levels were measured. Immunoblot was carried out using membrane fraction. Data are expressed relative to control values trans-
fected with control siRNA corrected by flotillin-1 level. Values are mean + standard error of the mean. *P < 0.01 vs transfected
with control siRNA; # = 3 in each bar.

Figure S4 | Representative immunoblots of Src in islets of KK-A” mice and control C57/BL6 mice from two independent experi-
ments. Src activation was detected by Tyr*'®-phosphorylated Src. The numbers of the side of each panel express the ratio to value
of control islets.
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Abstract

Aims/hypothesis More than 90% of Chinese familial early-
onset type 2 diabetes mellitus is genetically unexplained. To
investigate the molecular actiology, we identified and
characterised whether mutations in the KCNJII gene are
responsible for these families.
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Methods KCNJ1I mutations were screened for 96 familial
early-onset type 2 diabetic probands and their families. Func-
tional significance of the identified mutations was confirmed
by physiological analysis, molecular modelling and popula-
tion survey.

Results Three novel KCNJII mutations, R27H, R192H
and S116F117del, were identified in three families with
carly-onset type 2 diabetes mellitus. Mutated KCNJ1I
with R27H or R192H markedly reduced ATP sensitivity
(E23K>R27H>C42R>R192H>R201H), but no ATP-
sensitive potassium channel currents were detected in the
loss-of-function S116F117del channel in vitro. Molecular
modelling indicated that R192H had a larger effect on the
channel ATP-binding pocket than R27H, which may qualita-
tively explain why the ATP sensitivity of the R192H mutation
is seven times less than R27H. The shape of the S116F117del
channel may be compressed, which may explain why the
mutated channel had no currents. Discontinuation of insulin
and implementation of sulfonylureas for R27H or R192H
carriers and continuation/switch to insulin therapy for
S116F117del carriers resulted in good glycaemic control.
Conclusions/interpretation Our results suggest that genetic di-
agnosis for the KCNJ1! mutations in familial early-onset type 2
diabetes mellitus may help in understanding the molecular
aetiology and in providing more personalised treatment for these
specific forms of diabetes in Chinese and other Asian patients.

Keywords Familial early-onset type 2 diabetes mellitus -
KCNJI1 -Kir6.2 - Mutation
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HI Hyperinsulinism

1A-2 Tyrosine phosphatase-like protein
IGT Impaired glucose tolerance

Karp ATP-sensitive potassium channel

MODY Maturity-onset diabetes of the young
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PNDM  Permanent neonatal diabetes

SNP Single nucleotide polymorphism
™ Transmembrane
Introduction

Maturity-onset diabetes of the young (MODY) is a monogen-
ic, autosomal dominant, early-onset form of non-autoimmune
diabetes caused by primary pancreatic beta cell dysfunction
[1], and more than ten MODY genes have been identified [2,
3]. The clinical phenotype of familial early-onset type 2 dia-
betes mellitus is often characterised by insulin resistance, in
contrast with MODY, which is similar to later-onset type 2
diabetes [4]. Heterozygous activating mutations in KCNJII
have been reported as a cause of not only permanent neonatal
diabetes (PNDM) [2, 5] but also MODY and adult-onset
diabetes in a number of studies [6]. This was reaffirmed in a
French MODY gene-negative pedigree last year [7], wherein
the defined KCNJI] gene was proposed to be MODY13.
KCNJII on 11p15.1 is a single open reading frame encoding
a 390-amino acid protein, potassium inwardly-rectifying chan-
nel Kir6.2, which contains two putative transmembrane (TM)
segments and a pore loop domain, H5 (Fig. 1la) [8, 9].

ATP-sensitive potassium channels (Karp) control electrical sig-
nalling by coupling cellular metabolism to potassium ion move-
ment across cell membranes. Pancreatic beta cell K arp channels
comprise two components: four subunits of Kir6.2 forming the
channel pore, and the sulfonylurea receptor, SURI, regulating
channel gating [10]. The K rp channel is sensitive to ATP and
inhibited by sulfonylureas [11], drugs that are widely used to
treat type 2 diabetes and regulate insulin secretion by coupling
the metabolic state of the cell to membrane potential.

Mutations (e.g. E227K) [7] and variations (e.g. E23K) [12]
in KCNJI1 have already been linked to diabetes. In Kir6.2
knockout mice, both glucose- and tolbutamide-induced insu-
lin secretion and membrane depolarisation and calcium influx
into beta cells are defective, indicating that the regulation of
insulin secretion depends on Kupp channel activity [13]. A
high frequency of beta cell apoptosis is observed in
Kir6.2G132S transgenic mice before the appearance of
hyperglycaemia, suggesting that K,rp channels also play a
significant role in beta cell survival [14].

