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Inhibition of Glucose-Stimulated Insulin Secretion by
KCNJ15, a Newly Identified Susceptibility Gene for

Type 2 Diabetes

Koji Okamoto,"” Naoko Iwasaki,>*® Kent Doi,? Eisei Noiri,” Yasuhiko Iwamoto,> Yasuko Uchigata,?

Toshiro Fujita,? and Katsushi Tokunaga'

Potassium inwardly rectifying channel, subfamily J, member 15
(KCNJ15) is a type 2 diabetes—associated risk gene, and Kcnjl5
overexpression suppresses insulin secretion in rat insulinoma
(INS1) cells. The aim of the current study was to characterize
the role of Kcnjl5 by knockdown of this gene in vitro and in vivo.
Human islet cells were used to determine the expression of
KCNJ15. Expression of KCNJ15 mRNA in islets was higher in
subjects with type 2 diabetes. In INS1 cells, Kcnjl5 expression
was induced by high glucose—containing medium. Regulation of
Kcnjl5 by glucose and its effect on insulin secretion were ana-
lyzed in INS1 cells and in normal mice and diabetic mice by the
inactivation of Kcnjl5 using small interfering RNA. Knockdown
of Kenj1s 1ncreased the insulin secretion in vitro and in vivo.
KCNJ15 and Ca?*-sensing receptor (CsR) interact in the kidney.
Binding of Kcnjl5 with CsR was also detected in INS1 cells. In
conclusion, downregulation of Kcnjl5 leads to increased insulin
secretion in vitro and in vivo. The mechanism to regulate insulin
secretion involves KCNJ15 and CsR. Diabetes 61:1734-1741, 2012

ype 2 diabetes is a leading health problem in
the developed world, and the disease is becom-
ing increasingly common in developing countries
as well (1,2). Clinical studies indicate that type 2
diabetes comprises heterogeneous phenotypes among
various ethnic groups. The prevalence of type 2 diabetes in
Japan has dramatically increased in the past 40 years, and
the same trend was recently reported in other Asian
countries, due primarily to genetic factors in combination
with behavioral changes, such as high-calorie diets and
sedentary lifestyles (3-6). Despite the rise in type 2 diabetes,
Asian patients are still characterized as having lower body
mass indices and insulin levels compared with European,
Mexican American, or African American type 2 diabetic
patients (7).
We recently identified potassium inwardly rectifying
channel, subfamily J, member 15 (KCNJ15), a member of
the potassium inwardly rectifying channel (KIR) family,
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also called IRKK, KIR1.3, and KIR4.2 (8), as a suscepti-
bility gene for type 2 dlabetes (9) in subjects with a mean
BMI of ~23.0 kg/m? (10). The synonymous single nucleo-
tide polymorphism of KCNJ15 (C566T at rs3746876 in
exon 4) increases the risk of type 2 diabetes in Japanese,
and the risk allele (T) is associated with increased levels of
KCNJ15 mRNA in the peripheral blood of healthy volun-
teers (9). Clinical observations reveal that subjects with
type 2 diabetes carrying the risk allele are more likely to
require insulin, indicating that insulin secretion is low in
this group. Moreover, Kcnjl5 overexpression decreases
the insulin response to glucose in rat insulinoma (INS1)
cells (9).

In the current study, we examined KCNJ15 expression
in human pancreatic islets from normal and type 2 diabetic
patients and investigated the effects of Kcnj15 on insulin se-
cretion in vitro and in vivo. Kcnjl5 was upregulated by glucose
and had a significant inhibitory effect on insulin secretion.
We also confirmed that Kenjl5 interacts with Ca®*-sensing
receptor (SCARA3, CsR) in INSI1 cells, suggesting that
KCNJ15 is involved in regulating insulin secretion.

