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Context: The ATP-sensitive potassium (KATP) channel, assembled
from the inwardly rectifying potassium channel Kir6.2 and the sulfonylurea receptor 1, regulates insulin secretion in !-cells. A loss of
function of KATP channels causes depolarization of !-cells and congenital hyperinsulinism (CHI), a disease presenting with severe hypoglycemia in the newborn period.
Objective: Our objective was identification of a novel mutation in
Kir6.2 in a patient with CHI and molecular and cell-biological analysis of the impact of this mutation.
Design and Setting: We combined immunohistochemistry, advanced life fluorescence imaging, and electrophysiology in HEK293T
cells transiently transfected with mutant Kir6.2.
Patient and Intervention: The patient presented with macrosomia at
birth and severe hyperinsulinemic hypoglycemia. Despite medical treatment, the newborn continued to suffer from severe hypoglycemic episodes, and at 4 months of age subtotal pancreatectomy was performed.

K

CHANNELS COUPLE the metabolism of a cell to
its electrical activity and are widely expressed. In the
heart, these channels are involved in ischemic preconditioning (1), whereas in the brain, they have neuroprotective roles
during ischemia (2). In the pancreas, KATP channels are localized at the plasma membrane of !-cells and to the insulin
secretory granule (3), where they sense ATP, which is tightly
regulated by glucose levels. Thus, an increase in glucose
concentration leads to a higher ATP to ADP ratio and to KATP
closure, !-cell depolarization, and insulin secretion. The
functional KATP channel is an octameric complex formed by
four sulfonylurea receptor 1 (SUR1) and four inwardly rectifying Kir6.2 subunits (4). Chronically impaired channel
ATP
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Main Outcome Measure: We assessed patch-clamp recordings and
confocal microscopy in HEK293T cells.
Results: We have identified a homozygous missense mutation,
H259R, in the Kir6.2 subunit of a patient with severe CHI. Coexpression of Kir6.2H259R with sulfonylurea receptor 1 in HEK293T cells
completely abolished KATP currents in electrophysiological recordings. Double immunofluorescence staining revealed that mutant
Kir6.2 was partly retained in the endoplasmic reticulum (ER) causing
decreased surface expression as observed with total internal reflection fluorescence. Mutation of an ER-retention signal partially rescued the trafficking defect without restoring whole-cell currents.
Conclusion: The H259R mutation of the Kir6.2 subunit results in a
channel that is partially retained in the ER and nonfunctional upon
arrival at the plasma membrane. (J Clin Endocrinol Metab 90:
5401–5406, 2005)

function causes depolarization of the !-cell with sustained
insulin secretion, a condition known as congenital hyperinsulinism (CHI), previously termed as persistent hyperinsulinemic hypoglycemia of infancy. Histologically, two different forms of CHI exist, a diffuse form, where all the islets of
the pancreas are altered, and a focal form with a small region
of hyperplastic !-cells surrounded by normal pancreatic islets (5). Overall, 40 – 65% of patients with CHI present a focal
form (6 – 8). A majority of studies have identified mutations
in the SUR1 subunit associated with CHI (9, 10). To date,
more than 10 Kir6.2 mutations have been identified with CHI
(11–16). One Kir6.2 mutation (Y12X) caused the synthesis of
a truncated nonfunctional protein (12), whereas another mutation (W91R) showed defective channel assembly with a
rapid degradation in the endoplasmic reticulum (ER) (17).
Here we identified a new homozygous mutation in the
Kir6.2 subunit in a patient with severe CHI. Combining immunohistochemistry, advanced life fluorescence imaging,
and electrophysiology, we demonstrate that the H259R mutation leads to a nonfunctional KATP channel and impaired
trafficking to the cell membrane.
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Patient and Methods
Genetic analysis
Genomic DNA was extracted from peripheral blood using the
genomic PrepBlood DNA isolation kit (Amersham Pharmacia Biotech,
Piscataway, NJ) after informed consent had been obtained. Individual
exons of the ABCC8 gene coding for SUR1 (39 exons) and the KCNJ11
gene coding for Kir6.2 (1 exon) (GenBank accession numbers L78207 for
ABCC8 and NM_000525 for KCNJ11) were amplified by PCR and
screened for mutations by direct nucleotide sequencing (18).