We screened a cohort 0of 96 MODY gene-negative probands
with early-onset autosomal dominant type 2 diabetes, and their
families, for KCNJI1I mutations, and report here three novel
heterozygous KCNJII mutations associated with MODY
gene-negative autosomal dominantly inherited type 2 diabetes.

a
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Fig. 1 Identification of KCNJII mutations. (a) Schematic illustration of
KCNJII and the corresponding domains in Kir6.2. Numbers refer to the
amino acids bordering the domains. Filled arrows indicate the mutations
identified in KCNJII. Dashed arrows indicate single-nucleotide poly-
morphisms (SNPs) identified in KCNJ11. The gene borders were deter-
mined based on mammalian homology using published data [8, 9]. N,
N-terminus; C, C-terminus; TM1, first TM domain; H5, pore loop do-
main; TM2, second TM domain. (b) Alignment of specific regions of
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KCNJ11/Kir6.2 from different mammals using ClustalX. (1) Eatire 68-
amino acid N-terminal domain of KCNJI1]/Kir6.2; the R27 residue is
indicated. (2) Portion of the C~terminal domain of KCN.J11/Kir6.2; the
R192 residue is indicated. (¢) Fragment of the KCNJ11/Kir6.2 sequence;
the S116F117del is indicated. The corresponding amino acid sequences
of wild-type Kir6.2 and the SI16F117del mutation (mf) are shown; the
S116F117del results in truncated Kir6.2 lacking two amino acids (Ser116
and Phel17)
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Methods

Recruitment of diabetic index cases and families We recruited
the families for studies on the genetics of type 2 diabetes at the
Shanghai Diabetes Institute, Shanghai Diabetic Clinical Med-
ical Center. Briefly, families were selected if their pattern of
type 2 diabetes was consistent with autosomal dominant in-
heritance. An additional selection criterion was the availability
of a large number of family members (with and without
diabetes) who agreed to participate in the study. The screening
criteria for eligible families were: (1) at least one index case
(early-onset type 2 diabetes diagnosed <40 years old; range
12-39 years old); (2) index case treatment by dietary control
or oral agents for the first 2 years; (3) diabetes in at least three
generations; (4) index cases without the mitochondrial DNA
3243 A-to-G point mutation, as confirmed by PCR-RFLP
analysis, using Apal (Promega, Madison, W1, USA), as de-
scribed by Fukui et al [15] with slight modifications; (5) index
cases without mutations in the following six MODY genes
[16]: HNF4a/MODYI, GCK/MODY2, HNFl1a/MODY3,
PDX1/MODY4, HNFIB/MODYS5 and NEURODI/BETA2/
MODY6, confirmed by PCR-direct sequencing, as previously
reported with some modifications [17-22]. No deletions of
these six MODY genes were excluded by performing multi-
plex ligation-dependent probe amplification (MLPA) in the set
of the 96 early-onset type 2 diabetic probands. To date, we
have recruited and examined 96 families of Han Chinese and
measured their height, weight and blood pressure, and blood
was obtained for DNA extraction and biochemical measure-
ments, inchuding blood glucose, triacylglycerol, total choles-
terol, HbA ., C-peptide and insulin. From participants without
diabetes and diabetic patients treated with oral agents or diet,
we took blood again 2 h after an OGTT (75 g glucose) to
determine blood glucose, C-peptide and insulin. In addition,
fasting serum C-peptide in insulin-treated individuals was
measured.

We selected 109 non-diabetic participants according to the
following criteria: over 65 years of age (age 73.2+5.7 years;
BMI 21.1+2.4 kg/m* [means + SD]), normal glucose toler-
ance, HbA;.<5.6% (38 mmol/mol) and no family history of
diabetes. All participants completed medical and family his-
tory questionnaires; this information was supplemented with
information from medical records. The ADA criteria were
used to diagnose diabetes and impaired glucose tolerance
(GT) [23].

All patients underwent a standardised clinical and labora-
tory evaluation. Serum antibodies against GAD and protein
tyrosine phosphatase-like protein (IA-2) were tested using a
radioimmunoprecipitation kit with '**I-labelled GAD65 and
123 labelled TA-2, according to the manufacturer’s recom-
mendations (RSR, Cardift, UK). The criterion for a positive
assay for each antibody was an index >1.0 (2 SDs above the
mean value in normal controls). Serum insulin and C-peptide

were measured by an RIA (Linco Research, St Charles, MO,
USA). The insulin assay showed little cross-reactivity (<2%)
with human proinsulin. Triacylglycerol and total cholesterol
were determined by enzymatic procedures using an
autoanalyser (Hitachi 7600-020; Hitachi, Tokyo, Japan). All
the patients in this study had negative results for GAD and IA-2
antibodies and 3243 A-to-G point mutation.