RESEARCH DESIGN AND METHODS

Immunofluorescence staining of KCNJ15 protein in islets of Langerhans.
Immunofluorescence double staining for KCNJ15 and insulin was performed
using frozen sections of pancreas derived from humans (Human Tissues &
Biofluids Bank, Asterand, Detroit, MI), C57BL/6 mice (10-week-old male), and
Sprague-Dawley rats (10-week-old male). When possible, the human tissues
obtained from Asterand are obtained with written informed consent and
institutional review board approval; see the following web site for details on
Asterand’s policies regarding responsible research and informed consent (http://
www.asterand.conm/Asterand/about/ethics.htm). Human pancreatic tissue was
prepared from diabetic patients and nondiabetic control subjects during sur-
gery. Tissue sections (5-pm thick) were cut with a cryotome and mounted on
slides. The sections were then dried at room temperature and fixed with ace-
tone for 10 min. The slides were washed three times with PBS and incubated
overnight with anti-KCNJ15 goat antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) and then anti-insulin rabbit antibody (Santa Cruz Biotechnology) for
1 h. After washing with PBS, the slides were incubated for 40 min with either
Alexa488- or Alexa-633—conjugated secondary antibody (Invitrogen, Carlsbad,
CA). After washing with PBS, sections were visualized using a confocal laser
scanning microscope (LSM 510 Meta NLO Imaging System; Carl Zeiss,
Oberkochen, Germany).

KCNJ15 mRNA expression in the islets of human subjects. Optimal
cutting temperature compound (Sakura Finetechnical, Tokyo, Japan) was added
to fresh-frozen human pancreatic tissues (Human Tissues & Biofluids Bank), and
the tissue was sectioned at a thickness of 10 pm. The sections were mounted on
membrane-coated slides, and the optimal cutting temperature compound was
removed by dipping the slides six times in ice-cold RNase-free water. The
sections were then dehydrated in ice-cold 70% ethanol for 3 min. Laser micro-
dissection and pressure catapulting were performed on the caps of microtubes
filled with 20 pL lysis buffer (PALM MicroLaser System; Carl Zeiss). Total RNA
was extracted from microdissected cells from both nondiabetic control subjects
and patients with type 2 diabetes. First-strand cDNA synthesis was performed
using a MessageBOOSTER cDNA synthesis kit (Epicentre Biotechnologies,
Madison, WI). Relative mRNA expression was compared as described below.
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TABLE 1
siRNA sequences

Target gene

Sequence

Sense
Antisense
Sense 1
Antisense 1
Sense 2
Antisense 2
Sense 3
Antisense 3
Sense
Antisense

Rat Kcnj15 siRNA

Rat CsR siRNA

Mouse Kcnjl5 siRNA

5'-GCAGGCGCUUAAUCUGGGCAUUGAA-3’
5'-UUCAAUGCCCAGAUUAAGCGCCUGC-3'
5'-CAGGGAUGUACUGUGUGUCACUGAA-3’
5'-UUCAGUGACACACAGUACAUCCCUG-3'
5'-GAGAUGGGCACUUGUUGGUUCUCCA-3'
5'-UGGAGAACCAACAAGUGCCCAUCUC-3'
5'-CAGCUACAACUGGACAAUAUCUCUU-3'
5'-AAGAGAUAUUGUCCAGUUGUAGCUG-3’
5'-CCUGCUACAGCAGAGCAAUGUCUGA-3’
5'-UCAGACAUUGCUCUGCUGUAGCAGG-3’