Molecular biology
The plasmid pECE-hKir6.2 [wild type (WT)] (a generous gift from Dr.
J. Bryan, Baylor College of Medicine, Houston, TX) was used to generate
the pECE-hKir6.2 (H259R) using the in vitro QuikChange site-directed
mutagenesis kit (Stratagene, Amsterdam, The Netherlands) according to
the manufacturer’s protocol. The following primers were used: forward,
5"-CCGCTGATCATCTACCGTGTCATTGATGCCAACAGC-3", and reverse, 5"-GCTGTTGGCATCAATGACACGGTAGATGATCAGCGG-3".
The mutation was confirmed by DNA sequencing. WT and mutant
KCNJ11 cDNA were subcloned into the pCDNA3 vector (Invitrogen,
Basel, Switzerland). The pCDNA3-hKir6.2(WT) and the pCDNA3hKir6.2(H259R) were used to generate pcDNA3-hKir6.2AAA(WT) and the
pCDNA3-hKir6.2AAA(H259R) with the in vitro QuikChange site-directed
mutagenesis kit by using the following primers: forward, 5"CCGCGGGCCCCTGGCCGCGGCCAGCGTGCCCATGG-3", and reverse, 5"-CCATGGGCACGCTGGCCGCGGCCAGGGGCCCGCGG-3".
All the mutations were confirmed by DNA sequencing. Human ABCC8
cDNA (pECE-hSUR1 (a generous gift from Dr. J. Bryan) was subcloned
into the pCDNA3 vector.
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localization experiments of the protein Kir6.2 with the plasmic membrane marker, toxin-GPI-alexa546 (generous gift from Dr. F. van der
Goot) was used. Slides were viewed on a Zeiss LSM 510 confocal microscope (Carl Zeiss AG, Göttingen, Germany).

TIRF microscopy
We used an inverted microscope Axiovert 100M (Carl Zeiss)
equipped with a high numerical aperture objective ($100 NA 1.45; Carl
Zeiss) and a combined epifluorescence/TIRF adapter (TILL Photonics,
Gräfelfing, Germany). Fluorophores were excited at 488 nm with a
150-mW argon-ion laser through a monomode optical fiber (488/568/
647 nm) and the fluorescence filter set containing a laser clean-up filter
(488/10), dichroic mirror (DCLP500), and band pass emission filter
(BP525/50). Images were acquired with a 12-bit CCD camera (Orca
9742-95; Hamamatsu, Hamamatsu City, Japan). The laser shutter, the
camera and the microscope set up were controlled by the Openlab
software (Improvision, Basel, Switzerland).

Quantification and statistical analysis
The percentage of colocalization of the protein Kir6.2 (WT or H259R)
with the different markers used in this study was calculated with the
Metamorph software version 6.2r4 (Universal Imaging, Puchheim, Germany). Results are expressed as mean % sd. Where indicated, the statistical significance of the differences between groups was estimated by
the Mann-Whitney U test or the t test. Statistical significance is indicated
as follows: *, P & 0.01; **, P & 0.001.

Results

Cell culture and transfections

Case synopsis

The human embryonic kidney (HEK293T) cell line was grown and
maintained in RPMI 1640 (Seromed, Basel, Switzerland) supplemented
with 5% fetal calf serum, 5% newborn calf serum (Life Technologies,
Basel, Switzerland), 100 U/ml penicillin (Seromed), 100 "g/ml streptomycin (Seromed), and 2 mm glutamine (Life Technologies). HEK293T
cells were transiently cotransfected using the calcium phosphate precipitation technique with human ABCC8 and KCNJ11 cDNA (WT,
WTAAA, H259R, and H259RAAA) in a 4:1 ratio (1 "g of ABCC8 and 0.25
"g of KCNJ11) (19). After 48 h, cells were used for the patch clamp
technique, for immunohistochemistry or total internal reflection fluorescence (TIRF) microscopy experiments. We transfected HEK293T cells
with two enhanced green fluorescent protein (EGFP) fusion constructs
[Kitl-EGFP (Mb-EGFP) and KLS-EGFP (ER-EGFP)] to label either the cell
membrane or the ER, using the same conditions as described previously,
to validate our TIRF experiments (20).