This study was approved by the institutional review board of
Shanghai Jiaotong University Affiliated Sixth People’s Hospital.
Written informed consent was obtained from all participants.

Sequencing of KCNJI11 We used two pairs of primers to
sequence the entire coding sequence and flanking sequences
of KCNJ1I (forward, 5-CGAGAGGACTCTGCAGTGAG-3/,
reverse, 5S'-GCTTGCTGAAGATGAGGGTC-3"; and for-
ward, 5-CATCGTGCAGAACATCG-TG-3', reverse, 5'-
TAACACCCTGGATGAGCAG-3") [6]. PCR was performed
using each pair of specific primers at 95°C for 5 min, followed
by 30 cycles of denaturation at 95°C for 1 min, annealing at
58°C for 1 min, extension at 72°C for 1 min and a final
extension of 10 min on the Gene Amp PCR system 9700
thermocycler (PE Applied Biosystems, Foster City, CA,
USA). Amplified DNA was purified using the QIlAquick
PCR Purification Kit (Qiagen, Shanghai, China) and se-
quenced from both ends using specific primers and the
BigDye Terminator cycle sequencing kit (version 3.1; Applied
Biosystems). Electrophoresis was performed on the ABI
PRISM 3100 Genetic Analyzer, and ABI PRISM Sequencing
Analysis software version 3.7 was used for analysis. We
confirmed the sequence of the three mutations by cloning
the PCR product of the entire coding sequence of the genes
into a TA cloning vector (PCR 2.1; Invitrogen, Shanghai,
China) and sequencing. Sequences were compared with the
published sequence (NM_000525.3) using Sequence Naviga-
tor (Applied Biosystems). Novel mutations were tested for
cosegregation with diabetes in other family members and the
109 normal individuals of Han Chinese origin.

Parametric linkage analysis Genotyping data were calculat-
ed using the MLINK subprogram from the LINKAGE pack-
age (version 5.1) for two-point linkage analysis. Autosomal
dominant inheritance was assumed, with a disease-gene fre-
quency of 0.0001 and 80% penetrance.

Construction of the three KCNJ1I mutants Mammalian ex-
pression plasmids containing the whole coding regions of
human KCNJ1I and ABCCS (also known as SURI) have
been described previously [6, 8]. Human KCNJII cDNA
was subcloned into pCMV vector (Promega, Madison, WI,
USA), and a single-stranded template of pCMV KCNJII was
prepared using the helper phage R408. Expression plasmids
with R27H, R192H or S116F117del mutations were generated
by site-directed mutagenesis.
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Cell culture and DNA transfection COS-1 cells were cultured
in DMEM supplemented with 10% FBS. For single-channel
recordings, 1x10° cells were plated in 35 mm dishes, and
transfected with 1.5 pmol/l pCMVéc carrying wild-type
ABCCS and 1.5 umol/l pCMV6b carrying wild-type KCNJ11
or mutated KCNJII (R27H, R192H or S116F117del) using
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions; pEGFP-N1 (Clontech, Palo Alto, CA,
USA) encoding green fluorescent protein was also cotransfected
as a reporter gene [14]. The cells were cultured for 48-72 h
before electrophysiological recordings.

Electrophysiology Single-channel recordings were performed
using the excised inside~out membrane patch configuration, as
previously described [14]. Single-channel currents were
analysed using a combination of pCLAMP (version 9.0; Axon
Instruments, Foster City, CA, USA) and m-house software.
The ATP sensitivity of the wild-type and mutant channels was
determined using an Axopatch 200B patch-clamp amplifier
(Axon Instruments). Sulfonylurea sensitivity was assessed as
the ratio between the amplitudes of the K orp channel currents
before and after application of 100 pmol/l tolbutamide. Exper-
iments were conducted for both the wild-type (n=15) and
mutant (Kir6.2 R27H/SUR1, n=10; Kir6.2 R192H/SURI,
n=9) channels. The results are expressed as means * SE;
Mann—Whitney U tests (detectable rate of the channels) or
unpaired Student’s ¢ tests were used to test for statistical
significance.