Regulation of Kcnj15 expression by glucose in INS1 cells and HEK293
cells. Changes in the expression of Kcnjl5 mRNA in INS1 cells induced by
5 and 25 mmol/L glucose were compared with changes in the expression of
Kcengll1, Glut2, and insulin genes. Changes in the expression of KCNJ15 mRNA in
HEK293 cells induced by 5, 25, 45, and 65 mmol/L glucose were also compared.
Total RNA was isolated from cultured cells and tissues using TRIzol (Invitrogen).
After DNase I treatment (Roche, Lewes, East Sussex, U.K.), cDNA was synthesized
using oligo (dT) primers and ImProm-II reverse transcriptase (Promega, Madison,
WI). Quantitative realtime PCR was performed using SYBR green (Applied Bio-
systems, Foster City, CA). The relative expression of those genes was normalized
to B-actin. All samples were analyzed in duplicate. The primers are as follows:
for human KCNJ15, forward: 5-GGAATGTCCTCATGCCATCT-3', reverse: 5'-
TTCTGCTTGGTGATGACTGC-3'; for rat Kenjl5, forward: 5'-CCGTTCCATCACA-
GAGGAGT-3', reverse: 5'-GCTTTTTGGGTCTTGCAATC-3'; for mouse Kcnjls,
forward: 5-GTGCCAGCTCTCTGGAAAAC-3', reverse: 5'-AGGGACTCTCGGAA-
GAGGAG-3'; for rat Kenjl1, forward: 5'-GCCATGCTGTCCCGAAAGGG-
3', reverse: 5'-GGCCAGGGGACATTCCTCTGT-3'; for rat Glut2, forward:

>

5'-ATGTCAGAAGACAAGATCACCGGA-3', reverse: 5'-CCCGAGCCACCCAC-
CAAAGAAT-3'; for rat Ins1&2, forward: 5-TGCCCGGGCTTTTGTCAAAC-3’, re-
verse: 5'-CTCCAGTGCCAAGGTCTGAA-3'; and for human & rat & mouse B-aclin,
forward: 5-CGCACCACTGGCATTGTCAT-3', reverse: 5'-TTCTCCTTGATGT-
CACGCAC-3'. All were obtained from Invitrogen. Kenjl5 and actin protein levels
in cultured INS1 cell lysates were detected by Western blotting. INS1 cells were
incubated for 48 h and harvested.

Inactivation of Kcnj15 and CsR in INS1 cells by small interfering RNA.
To clarify the role of Kcnjl5, we knocked down Kcenjl5 in INS1 cells using
small interfering (si)RNA. A control siRNA (Stealth RNAi Negative Control
Med GC), predesigned siRNA against Kcnj15 (NM_001107285.1_stealth_1056),
and CsR (NM_001108870.1) were obtained from Invitrogen (Table 1). Cultured
INSI cells were transfected with either control siRNA, Kcnj15 siRNA, and/or
CsR siRNA using Lipofectamine 2000 (Invitrogen). Cells were incubated for
72 h to allow knockdown. To determine the extent of the knockdown, the
mRNA level in each transfected cell line was examined by quantitative real-
time PCR. Kcnj15 protein was detected by Western blotting. Transfected INS1
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FIG. 1. Expression of KCNJ15 protein and mRNA in the islets of Langerhans. A: Inmunofluorescence staining of the pancreas. KCNJ15 was stained
with Alexa-488 fluorescence (green), and insulin was stained with Alexa-488 fluorescence (red). Images from the same sections were merged to
form an overlapping image (yellow). B: Remaining section after the islet was cut and transferred by laser (left); single islet after it was cut by laser
and transferred (right). C: KCNJ15 mRNA expression levels in the islets of Langerhans and exocrine glands. Values are mean = SEM (n = 5; pooled
samples of islets of Langerhans). T2DM, type 2 diabetes mellitus. (A high-quality digital representation of this figure is available in the online issue.)
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cells were cultured in 24-well plates and preincubated for 30 min at 37°C in
glucose-free Krebs-Ringer buffer, followed by 1-h incubation in 5 or 25 mmol/Li
glucose to determine the amount of insulin secretion. An ELISA was used to
measure insulin secreted into the media (Rat Insulin ELISA kit; Mercodia AB,
Uppsala, Sweden).