The infant was born at term after an uneventful pregnancy
and presented with macrosomia (body weight, 4460 g; body
length, 54 cm; both values are above the 90th percentile).
Thirty minutes after birth, severe hypoglycemic episodes
were observed [glucose level of 31 mg/dl (1.7 mmol/liter)
with a simultaneous insulin level of 172 mU/liter] leading to
the diagnosis of hyperinsulinism. The newborn was treated
with iv glucose at a rate of 20 mg/kg!min, and diazoxide was
added at a dose of 17 mg/kg!d. Despite treatment, the newborn continued to suffer from severe hypoglycemic episodes,
and octreotide (17 "g/kg!d) and nifedipine (0.25 mg/kg!d)
were added successively without therapeutic success. Continuous iv glucagon (1 mg/d) was needed to stabilize the
blood glucose levels. The patient developed clinical signs of
cardiac insufficiency; cardiac ultrasound showed biventricular hypertrophy. At 4 months of age a pancreatic catheterization with measurements of insulin levels (6) suggested a
diffuse form of CHI. At 5 months of age, a subtotal pancreatectomy (95%) was performed, and pancreatic histopathology confirmed the diagnosis. After pancreatectomy, the infant became diabetic and was treated with an insulin pump.
At the age of 20 months the total daily insulin dose was 0.54
U/kg with a glycosylated hemoglobin (HbA1c) of 6.9%.
Blood glucose measurements showed maximal levels of 181
mg/dl (10 mmol/liter). The insulin dose was gradually tapered and eventually stopped at the age of 23 months. Two
months after the insulin treatment was completely stopped,
the HbA1c was at 6.4%, and daily blood glucose measurements varied between 74.5 mg/dl (4.1 mmol/liter) and 145
mg/dl (8 mmol/liter). The HbA1c values further decreased
to 5.4% at the age of 36 months without any treatment, and
no hypoglycemic episodes were encountered.

Electrophysiological measurements
As described previously (21), all experiments were performed at
room temperature (20 –22 C). The pipette solution consisted of 10 mm
NaCl, 140 mm KCl, 1 mm MgCl2, 10 mm HEPES, 1 mm EGTA, 1 mm
MgATP (pH 7.2 with KOH), and the extracellular solution used was 145
mm NaCl, 3 mm KCl, 2 mm CaCl2, 2 mm MgCl2, 10 mm HEPES, 10 mm
d-glucose (pH 7.2 with NaOH). The equilibrium potential for K! ions
(EK) was #82 mV. Membrane slope conductance values (Gm) were
calculated from dI/dV, using ramp voltage-clamp protocol (between
#120 and #40 mV, a voltage range symmetrical to EK). dI was determined from tolbutamide-sensitive currents.

Immunohistochemistry
HEK293T cells were stained with the following antibodies: goat antiKir6.2 (sc11228; Santa Cruz Biotechnology, Heidelberg, Germany),
guinea pig anti-Kir6.2 (generous gift from Dr. B. Schwappach), and goat
anticalreticulin (generous gift from Dr. M. Michalak) to mark the ER and
mouse antigiantin (generous gift from Drs. H. Hauri and M. Spiess) to
stain the Golgi apparatus. The following secondary antibodies were
used: antigoat fluorescein isothiocyanate, antimouse Alexa568, and antigoat alexa 568 (Molecular Probes, Leiden, The Netherlands). For co-
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Genetic analysis

Sequencing of the 39 exons of the ABCC8 gene, encoding
the SUR1 protein, revealed no mutation. In contrast, a homozygous missense mutation, 776A3 G, was found in the
KCNJ11 gene, encoding the Kir6.2 protein, leading to a
change in the amino acid sequence (H259R). The mutation
was located close to the C-terminal end at a highly conserved
site, found in 52 proteins related to Kir6.2. This makes DNA
sequence polymorphism therefore unlikely (Fig. 1). Both parents were found to be heterozygous for the 776A3 G
mutation.
Functional analysis of the mutant KATP channel

To study the functional impact of the mutation in the
Kir6.2 protein on the KATP channel, we used the patch clamp
technique in the whole-cell configuration. HEK293T cells
were transiently cotransfected with mutant KCNJ11 cDNA
and wild-type ABCC8 cDNA. GFP cDNA was added to identify successfully transfected cells. As shown in Fig. 2, KATP
currents were absent in cells expressing the mutant KATP
channel (Fig. 2B) but present in the WT (Fig. 2A). Earlier
studies have reported that functional recovery of KATP currents in the case of mutation in the SUR1 subunits can be
obtained with diazoxide (22). As shown in Fig. 2B (middle),
diazoxide had no effect on the H259R mutant KATP channel.
In fact, the current was completely absent in all cells with the
mutated KATP channel (n ' 8; P & 0.001) (Fig. 2, B and C).
Retention of mutant KATP channel in the ER