Model building of Kir6.2 To further explore the effect of the
mutations on the function of Kir6.2, we constructed a molecular
model of the C-terminus of Kir6.2, based on the crystal structure
of Kir2.1 [24]. The N-terminal domains of these proteins share
53.1% sequence identity. The sequences were aligned using
ClustalX (Clustal X version 2.0, www.clustal.org/clustal2/).
Homology models were generated using CPHmodels-2.0
Server and swiss-model. The model of Kir6.2 (residues 1-177)
was based on the crystal structures of the bacterial inwardly
rectifying K channel (KirBac3.1; PDB entry 1U4F) and the
intracellular domain of the rat Kir3.1 channel (PDB entry
1X6L). The TM region of Kir channels is highly conserved.
The level of conservation between the TM regions of
KirBac3.1 and rat Kir3.1 is 36%, indicating that the TM
region of KirBac3.1 would be an appropriate model for the
TM segment of Kir3.1. The TM region was modelled as a
tetramer with fourfold symmetry imposed. The three segments
of the model (TMs, N and C domains) were constructed
separately and then joined together. The structure constructed
is similar to a previous report [25] and is a truncated form of
Kir6.2 in the absence of SUR1. However, this predicted
Kir6.2 model is hypothetical and requires further verifi-
cation. Homology modelling was also performed for the
pore-forming inwardly rectifying potassium channel Kir6.2
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subunits, to provide a rational explanation for the effects
of the mutations.

Results

Genetic analysis Six KCNJ11 variants were identified in the
MODY gene-negative families: three known single-nucleotide
polymorphisms (SNPs) (E23K [rs5219], A190A [rs5218] and
1337V [1s5215]) and three novel mutations (c.80G>A,
p.R27H; ¢.575G>A, p.R192H; and ¢.348-353delCTTCTC,
p.S116F117del) (Fig. 1a). The frequencies of the three SNPs
(E23K [rs5219], A190A [rs5218] and 1337V [1s5215]) were
similar in the 96 index cases and 109 unrelated non-diabetic
individuals (39.1% vs 38.5%, 43.7% vs 46.8% and 40.0% vs
38.5%, respectively). The three novel mutations (R27H,
R192H and S116F117del) were detected in three individual
index cases, but not in the other probands or 109 non-diabetic
controls, suggesting that these mutations are not simple
polymorphisms.

Bioinformatics and functional analysis of mutant
channels The index case from family a had an amino
acid substitution in codon 27 (NM_000525.3: ¢.80G>A,
p.R27H) (Fig. 1b). R27H is located in the cytosolic
region of the N-terminal domain close to the ATP-
binding sites (R201 and K185) in the C-terminus of a
single subunit of Kir6.2 in steric conformation (Fig. 2).
As Arg is positively charged, R27H may reduce the
ligand-binding affinity of Kir6.2, by reducing positive
charge distribution and increasing steric repulsion be-
tween two adjacent ATP-binding pocket monomers.

The index case from family b had an amino acid
substitution in codon 192 (NM_000525.3: ¢.575G>A,
p-R192H) (Fig. 1b), located in the cytosolic region of
the C-terminal domain of Kir6.2. R192 is one of the
positively charged donors in the three electrostatic in-
teraction pairs (E229-R314, R301-E292 and R192-
E227) between two adjacent subunits of Kir6.2, which
are essential for stability of the Kir6.2 tetramer structure
and pore-forming channel [25].

PSI-BLAST analysis demonstrated that Arg27 or
Argl92 residues are evolutionally well-conserved in
mammals, suggesting the functional importance of the
two residues. Our proposed structure model (Fig. 2) in-
dicates that R27 faces towards the interface of the Kir6.2
and SUR subunits, suggesting that R27H may have a
greater influence on the interaction between Kir6.2 and
SUR than R192H. Both R27H and R192H mutations
show significant elevations in ICsy compared with the
wild-type of Kir6.2, and R192H had a sevenfold lower
sensitivity to ATP in vitro than R27H (Fig. 3a),
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Fig. 2 Final modelled ribbon structure of two subunits of Kir6.2, indi-
cating the location of the novel KCNJII mutations. (a) The homology
model of Kir6.2, which is quite similar to the previously reported struc-
ture of the other isoconformer, corresponds most closely to a truncated
form of Kir6.2 expressed in the absence of SUR1. The labelled residues
shown in yellow stick format are S116, F117, R27 and R192, which are
indicated with solid arrows. The ATP-binding site is composed of the

suggesting that both R27H and R192H reduce the sensi-
tivity of the Krp channel to ATP-induced closure.

The index case from family ¢ had a heterozygous frame
shift mutation, causing deletion of Serl16 and Phell7
(NM_000525.3: ¢.348-353delCTTCTC, p.S116F117del),
resulting in an in-frame deletion of two amino acid residues
(Fig. 1c). Because no K a7p currents were detected in the loss-
of-function S116F117del channel in vitro, we did not further
assay ATP sensitivity or sulfonylurea sensitivity for the
S116F117del channel. The proposed structure model of
Kir6.2 indicates that the evolutionally well-conserved
Ser116 and Phel17 are residues located on the pore-forming
H5 domain at the exit of the Karp channel on the TM region
interface (Fig. 2). Serl116 lies within the end of the extracel-
lular loop (94-116) connecting the TM region with the pore
helix, H5; F117 lies at the beginning of the pore-forming helix
(117-128) [9]. Deletion of these residues may compress the
channel, preventing K* from flowing freely (Fig. 2), account-
ing for the absence of detectable currents as well as unregulated
insulin secretion in vitro.