Inactivation of Kcnj15 in C57BL/6 mice and heterozygote Ins mice
by siRNA. To investigate the role of Kcnj15 in insulin secretion in vivo, we injected
Kcnjl5 siRNA into normal and diabetic mice. C57BL/6 mice were used as a normal
glucose tolerant model and Ins2*% (Akita) mice were used as a diabetic model
without obesity. Female C57BL/6 mice and female Akita mice (11) were obtained
from Japan SLC (Hamamatsu, Japan). Kcnj15 siRNA (MSS205690) was obtained
from Invitrogen as annealed, predesigned in vivo siRNA (Table 1). Scrambled
siRNA was used as negative control siRNA. All experiments were conducted in
accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. The experimental protocol was approved by the committee of
animal resources of the University of Tokyo. Mice were housed under specific
pathogen-free conditions in microisolator cages and maintained on a 12-h light
(0800 h)/dark (2000 h) cycle. Using hydrodynamic injections, 400 pg synthetic
siRNA dissolved in 0.8 mL PBS was rapidly injected intravenously as previously
reported (12,13). To determine the knockdown efficiency, mRNA and protein
levels of Kenjl5 in the pancreas were detected by quantitative real-time PCR and
immunoblotting on day 3 after treatment. Kcnjl1b protein was stained with Alexa-
488 fluorescence and visualized using a confocal laser scanning microscope.
Oral glucose tolerance tests in C57BL/6 mice and Akita mice inactivated
for Kcnj15. Oral glucose tolerance tests (OGTTs) (14) were performed in
CH7BL/6 mice inactivated for Kenjl5 at 3 days after injection of Kenjl5
siRNA. After overnight fasting, whole blood glucose and plasma insulin levels
were measured at 0 and 15 min. Blood samples were obtained from the tail
vein and collected into heparinized capillary tubes. Glucose concentrations in
the whole blood were measured using a blood glucose monitor (Terumo,
Tokyo, Japan). Fasting blood samples were obtained after an overnight fast,
and casual blood glucose samples were obtained between 0900 and 1000 h.
Blood glucose and plasma insulin levels were measured immediately before
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oral injection of p-glucose (2 g - 5 mL™! - kg™!) and after 15 min. OGTTs in
Akita mice inactivated for Kcnjl5 were performed at 4 days after injection of
Kcnj15 siRNA, as described above.

Morphology of the islets of Langerhans in C57BL/6 mice inactivated for
Kcnj15. Tissue sections isolated from pancreas on the 4th day were fixed with
formalin. The tissue was then processed for paraffin embedding, and 3-pm thick
sections were cut and mounted on glass slides. The sections were immunostained
with anti-insulin antibody and counterstained with Mayer hematoxylin solution.
Images of pancreatic tissue were captured on a computer through a microscope
connected to a charge-coupled device camera (Olympus). The ratio of the area
of insulin-positive cells to the total area of pancreatic tissue was calculated as
described previously (15). At least five pancreatic sections from each animal
were analyzed, and >100 islets per mouse were scanned.

Immunoblotting and immunoprecipitation of Kenj15 with CsR. After 48-h
incubation with 5 or 25 mmol/L glucose, INS1 cells were harvested as previously
reported (9). In brief, the membrane fraction was collected after centrifuging at
10,0009 for 30 min; to increase mobility, we incubated the membranes in the
same sample buffer for at least 24 h at room temperature, followed by heating at
50°C for 15 min, at 20°C for 30 min, and at 50°C for 15 min, as previously
reported for an SDS-resistant inward rectifier (16). The lysates were separated
on a 10-20% gradient SDS-polyacrylamide gel. After the proteins were trans-
ferred from the gel to a polyvinylidene difluoride membrane (Amersham Bio-
sciences), immunoblot analysis was performed using Kenjl5, Kenjll, and actin
antibodies (Santa Cruz Biotechnology) and CsR antibody (Abcam, Cambridge,
U.K.). For the insulin antibody, whole cell lysates were harvested after 96-h
incubation with 25 mmol/L glucose after the knockdown. Analysis was per-
formed with an insulin antibody (Santa Cruz Biotechnology).