The absence of current could result from several abnormalities such as decreased protein synthesis, defects in assembly and trafficking, increased degradation (17), or impaired function of the channel itself (23). In our case, the
H259R mutation did not appear to interfere with protein
synthesis, because Kir6.2 protein could be synthesized in
vitro (data not shown). It has been shown that KATP channels
are subjected to quality control during ER trafficking,
whereby the correct assembly of the subunits masks retention signals (24, 25) and allows membrane insertion. To test
for trafficking defects of the mutant Kir6.2, we performed
immunohistochemical costaining experiments with markers
of the ER and the Golgi apparatus. Costaining with antibodies against the calreticulin protein of the ER revealed a 2-fold
increase in colocalization of the mutant channel (42.6 % 8.8%;
n ' 11) in comparison with WT (22.3 % 7.7%; n ' 11) (Fig.
3). The same results were obtained with the colocalization of
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the Kir6.2 protein with the ER-EGFP (data not shown). In
contrast, costaining with antisera against the Golgi apparatus
showed no difference in comparison with WT (1.3 % 0.1%,
n ' 4, vs. 1.7 % 0.3%, n ' 5) (Fig. 4). We conclude from these
experiments that a significant amount of mutant Kir6.2 is
retained in the ER, and as a consequence there is a reduced
expression of the mutant KATP channel at the cell membrane.
We therefore tested whether the additional mutation of the
ER retention signal RKR to AAA rescued KATP channels. As
expected, this led to a significant decrease of fluorescence
that colocalized with the ER marker calreticulin (13.1 % 4.9%
vs. 42.6 % 8.8%; n ' 8 –11 cell; P & 0.01; data not shown).
However, even after elimination of the ER retention signal,
no KATP currents were recorded (Fig. 5, A and B) (n ' 7; P &
0.01). Furthermore diazoxide applied to cells transfected
with H259RAAA still did not restore KATP currents (Fig. 5C).
In contrast, in WTAAA-transfected cells, diazoxide enhanced
KATP currents.
Reduced expression of the mutant KATP channel at the
cellular membrane

This conclusion is further supported by confocal images
showing a marked reduction in membrane staining of the
mutant Kir6.2 KATP channel compared with WT. Costaining
with the plasmic membrane marker, toxin-GPI-alexa546, revealed a reduced colocalization of the mutant channel with
the plasma membrane (9.5 % 1.5%; n ' 3) in comparison with
WT (14.5 % 1.3%; n ' 3) (Fig. 6). Finally, these results were
confirmed by TIRF imaging, which allows selective visualization of fluorescence localized at the cell surface. Again,
expressing the mutant KCNJ11 cDNA led to a significantly
lower signal of the protein at the cell surface compared with
WT (Fig. 7A). To validate our TIRF experiments and to decrease the likelihood that the fluorescence signal obtained
may relate to channels close to the membrane, we transfected
HEK293T with two GFP fusion constructs, localizing either
to the plasma membrane (Mb-EGFP) or to the ER (ER-EGFP)
(20) (Fig. 7B). The fluorescence observed in TIRF with the
membrane marker Mb-EGFP is comparable with the fluorescence obtained with Kir6.2 WT. The TIRF fluorescence of
the ER-EGFP protein is similar to the one seen with the
mutant H259R protein. Taken together, these results thus
show that the mutant Kir6.2 is partially retained in the ER,
but a fraction still reaches the cell membrane.

FIG. 1. Identification of a new point mutation
H259R in the C terminus of the Kir6.2 protein
in the index patient. Protein sequence alignment of the region containing the mutation
shows the conservation of the mutated amino
acid between species.
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FIG. 2. Functional analysis of mutated KATP channel. A,
Whole-cell currents recorded in response to ramps of
voltage from #120 to #40 mV over a 3-sec period from
voltage-clamped HEK293T cells (holding potential, #80
mV) coexpressing Kir6.2WT plus SUR1. B,
Kir6.2H259R plus SUR1 and Kir6.2H259R plus SUR1
after an incubation with 200 "M diazoxide for 48 h. Cells
were continuously perfused with extracellular solution
(see Materials and Methods) during the course of the
recording, and 250 "M tolbutamide (tolbu) was added
when indicated to block recombinant KATP currents and
allow quantification of their amplitude. C, Membrane
slope conductance values (Gm as mean % SD) calculated
for each type of recombinant channel expressed in
HEK293T cells: Kir6.2WT plus SUR1 (n ' 9 cells);
Kir6.2H259R plus SUR1 (n ' 8 cells); Kir6.2H259R plus
SUR1 submitted to a 48-h treatment with diazoxide (n '
8 cells) (P & 0.001).