Hence the in-frame deletion loss-of-function mutation
(p.S116F117del) probably primarily acts as a hyperinsulinism
(HI) mutation.

Clinical characteristics of early-onset type 2 diabetic families
with mutations We investigated the presence of these

Heteromeric

Mutant
homomeric

residues shown in the dark-blue stick model, R201 and K185, which are
indicated with dashed arrows. (b) Schematic of the expected mixture of
channels with different subunit compositions when wild-type and mutant
Kir6.2 are coexpressed (as in the heterozygous state). The expected
relative numbers of channel types for wild-type and mutant subunits are
indicated above the figure, and segregate independently (i.e. follow a
binomial distribution)

mutations in the probands’ families. Of the five R27H carriers
in family a, three had previously been diagnosed with diabe-
tes. In addition, one was diagnosed with diabetes and one was
diagnosed with IGT at the time of examination (Fig. 4 and
Table 1); the average age of these newly diagnosed carriers at
the time of diagnosis was 38.8 (range 32-52) years. These
patients were prescribed insulin or gliclazide. None of the
members of family a were obese. All R27H carriers had low
serum insulin levels, and two (II-1 and II-2) patients who were
treated with insulin had undetectable serum C-peptide
(Table 1), indicating the absence of endogenous insulin secre-
tion. Patients II-4 and III-2 were treated with a sulfonylurea
alone (gliclazide), and achieved perfect control of their diabe-
tes. In addition, a non-carrier, II-3 aged 51, had IGT. This
individual most likely displays phenocopy, a phenomenon
manifested in MODY pedigrees [17].

The tolbutamide sensitivity of the R27H, R192H and wild-
type channels was not significantly different (p >0.05,
Fig. 3b), suggesting that sulfonylureas could efficiently close
the mutant channels and stimulate insulin secretion. More-
over, previous studies indicated that diabetic patients with a
KCNJ11 gain-of-function mutation could transfer successful-
ly from insulin to oral sulfonylureas [26, 27]. As the affected
R27H carriers in family a (II-4 or III-2) maintained perfect
metabolic control with sulfonylureas, we adjusted the treat-
ment of the other two R27H carriers (II-1 and II-2) from
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Fig. 3 ATP sensitivity and sulfonylurea sensitivity of the wild-type and
mutant Karp channels. (a) ATP sensitivity. Patch-clamp experiments
were performed for the wild-type (Kir6.2/SUR1, black circles, n=10)
and mutant (Kir6.2 R27H/SUR, white squares, n=10; Kir6.2 R192H/
SURI, white triangles, n=8) channels. The mutant channels had signif-
icantly higher ICsy values than the wild-type channels (92.3+£9.6 vs
20.2+2.4 umol/l, p=2.66x107; 652.7£178.0 vs 20.2+2.4 pumol/l,
p=9.14x 10'7), indicating that the mutant Karp channels had lower
ATP sensitivities, especially the Kir6.2 R192H/SUR! channel. (b) Sul-
fonylurea sensitivity. Residual Karp channel activities were determined
by the ratio between the amplitudes of Karp channel currents before and
after 100 pmol/l tolbutamide application. Experiments were conducted
for wild-type (white column, »=15) and mutant (black column, Kir6.2
R27H/SURI, n=10; Kir6.2 R192H/SUR, grey column, #=9) channels.
No significant difference in sulfonylurea sensitivity was observed for the
mutant channels compared with the wild-type channels (» >0.05)

insulin to gliclazide, and these patients achieved good
glycaemic control (HbA |, 5.7-6.4% [39-46 mmol/mol]).

In family b, four R192H carriers were previously diag-
nosed with diabetes; at the time of examination, their diabetes
was treated with insulin or sulfonylureas (glimepiride) (Fig 4).
Two R192H carriers (II-1 and III-1) were treated with insulin,
with or without metformin, and had undetectable serum
C-peptide (Table 1), indicating the absence of endogenous
insulin secretion. The other two carriers (I1I-2 and III-3) were
treated with sulfonylureas (glimepiride) with or without met-
formin, and maintained good control of their diabetes,
suggesting that sulfonylureas are effective for R192H carriers
with diabetes mellitus. We prescribed sulfonylurea therapy
(glimepiride) for the other two R192H carriers (II-1 and
I1I-1) who had been on insulin with metformin since diagno-
sis. Currently, these patients are only taking sulfonyl-
ureas and metformin, and their diabetes is well controlled
(HbA |, 5.6-6.2% [38—44 mmol/mol] for II-1, 5.5-6.4%
[37—46 mmol/mol] for ITI-1).