The cell lysates were used for coimmunoprecipitation as previously described
(17). In brief, anti-CsR or normal IgG (Sigma-Aldrich, Milwaukee, WI) antibodies
were separately loaded onto a Dynabead-protein A complex (Invitrogen) and
slowly rotated for 2 h. The antibody-loaded Dynabead—protein A complex was
rinsed twice; the beads were mixed with the cell lysates and rotated overnight in
a cold room. The supernatants were discarded, and the Dynabead—protein A
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FIG. 2. Transcript was activated under high glucose conditions. A: Kcnj15, Kcnjl1, Glut2, and insulin mRNA expression levels in cultured INS1
cells. Each value was normalized to the value expressed in 5 mmol/L glucose. Values are mean + SEM (n = 5). B: Kenjl5 and actin protein levels in
lysates of cultured INS1 cells in 5 and 25 mmol/L glucose (n = 4). C: Activation of human KCNJ15 gene transcription in response to different
glucose concentrations (5, 25, 45, or 65 mmol/L). HEK293 cells were cultured for 72 h (n = 6).

1736 DIABETES, VOL. 61, JULY 2012

diabetes.diabetesjournals.org



K. OKAMOTO AND ASSOCIATES

complex was washed. Loading buffer was added, and the mixture was vortexed
vigorously. The tubes were placed in DynaMag-2 to collect the sample buffer.
The samples were then subjected to immunoblotting.

Statistical analysis. Data are expressed as the mean = SEM. Differences
between two experimental groups were analyzed using an unpaired ¢ test.
Differences between more than two groups were analyzed using a non—
repeated measures ANOVA. P < 0.05 was considered significant.

RESULTS

KCNJ15 protein is expressed in the islets of Langerhans
in humans, mice, and rats. Inmunohistochemistry revealed
that KCNJ15 was costained with insulin and indicated that
KCNJ15 is expressed in B-cells of patients with type 2 dia-
betes and nondiabetic control subjects, C57BL/6 mice, and
Sprague-Dawley rats (Fig. 14).

Expression of KCNJ15 mRNA in islets was increased
in patients with type 2 diabetes. KCNJ15 mRNA levels
in the microdissected islets of Langerhans in patients with
type 2 diabetes were significantly higher than those in
nondiabetic control subjects. KCNJ15 mRNA was not de-
tectable in the exocrine glands of the pancreas in patients
with type 2 diabetes or nondiabetic control subjects (P =
0.034, n = 5) (Fig. 1B and C).

Glucose stimulates Kcnjl15 expression in INS1 cells.
Expression of Kcnjl5 mRNA was induced by a high glucose
concentration (25 mmol/L) in INSI cells (P = 0.018, n = 5)
(Fig. 2A). Similar levels of induction were observed for
Kengll and Glut2, and smaller levels of induction were
observed for ¢nsulin. The protein expression of Kcnjlb was
induced by high glucose concentrations (25 mmol/L; P =
0.013, n = 4) (Fig. 2B). In the human cell line HEK293, the
expression of KCNK15 mRNA was induced in proportion to
glucose concentrations (P = 0.0080, n = 6) (Fig. 2C)
Inactivation of Kcnjl5 in INS1 cells by siRNA. The
effectiveness of silencing for Kcnjl5 with siRNA was
confirmed at both the mRNA and protein levels (Fig. 34
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and B). Insulin was detected in the lysates of INS1 cells by
Western blotting (Fig. 3C). Insulin concentrations in the
lysates of cultured INS1 cells were not changed by the
knockdown of Kengl5 in 5 mmol/L glucose with 1 h of
incubation. Insulin concentrations secreted into the cul-
ture medium were significantly increased, however, in 25
mmol/L. glucose with 1 h of incubation after Kcnji5
knockdown (P = 0.035, n = 5) (Fig. 3D), indicating that
Kcnjlb5 negatively regulates insulin secretion in INS1 cells
under high glucose concentrations.