Discussion

We describe a human mutation located at the C terminus
of Kir6.2 that impairs trafficking and abolishes channel function. Immunohistochemical visualization of mutated Kir6.2
revealed a decreased surface pool, whereas fluorescence in
the ER was enhanced. In addition, whole-cell currents were
abolished, which suggests that the fraction of channels that
eventually reaches the surface is not functional. This conclusion is also supported by the nonresponsiveness to diazoxide in the patch clamp experiments.
During biosynthesis, the Kir6.2 protein is exported from
the ER only if properly assembled into an octameric KATP
channel (24). In fact, the formation of the Kir6.2 tetramer
leads to the masking of an ER-retention signal located in the
cytoplasmic tail of the Kir6.2 protein. Mutation analysis indicates that the ER-retention signals contain a -RKR- motif
(24). Assembly of functional channels that reach the surface
will occur only after a second retention signal located on the
SUR subunit is subsequently masked. An alternate assembly
model proposes the formation of a SUR-Kir6.2 heterodimer
before the octamer formation (17). Our data are compatible
with both assembly models. In fact, the H259R mutation may
interfere in several ways with this quality control mechanism. First, the H259R mutation may have created a new
retention signal, a possibility that, however, is not very likely
because the mutation did not create any of the established
retention motifs including -RXR- (26). Second, the -RKR-

motif could have been indirectly inactivated by the H259R
mutation through a change of the tertiary conformation of
the Kir6.2 protein. This would cause an inappropriate trafficking of Kir6.2H259R tetramers to the cell surface without the
need to coassemble with SUR just as C-terminally truncated
Kir6.2 proteins are inserted into the membrane (24, 27).
Again, this scenario seems unlikely because such C-terminally truncated tetramers constitute functional channels,
whereas the H259R mutation led to a complete absence of
currents. Therefore, we favor a model whereby the H259R
mutation would change the conformation of the Kir6.2 protein in a way that would prevent the complete masking of the
retention signal that normally occurs during assembly (24,
28). This model could explain partial retention in the ER that
can be overcome by mutating the RKR sequence. As a consequence, only a fraction of the mutated channels is expressed at the surface. The mutation may cause structural
alteration abolishing function, for example by affecting ATP
gating, which may provide an explanation why even in the
presence of surface fluorescence, no currents were recorded.
In line with this interpretation, mutating the ER retention
signal RKR in Kir6.2 to AAA did not rescue KATP currents.
A similar dual defect was reported for the (F1388 mutation in the SUR1 subunit; this mutation caused defective
trafficking and lack of surface expression (29). Additional
experiments led to the conclusion that even if expressed at
the surface, the (F1388 mutation interfered with KATP func-

FIG. 3. Coexpression of WT and mutant KATP channel with markers for
the ER. HEK293T cells were cotransfected with SUR1 and Kir6.2WT or
SUR1 and Kir6.2H259R. Double immunofluorescence staining showed
a 2-fold increase in colocalization of the mutant KATP channel with the
calreticulin protein in the ER (yellow staining, arrow) in comparison with
WT. Photomicrographs were imaged confocally.

FIG. 4. Coexpression of WT and mutant KATP channel with markers for
the Golgi apparatus. HEK293T cells were cotransfected with SUR1 and
Kir6.2WT or SUR1 and Kir6.2H259R. Double immunofluorescence
staining of the mutant KATP channel with the giantin protein of the Golgi
apparatus (yellow staining, arrow) showed no difference in comparison
with WT. Photomicrographs were imaged confocally.
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FIG. 5. Functional analysis of mutated KATP channel
devoid of the RKR retention signal. A, Whole-cell currents recorded in response to ramps of voltage from
#120 to #40 mV over a 3-sec period from voltageclamped HEK293T cells (holding potential, #80 mV)
coexpressing either Kir6.2WTAAA plus SUR1 or
Kir6.2H259RAAA plus SUR1. B, Membrane slope conductance values (Gm as mean % SD) calculated for each
type of recombinant channel expressed in HEK293T
cells: Kir6.2WTAAA plus SUR1 (n ' 8 cells);
Kir6.2H259RAAA plus SUR1 (n ' 7 cells) (P & 0.01). C,
Bars indicate application of diazoxide (diazo; 100 "M)
and tolbutamide (tolbu; 250 "M). Diazoxide applied to
cells transfected with H259RAAA did not restore KATP
currents. In contrast, in WTAAA-transfected cells, diazoxide enhanced KATP currents.