@ Springer

In family ¢, two S116F117del carriers had previously di-
agnosed diabetes (Fig. 4 and Table 1). Neither high concen-
tration glucose nor tolbutamide elicits significant insulin se-
cretion in islets isolated from Kir6.2 knockout mice [13].
Tolbutamide-induced insulin secretion is absent in Kir6.2
knockout mice, indicating that sulfonylurea-induced insulin
secretion also critically depends on K rp channel activity. At
the time of examination, S116F117del carrier 1I-1 had been
effectively treated with insulin. The affected carriers of
S116F117del were the proband III-1 (female, gestation
39 weeks, birthweight 4.0 kg, 95-97th percentile) [28], father
1I-1 (gestation 39 weeks, birthweight 3.8 kg, 75-90th percen-
tile) and son IV-1 (gestation 38 weeks, birthweight 3.95 kg,
95-97th percentile). However, the unaffected sibling, brother
1II-2, a non-S116F117del carrier was in the normal range of
birthweight (male, gestation 40 weeks, birthweight 3.3 kg,
25-50th percentile). In addition, all S116F117del carriers
had complained that they had mild symptoms such as tremu-
lousness, hunger and fatigue, which could be remitted by
taking in food or glucose, when their blood glucose was
determined to be 2.9-3.3 mmol/] (52.2-59.4 mg/dl) for pro-
band III-1, 3.4-3.7 mmol/l (61.2-66.6 mg/dl) for son IV-1,
and 3.6-3.9 mmol/l (64.8-70.2 mg/dl) for father II-1 during
their childhood; this could be inferred to be largely due to mild
hypoglycaemia caused by HI.

The clinical course of the proband III-1 was described as
mild hypoglycaemia in childhood, IGT in early adulthood,
and diabetes in middle age. Since diagnosis, this patient had
been taking sulfonylureas without effective blood glucose
control (HbA,. 7.8-9.2% [62-77 mmol/mol]). Treatment of
the patients was switched from sulfonylureas to insulin, at
which point their blood glucose became normal and was well
sustained (HbA . 5.2-6.3% [33-45 mmol/mol]). The son of
this patient, IV-1, was on dietary control for IGT at the time of
examination.

Discussion

Previous studies indicated that 90-95% of Chinese familial
cases of early-onset type 2 diabetes remain genetically
unexplained [29-31]. In this study, a 3.12% prevalence of
KCNJI1 mutations was observed in 96 Chinese families with
early-onset type 2 diabetes mellitus, suggesting that KCNJ1/
may be one of the unidentified monogenic aetiologies in the
Chinese population. Although three known KCNJI! varia-
tions were identified in the Chinese probands in this study,
none had an association with familial early-onset type 2
diabetes mellitus. However, the E23K variation has been
reported to be associated with modest reductions in ATP
sensitivity and linked to type 2 diabetes mellitus [12, 32].
We demonstrated that two novel gain-of-function muta-
tions (R27H and R192H) lead to the development of type 2
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Fig. 4 Pedigrees, genotypes and clinical characteristics of families a, b
and c. Black circles and squares indicate participants diagnosed with type
2 diabetes; half-filled black circles and squares indicate IGT; white circles
and squares indicate nommal glucose tolerance (NGT); black arrows
indicate the index cases for the three families. Individuals treated with
insulin did not undergo the OGTT. The numbers under the symbols are
the family members’ identification numbers, followed below by the
genotype at codon 27 in family a, codon 192 in family b and codon
116-117 in family ¢, then age at diabetes diagnosis for affected members
and age at examination, followed by treatment for diabetes. nd, not

determined. Family a, Pedigree and genotypes of family a. Left pedigree

shows the segregation of the R27H mutation. For the genotype, N shows

diabetes by reducing the ATP-binding activity of Kir6.2. On
comparison of the ICsy of the most common mutation,
R201H [5], the mildest common variation, E23K [33],
and the in-between mutation, C42R [6], with that of