Inactivation of Kcnj15 in nondiabetic mice enhanced
insulin secretion. In the Kcnjl5 siRNA-treated group,
mRNA levels (Fig. 44) were reduced by 71.6% (P = 0.0043,
n = 3) in the pancreas compared with the scrambled
siRNA-treated group. The protein levels were also de-
creased (Fig. 4B). Three days after injection, OGTTs were
performed, and whole blood glucose and plasma insulin
levels were measured at 0 and 15 min. Plasma insulin levels
were significantly elevated in the Kcnjl5 siRNA-treated
group compared with the scrambled siRNA-treated group
at 15 min (P = 0.028, n = 5) (Fig. 4C). The fasting blood
glucose levels did not differ between the groups treated
with Kcnjl5 siRNA and scrambled siRNA. Blood glucose
levels at 15 min were significantly lower in the Kenjl5
siRNA-treated group, however, compared with those in the
scrambled siRNA-treated group (355 * 35 — 279 =+ 15 mg/dL,
P =0.041, n = 5) (Fig. 4D). The morphology of the insulin-
positive cell mass did not differ between the Kcnjld
siRNA- and scrambled siRNA-treated C57BL/6 mice at
4 days (Fig. 4F and F).

Inactivation of Kcnjl5 in diabetic mice enhanced
insulin secretion. To test whether Kcnjl5 could be a
therapeutic target, we performed knockdown experiments
using Akita mice. Seven-week-old female Akita mice, whose
nonfasting plasma glucose was between 300 and 400 mg/dL
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FIG. 3. Knockdown of Kcnjl5 increased insulin secretion in vitro. A: Agarose gel electrophoresis of the products and real-time PCR results
generated by RT-PCR using primers specific for rat Kcnj15 and B-actin. INS1 cells were transfected with PBS, control siRNA, or Kcnj15 siRNA.
B: Kcnj protein levels in cultured INS1 cell lysates with and without inactivation of Kcnjl5 detected by Western blotting. INS1 cells were
transfected with PBS, control siRNA, or Kcnj15 siRNA. C: The protein levels of insulin and actin in cultured INS1 cell lysates detected by Western
blotting. D: Relative insulin secretion with and without inactivation of Kcnj15 in INS1 cells at 5 and 25 mmol/L glucose. Results are expressed as
a percentage of the value secreted with 5 mmol/L (0.98 = 0.04 mg/mg protein) as a control. Values are mean + SEM (n = 5).
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FIG. 4. Knockdown of Kcnj15 increased insulin secretion in vivo. A: Quantitative real-time PCR data showing Kcnj15 expression levels relative to
that of B-actin 3 days after treatment. Values are mean = SEM (n = 3). B: Representative images of inactivated Kenjl5 protein by siRNA injection
in the pancreas. C: Plasma insulin levels before and after OGTT in Kcnj15 siRNA- and scrambled siRNA-treated C57BL/6 mice. Data are mean *
SEM (n = 5). D: Fasting blood glucose and OGTTs in Kcnj15 siRNA- and scrambled siRNA-treated C57BL/6 mice. Each female mouse was fasted
overnight. Data are mean = SEM (n = 5). E: Inmunohistochemistry of the islets. Islets were stained for insulin. F: The proportion of -cells and
non—f-cells in the pancreas. Pancreatic sections were stained for insulin. Results are shown in proportion to the pancreas (%) (n = 3). G: Fasting
blood glucose and OGTTs in siRNA-treated and control Akita mice. Each female mouse was fasted overnight. Data are mean = SEM (n = 8).
H: Plasma insulin levels before and after OGTTSs in siRNA-treated and control Akita diabetic mice. Data are mean = SEM (n = 4). (A high-quality
digital representation of this figure is available in the online issue.)