tion. The severity and the early onset of hypoglycemia in the
case described here may reflect the complete loss of channel
function revealed in this study. Moreover, the patient was
resistant to diazoxide, an observation mirrored by the absence of an effect of diazoxide in the electrophysiological
recordings (22).
The observation that diabetes resolved 18 months after
subtotal pancreatectomy is unusual and could potentially be
explained by a partial regeneration of the pancreas as previously reported (30, 31). We assume that the number of
!-cells has increased during pancreas regeneration and that
the amount of secreted insulin is sufficient to avoid overt
hyperglycemia. The child is still on a strict diet with three
main meals and three snacks, including one at bedtime,
which could help to avoid severe hypoglycemic episodes,
secondary to inappropriate insulin secretion. It is possible
that our index case experiences unrecognized hypoglycemic
episodes.
KATP channels containing the Kir6.2 subunit are present in
the pancreatic !-cell, the brain, the cardiomyocyte, and the

FIG. 6. Reduced surface expression of mutant H259R-KATP channel.
HEK293T cells were cotransfected with SUR1 and Kir6.2WT or SUR1
and Kir6.2H259R. Colocalization of the wild-type or mutant KATP
channel and the membrane marker, toxin-GPI-alexa546, was visualized by confocal imaging. Double immunofluorescence staining revealed decreased membrane expression (yellow staining, arrow) for
the mutant KATP channel in comparison with WT.

smooth muscle (32–36); the targeted disruption of Kir6.2 in
mice showed exercise-induced arrhythmia and sudden cardiac death (1). We therefore recorded an electrocardiogram
over a 24-h period, which included a period of exercise;
however, no arrhythmia was noted and the QT interval was
normal. Despite severe hypoglycemic episodes during infancy, the child is developing normally at 4 yr of age and has
a normal statural growth. Loss of function of Kir6.2 in the

FIG. 7. Wide-field fluorescence and TIRF fluorescence were visualized for the WT KATP and the mutant KATP channel. A, The same cell
is shown with the wide-field and with TIRF technique (WT in the
upper panel and H259R in the lower panel). The TIRF technique
showed expression of the WT KATP channel at the surface (white
arrows), whereas the mutant KATP expression was markedly reduced.
B, Wide-field fluorescence and TIRF fluorescence were visualized for
the Mb-EGFP and the ER-EGFP. The same cell is shown with the
wide-field and with TIRF technique (Mb-EGFP in the upper panel and
ER-EGFP in the lower panel). The TIRF technique showed expression
of the Mb-EGFP at the surface, whereas the ER-EGFP expression at
the surface was very weak.
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human brain seems not to interfere with normal development. It is possible that other inwardly rectifying potassium
channels substitute for the neuronal loss of Kir6.2. Kir6.1,
however, seems an unlikely candidate because it is mainly
expressed in astrocytes (37). However, the child could be at
risk for hypoxia-induced seizures, as described in Kir6.2#/#
mice (2). The parents, both heterozygous for the H259R mutation, never experienced hypoglycemic episodes, excluding
a dominant negative effect of H259R.
In conclusion, we identify histidine 259 as an important
residue in the C terminus of human Kir6.2 protein that affects
trafficking and is required for channel function.
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Hospital, 6, rue Willy Donzé, CH-1211 Geneva, Switzerland. E-mail:
valerie.schwitzgebel@hcuge.ch.
This work was supported by the Swiss National Science Foundation
(Grant 3200-065162.01).