Table 1 Clinical characteristics of families a, b and ¢

Family b

L1 12
nd nd

O
I-1P -1
/N
-/62 40/56
Insulin

'
B

-1 -2
/N /N
29/31

Insulin

m-3
m/N
32/34
OHA

30/37
OHA

Family ¢

-1 12
nd nd

1-1P -1
N/N m/N
71 46173
Insulin

o o

-1 Or-1p 12
m/N N/N NN
33/50 -/52 /48
OHA

V-1
m/N
23/24
Diet

normal allele (Arg); m shows mutant allele (His) at codon 27. The
parametric LOD score for this pedigree was 0.83. OHA, oral
hypoglycaemic agents, gliclazide. Family b, Pedigree and genotypes of
family b. Middle pedigree shows the segregation of the R192H mutation.
For the genotype, N shows normal allele (Arg); m shows mutant allele
(His) at codon 192. The parametric log;o of odds (LOD) score for this
pedigree was 0.60. OHA, glimepiride. Family c, Pedigree and genotypes
of family c. Right pedigree shows the segregation of the SI16F117del
mutation. N shows normal allele S116F117; m shows mutant allele
S116F117del (His) at codon116-117. The parametric LOD score for this
pedigree was 0.52. OHA, gliclazide

R192H or R27H, the reduction in ATP sensitivity is
R201H>R192H>C42R>R27H>E23K, which is consistent
with their clinical phenotypes in diabetes, i.e. the severe
phenotype is PNDM, the mildest is type 2 diabetes and the

Family D Diagnosis BMI (kg/m?) Glucose (mmol/1) C-peptide (nmol/1) Insulin (pmol/)
FPG 2hPG FINS 2 hINS

a II-1 DM 21.0 16.0 - 0.03 - —
-2 DM 184 144 - 0.07 - -
11-4 DM 20.6 8.1 12.7 - 50.0 104.9
HI-1 IGT 20.3 5.1 8.1 - 61.8 200.0
-2 DM 21.0 5.9 115 - 43.1 134.0

b 1I-1 DM 24.5 14.0 - 0.13 - -
1111 DM 324 12.0 - 0.10 - -
m-2 DM 28.4 5.2 13.0 - 68.8 1375
11-3 DM 252 7.8 16.7 - 59.7 175.0

¢ 1I-1 DM 23.6 72 11.8 0.13 - -
111-1 DM 26.2 83 13.1 - 41.0 150.0
Iv-1 IGT 22.8 5.8 8.2 - 55.6 2243

166 cases DM 243£34 9.5+4.1 15.4%4.8 0.70£0.05 127.8+97.2 3042£1924

Other clinical characteristics of the mutation carriers are shown. For comparison, means # SD for the same characteristics in a group of 166 individuals
with type 2 diabetes are shown. DM, diabetes mellitus; 2 h INS, 2 h plasma insulin; FINS, fasting plasma insulin; 2 h PG, 2 h plasma glucose; FPG,

fasting plasma glucose
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in-between is early-onset type 2 diabetes or MODY. Although
these data suggest a strong genotype—phenotype relationship
in KCNJI1 mutations, the association is relative, not absolute.
It has been reported that, in some families with the C42R or
R201H mutation, the clinical presentation and degree of im-
paired beta cell function are different [5, 6, 34]. Even in
families with R27H or R192H mutations, clinical symptoms
in the same family were different. This suggests that both
genetic and environmental factors may influence the clinical
phenotypes, in addition to their responses to sulfonylureas.
One study reported that p.Glu227Lys (i.e. the E227K mu-
tation) located at E227, a single amino acid that governs the
electrostatic interaction of the R192-E227 pair, has a func-
tional effect [25]. E227K reduces the ATP sensitivity of the
Karp channel and increases the intrinsic open probability of
the channel in its mutant heterozygous state in vitro [35]. In
addition, several studies have indicated that the E227K muta-
tion causes monogenic neonatal diabetes mellitus [35, 36].
Moreover, E227K has been identified as causal for a French
MODY pedigree, and therefore the KCNJII gene was pro-
posed to be MODY 13 in that study [7]. These E227K studies
offer support for R192H, which caused MODY gene-negative
autosomal dominantly inherited early-onset type 2 diabetes

mellitus in family b, in the same way as E227K in the French

MODY pedigree [7]. Further studies are required to confirm
whether these effects occur in vivo.

We concluded that the development of type 2 diabetes in
R27H and R192H carriers is due to defective glucose-induced
insulin secretion via one of three distinct mechanisms: (1)
primary impairment of the ATP sensitivity of the mutant K orp
channels; (2) the effect of R27H on the interaction between
Kir6.2 and SUR1 subunits in the K opp channel; (3) the effect
of the mutant R192H on the stability of the Kir6.2 tetramer
structure and the pore-forming channel.