(325 = 31 mg/dL), were used. Fasting blood glucose levels Interactions of Kcnjl5 and CsR in INS1 cells. KCNJ15
were not changed by siRNA treatment. Blood glucose levels inhibits CsR in Xenopus oocytes (18). CsR signals are
at 15 min, however, were decreased compared with those in  thought to be necessary for the full insulin secretory re-
the siRNA group (938 = 38 — 774 = 53 mg/dL, P = 0.014, sponse of B-cells (19). Therefore, we hypothesized that CsR
n = 8) (Fig. 4G). Plasma insulin levels at both fasting and 15 might work together with Kcnjl5 to regulate insulin secre-
min after OGTTs were significantly higher in the siRNA tion. First, to demonstrate Kcnjl5-CsR colocalization, we
group than in the control group (P = 0.0014, n = 4) (Fig. 4H). prepared membrane and cytosol fractions and processed
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them for immunoblotting and immunoprecipitation with
antibodies against CsR. Kcnjl5, Kcnjll, and CsR were
detected predominantly in the membrane fraction (Fig. 5A).
A strong band at 130 kDa representing CsR was immuno-
precipitated. Bands representing Kcnjl5 were clearly
detected, whereas a band representing Kcnjll was not
observed (Fig. 5B). To assess the effect of Kcnjlb on CsR-
related insulin secretion, we next conducted in vitro dou-
ble knockdown of both Kcnjl5 and CsR. The effectiveness
of Kenjl5 and CsR silencing with siRNA was confirmed.
As previously reported, CsR inactivation decreased in-
sulin secretion. Under CsR inactivation, however, Kcnjlh
inactivation did not increase insulin secretion (Fig. 5C),
indicating that CsR is necessary for the effects of Kcnj15
on insulin secretion.

DISCUSSION

We performed functional studies of KCNJ15 in a previous
study (9). We demonstrated the expression of KCNJ15 in
human B-cells and that overexpression of Kcnjl5 in INS1
cells decreases insulin secretion in 25 mmol/L but not
5 mmol/L glucose. The results of the current study reveal that
the KCNJ15 expression is associated with type 2 diabetes
and glucose concentration in both human specimens and
a human cell line and that inactivation of Kcnjl5 increases
glucose-stimulated insulin secretion in vitro and in vivo.
Increased plasma glucose induced KCNJ15 expression
at the transcriptional level and inhibited insulin secretion
through the KCNJ15 channel. These findings are consistent
with our previous observation that the risk allele is asso-
ciated with increased levels of KCNJ15 mRNA in healthy
volunteers, and the prevalence of type 2 diabetic patients
treated with insulin is significantly higher among those
patients carrying the risk allele. Together, these findings
provide the first evidence that KCNJ15 affects glucose
homeostasis through the regulation of insulin secretion.
KCNJ15 was cloned from human kidney and is most
readily expressed in the kidney and pancreas and less in
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the lung. The cDNA predicts a 1125-base pair open reading
frame that encodes a 375-amino acid polypeptide (8). The
importance of KCNJI11 among KIR family members in
insulin secretion is well established. Four molecules of
KCNJ11 make the pore-forming subunits of the ATP-sensitive
K* (Karp) channel, which is surrounded by the external
part of the channel comprising four sulfonylurea receptor
(SUR)1 subunits encoded by the ATP-binding cassette
transporter, subfamily C, member 8 (ABCCS) gene (20),
presenting a hetero-octamer structure. KCNJ15, KCNJ1, and
KCNJ10, on the other hand, each form the pore-forming
subunit of the Kytp channel without an SUR1 subunit (8). On
the basis of Xenopus oocyte experiments, inhibition of the
KCNJ15 channel functions to stabilize the membrane po-
tential (18). Thus, we speculate that KCNJ15 might be part of
an alternative K channel that contributes to the membrane
depolarization associated with glucose stimulation. The
structure of the human KCNJ15 channel in (-cells,
however, is largely unknown.

When 3-cell metabolism increases in response to an
increase in the plasma glucose concentration, KCNJ11
channels close as a result of increased levels of ATP
sensed by SURs. This leads to membrane depolarization
and results in the opening of Ca®* channels with an influx
of Ca2+, which stimulates exocytosis of insulin granules
(21). Gain-of-function mutations in KCNJ11 result in a
larger 3-cell Karp current at a given glucose concentration
and thereby reduce or stop glucose-dependent depolari-
zation and Ca®* influx (22,23). Furthermore, hyperglycemic
conditions increased Kcnjl5 at the transcriptional level in
pancreatic B-cells to a magnitude similar to that observed
with Kenjl1 (Fig. 2A). SURs cannot control KCNJ15 but
can control KCNJ11. An initial increase in the ATP-to-ADP
ratio can shut down the K channel with KCNJ11. The K flow
produced by KCNJ15 resists depolarization, resulting in
a recurring cycle of hypoinsulinemia and hyperglycemia
in type 2 diabetes.