References
1. Zingman LV, Hodgson DM, Bast PH, Kane GC, Perez-Terzic C, Gumina RJ,
Pucar D, Bienengraeber M, Dzeja PP, Miki T, Seino S, Alekseev AE, Terzic
A 2002 Kir6.2 is required for adaptation to stress. Proc Natl Acad Sci USA
99:13278 –13283
2. Yamada K, Ji JJ, Yuan H, Miki T, Sato S, Horimoto N, Shimizu T, Seino S,
Inagaki N 2001 Protective role of ATP-sensitive potassium channels in hypoxia-induced generalized seizure. Science 292:1543–1546
3. Geng X, Li L, Watkins S, Robbins PD, Drain P 2003 The insulin secretory
granule is the major site of K(ATP) channels of the endocrine pancreas. Diabetes 52:767–776
4. Clement 4th JP, Kunjilwar K, Gonzalez G, Schwanstecher M, Panten U,
Aguilar-Bryan L, Bryan J 1997 Association and stoichiometry of K(ATP) channel subunits. Neuron 18:827– 838
5. Sempoux C, Guiot Y, Dahan K, Moulin P, Stevens M, Lambot V, de Lonlay
P, Fournet JC, Junien C, Jaubert F, Nihoul-Fekete C, Saudubray JM, Rahier
J 2003 The focal form of persistent hyperinsulinemic hypoglycemia of infancy:
morphological and molecular studies show structural and functional differences with insulinoma. Diabetes 52:784 –794
6. de Lonlay-Debeney P, Poggi-Travert F, Fournet JC, Sempoux C, Vici CD,
Brunelle F, Touati G, Rahier J, Junien C, Nihoul-Fekete C, Robert JJ,
Saudubray JM 1999 Clinical features of 52 neonates with hyperinsulinism.
N Engl J Med 340:1169 –1175
7. Glaser B, Ryan F, Donath M, Landau H, Stanley CA, Baker L, Barton DE,
Thornton PS 1999 Hyperinsulinism caused by paternal-specific inheritance of
a recessive mutation in the sulfonylurea-receptor gene. Diabetes 48:1652–1657
8. Stanley CA 2002 Advances in diagnosis and treatment of hyperinsulinism in
infants and children. J Clin Endocrinol Metab 87:4857– 4859
9. Thomas PM, Cote GJ, Wohllk N, Haddad B, Mathew PM, Rabl W, AguilarBryan L, Gagel RF, Bryan J 1995 Mutations in the sulfonylurea receptor gene
in familial persistent hyperinsulinemic hypoglycemia of infancy [see comments]. Science 268:426 – 429
10. Dunne MJ, Cosgrove KE, Shepherd RM, Aynsley-Green A, Lindley KJ 2004
Hyperinsulinism in infancy: from basic science to clinical disease. Physiol Rev
84:239 –275
11. Thomas P, Ye Y, Lightner E 1996 Mutation of the pancreatic islet inward
rectifier Kir6.2 also leads to familial persistent hyperinsulinemic hypoglycemia
of infancy. Hum Mol Genet 5:1809 –1812
12. Nestorowicz A, Inagaki N, Gonoi T, Schoor KP, Wilson BA, Glaser B,
Landau H, Stanley CA, Thornton PS, Seino S, Permutt MA 1997 A nonsense
mutation in the inward rectifier potassium channel gene, Kir6.2, is associated
with familial hyperinsulinism. Diabetes 46:1743–1748
13. Aguilar-Bryan L, Bryan J 1999 Molecular biology of adenosine triphosphatesensitive potassium channels. Endocr Rev 20:101–135
14. Huopio H, Jaaskelainen J, Komulainen J, Miettinen R, Karkkainen P, Laakso

19.
20.
21.
22.

23.
24.
25.

26.
27.
28.
29.

30.
31.
32.
33.
34.

35.

36.
37.