Loss-of-function mutations in human SUR1/4BCCS or
Kir6.2/KCNJ11 are the most common causes of congenital
HI of infancy [37, 38]. Patients with hyperinsulinaemic
hypoglycaemia due to loss-of-function in Kxrp such as het-
erozygous ABCCS mutations, ‘cross-over’ to diabetes in later
life [39]. This is inferred from mouse models where loss-of-
function in Krp channel activity led to glucose intolerance
and diabetes on high-fat diets [14, 40].

The three affected heterozygous S116F117del carriers in
family ¢ were in the upper range of normal birthweight,
suggesting that insulin oversecretion might have occurred in
their fetal period. In addition, all S116F117del carriers with
diabetes or IGT had mild symptoms of childhood
hypoglycaemia in this study. Because of poor hospital condi-
tions at the time, no insulin level tests were conducted in
local hospitals, and we infer that they may have had HI during
their childhood. Therefore the S116F117del mutation may
represent a new subtype of autosomal dominantly inherited
diabetes with a moderate phenotype, presenting as
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hyperinsulinaemic hypoglycaemia in childhood, IGT in early
adulthood, and diabetes in middle age due to slow, progressive
loss of insulin secretory capacity. Interestingly, one previously
reported human KCNJ11 mutation affecting S116 is known to
be responsible for HI [41], which provides evidence to
support the idea that p.S116F117del may have caused
HI during childhood in family ¢ (Fig. 4). However, the precise
mechanism of the progressive loss of insulin secretory
capacity and the reversion of the phenotype is still poorly
understood.

Development of type 2 diabetes in S116F117del carriers
was associated with defective glucose-induced insulin secre-
tion, which promotes apoptotic beta cell death, and contrib-
utes to hyperglycaemia due to unregulated insulin secretion in
later life.

As the residues S116, F117 and G132 are all located in the
pore-forming domain of Kir6.2, the clinical course of human
S116F117del mutation carriers may be similar to Kir6.2G132S
transgenic mice [13], which exhibit hypoglycaemia and
unregulated insulin secretion as neonates and then develop
severe hyperglycaemia with almost no insulin response to
glucose. A high frequency of apoptotic beta cells is observed
before the appearance of hyperglycaemia in Kir6.2G132S
transgenic mice, suggesting that Krp channels may play a
significant role in beta cell survival, except for insulin secretion
[14, 42]. Whether spontaneous regeneration of pancreatic beta
cells can occur in human carriers of the S116F117del mutation,
as in Kir6.2G1328S transgenic mice, needs further investiga-
tion. Moreover, further experiments on S116F117del transgen-
ic mice may help to explain HI or diabetes caused by this
mutation, as well as the phenotype and mechanisms by which
HI could result in diabetes in later life.

This study has enabled therapeutic improvements. Discon-
tinuation of insulin and implementation of sulfonylureas for
R27H or R192H carriers, and continuation/switch to insulin
therapy for S116F117del carriers resulted in good control of
glycaemic levels. Our results suggest that genetic diagnosis of
the KCNJ1] mutations in the autosomal dominantly inherited
early-onset type 2 diabetic pedigrees may be helpful for un-
derstanding molecular aetiology and providing more
personalised treatment for these specific forms of diabetes in
Chinese individuals, as well as Asians patients in whom the
prevalence of the investigated MODY genes [16] (i.e.
HNF40/MODY1, GCK/MODY2, HNFloa/MODY3, PDXI1/
MODY4, HNF15/MODYS5 and NEURODI/MODY6) is as
low as 10-20% [30, 31, 43, 44].

Further studies are required to confirm whether these het-
erozygous mutations disturb pancreatic islet development or
decrease beta cell mass. The identification of these novel
mutations broadens the spectrum of diabetic phenotypes
linked to KCNJII, suggesting that routine genetic diagnosis
for autosomal dominantly inherited early-onset type 2 diabetic
families should also include KCNJ11.
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Mitchell T, Johnson MS, Ouyang X, Chacko BK, Mitra K, Lei X,
Gai Y, Moore DR, Barnes S, Zhang J, Koizumi A, Ramanadham S,
Darley-Usmar VM. Dysfunctional mitochondrial bioenergetics and
oxidative stress in Akita¥/I"2-derived B-cells. Am J Physiol En-
docrinol Metab 305: E585-ES599, 2013. First published July 2,
2013; doi:10.1152/ajpendo.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 (3-cell death and thapsigargin to induce
ER stress in two different 3-cell lines and in intact mouse islets. Using
transformed pancreatic B-cell lines generated from wild-type Ins2*/*
(WT) and Akita™™2 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 -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.

diabetes mellitus; B-cell; mitochondrial respiration; endoplasmic re-
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 T1DM, 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 B-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 Ins2°°>S mutant mouse (19) and
the Akita™2*/~ mouse (60). The Akita mouse mode] contains
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