To date, in vivo siRNA delivery has succeeded in limited
organs. We found only a few reports in the literature of

05 mM glucose
W25 mM glucose

p=0.015 p=0.0061
11
p=0.014 n.s.
- Knock-down - Knock-down

Knock-down Knock-down

FIG. 5. Interactions of Kcnjl5 and CsR in INS1 cells. A: Coimmunoprecipitation of CsR with Kenj15 or Kenjl1 from INS1 cell lysate. The INS1 cell
membrane and cytosol fractions were processed for immunoblotting with antibodies against Kcnj15, Kenjll, or CsR to detect the endogenous
proteins. B: Cell lysates were used for immunoprecipitation with the anti-CsR antibody. The immunoprecipitated samples were processed for
immunoblotting with antibodies against Kcnj15, Kcnjl1, or CsR. C: Relative insulin secretion with and without inactivation of Kcnj15 and/or CsR in
INS1 cells at 5 and 25 mmol/L glucose. Results are expressed as a percentage of the value secreted with 5 mmol/L as a control. Values are mean *

SEM (n = 5).
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successful in vivo siRNA delivery to the pancreas (12,13).
Here we used a hydrodynamic method of transfection to
demonstrate the potential effects on insulin secretion in
mice. Findings from the siRNA experiments with C57BL/6
mice suggest that downregulation of KCNJI15 decreases
glucose levels and increases insulin secretion. Silencing of
Kenjl5 may allow pancreatic 3-cells to rest and recover
their insulin stores by stabilizing the membrane potential.
These findings suggest that KCNJ15 is a potential therapeutic
target for diabetes as well as persistent hyperinsulinemic
hypoglycemia of infancy or nesidioblastosis. We also demon-
strated that even in Akita mice, the glucose levels at 15 min
after glucose loading were significantly reduced in re-
sponse to the increased insulin secretion after Kcnjl5
knockdown, indicating the clinical importance of KCNJ15
as an alternative key molecule in insulin secretion.

In the current study, insulin secretion increased by Kcnj15
inactivation disappeared with CsR inactivation (Fig. 5). Di-
rect interactions between KCNJ15 and CsR have been re-
ported in kidney (17) and an oocyte expression system (18).
Supported by these previous findings, our findings in INS1
cells indicate a clear functional association of Kcnjl5 and
CsR to secrete insulin. Other than the functional binding of
Kcnjls and CsR, however, the precise mechanism of the
insulin secretion has not been elucidated. CsR on 3-cells are
activated by the divalent cations Ca®*, Mg**, and Zn**,
which are secreted together with insulin (24,25). Moreover,
the CsR signal is necessary for the full insulin secretory re-
sponse of B-cells (19). Although it is not known how acti-
vated CsR signals induce insulin secretion, CsR inhibits
Kcnjl5 channel function in an oocyte expression system
(18). Such an interaction between CsR and KCNJ15 has
not been observed for KCNJ11. We observed no effect of
Kenjl5 inactivation in a low glucose condition. As previ-
ously reported, CsR inactivation alone has no effect on in-
sulin secretion at low glucose concentrations (26). On the
basis of these findings, we propose that inhibition of the
KCNJ15 channel function is associated with insulin secre-
tion through an interaction with the CsR signal.

In summary, the findings of the current study suggest
that KCNJ15 inhibits glucose-stimulated insulin secretion.
Thus, increased KCNJ15 as a consequence of hyperglyce-
mia may contribute, at least in part, to the impairment of
B-cell function in patients with type 2 diabetes.
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