M, Tapanainen P, Voutilainen R, Otonkoski T 2002 Acute insulin response
tests for the differential diagnosis of congenital hyperinsulinism. J Clin Endocrinol Metab 87:4502– 4507
Tornovsky S, Crane A, Cosgrove KE, Hussain K, Lavie J, Heyman M, Nesher
Y, Kuchinski N, Ben-Shushan E, Shatz O, Nahari E, Potikha T, Zangen D,
Tenenbaum-Rakover Y, de Vries L, Argente J, Gracia R, Landau H, Eliakim
A, Lindley K, Dunne MJ, Aguilar-Bryan L, Glaser B 2004 Hyperinsulinism
of infancy: novel ABCC8 and KCNJ11 mutations and evidence for additional
locus heterogeneity. J Clin Endocrinol Metab 89:6224 – 6234
Henwood MJ, Kelly A, Macmullen C, Bhatia P, Ganguly A, Thornton PS,
Stanley CA 2005 Genotype-phenotype correlations in children with congenital
hyperinsulinism due to recessive mutations of the triphosphate-sensitive potassium channel genes. J Clin Endocrinol Metab 90:789 –794
Crane A, Aguilar-Bryan L 2004 Assembly, maturation, and turnover of
K(ATP) channel subunits. J Biol Chem 279:9080 –9090
Tanizawa Y, Matsuda K, Matsuo M, Ohta Y, Ochi N, Adachi M, Koga M,
Mizuno S, Kajita M, Tanaka Y, Tachibana K, Inoue H, Furukawa S, Amachi
T, Ueda K, Oka Y 2000 Genetic analysis of Japanese patients with persistent
hyperinsulinemic hypoglycemia of infancy: nucleotide-binding fold-2 mutation impairs cooperative binding of adenine nucleotides to sulfonylurea receptor 1. Diabetes 49:114 –120
Graham FL, van der Eb AJ 1973 A new technique for the assay of infectivity
of human adenovirus 5 DNA. Virology 52:456 – 467
Paulhe F, Imhof BA, Wehrle-Haller B 2004 A specific endoplasmic reticulum
export signal drives transport of stem cell factor (Kitl) to the cell surface. J Biol
Chem 279:55545–55555
Bloc A, Cens T, Cruz H, Dunant Y 2000 Zinc-induced changes in ionic currents
of clonal rat pancreatic !-cells: activation of ATP-sensitive K! channels.
J Physiol 529:723–734
Partridge CJ, Beech DJ, Sivaprasadarao A 2001 Identification and pharmacological correction of a membrane trafficking defect associated with a mutation in the sulfonylurea receptor causing familial hyperinsulinism. J Biol
Chem 276:35947–35952
Cosgrove KE, Shepherd RM, Fernandez EM, Natarajan A, Lindley KJ, Aynsley-Green A, Dunne MJ 2004 Genetics and pathophysiology of hyperinsulinism in infancy. Horm Res 61:270 –288
Zerangue N, Schwappach B, Jan YN, Jan LY 1999 A new ER trafficking signal
regulates the subunit stoichiometry of plasma membrane K(ATP) channels.
Neuron 22:537–548
Taschenberger G, Mougey A, Shen S, Lester LB, LaFranchi S, Shyng SL 2002
Identification of a familial hyperinsulinism-causing mutation in the sulfonylurea receptor 1 that prevents normal trafficking and function of KATP channels. J Biol Chem 277:17139 –17146
Murshid A, Presley JF 2004 ER-to-Golgi transport and cytoskeletal interactions
in animal cells. Cell Mol Life Sci 61:133–145
Tucker SJ, Gribble FM, Zhao C, Trapp S, Ashcroft FM 1997 Truncation of
Kir6.2 produces ATP-sensitive K! channels in the absence of the sulphonylurea receptor. Nature 387:179 –183
Yuan H, Michelsen K, Schwappach B 2003 14-3-3 dimers probe the assembly
status of multimeric membrane proteins. Curr Biol 13:638 – 646
Cartier EA, Conti LR, Vandenberg CA, Shyng SL 2001 Defective trafficking
and function of KATP channels caused by a sulfonylurea receptor 1 mutation
associated with persistent hyperinsulinemic hypoglycemia of infancy. Proc
Natl Acad Sci USA 98:2882–2887
Schonau E, Deeg KH, Huemmer HP, Akcetin YZ, Bohles HJ 1991 Pancreatic
growth and function following surgical treatment of nesidioblastosis in infancy. Eur J Pediatr 150:550 –553
Trucco M 2005 Regeneration of the pancreatic !-cell. J Clin Invest 115:5–12
Inagaki N, Gonoi T, Clement JP, Wang CZ, Aguilar-Bryan L, Bryan J, Seino
S 1996 A family of sulfonylurea receptors determines the pharmacological
properties of ATP-sensitive K! channels. Neuron 16:1011–1017
Inagaki N, Gonoi T, Clement 4th JP, Namba N, Inazawa J, Gonzalez G,
Aguilar-Bryan L, Seino S, Bryan J 1995 Reconstitution of IKATP: an inward
rectifier subunit plus the sulfonylurea receptor. Science 270:1166 –1170
Isomoto S, Kondo C, Yamada M, Matsumoto S, Higashiguchi O, Horio Y,
Matsuzawa Y, Kurachi Y 1996 A novel sulfonylurea receptor forms with BIR
(Kir6.2) a smooth muscle type ATP-sensitive K! channel. J Biol Chem 271:
24321–24324
Sakura H, Ammala C, Smith PA, Gribble FM, Ashcroft FM 1995 Cloning and
functional expression of the cDNA encoding a novel ATP-sensitive potassium
channel subunit expressed in pancreatic !-cells, brain, heart and skeletal muscle. FEBS Lett 377:338 –344
Seino S 2003 Physiology and pathophysiology of K(ATP) channels in the
pancreas and cardiovascular system: a review. J Diabetes Complications 17:2–5
Thomzig A, Laube G, Pruss H, Veh RW 2005 Pore-forming subunits of K-ATP
channels, Kir6.1 and Kir6.2, display prominent differences in regional and
cellular distribution in the rat brain. J Comp Neurol 484:313–330

JCEM is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

Downloaded from jcem.endojournals.org on September 9, 2005

