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ABSTRACT

BACKGROUND
The ATP-sensitive potassium (K,;,) channel, composed of the beta-cell proteins sul-
fonylurea receptor (SUR1) and inward-rectifying potassium channel subunit Kir6.2,
is a key regulator of insulin release. It is inhibited by the binding of adenine nucle-
otides to subunit Kir6.2, which closes the channel, and activated by nucleotide bind-
ing or hydrolysis on SUR1, which opens the channel. The balance of these opposing
actions determines the low open-channel probability, P, which controls the excit-
ability of pancreatic beta cells. We hypothesized that activating mutations in ABCCS8,
which encodes SUR1, cause neonatal diabetes.

METHODS
We screened the 39 exons of ABCC8 in 34 patients with permanent or transient neo-
natal diabetes of unknown origin. We assayed the electrophysiologic activity of mu-
tant and wild-type K, channels.

RESULTS

We identified seven missense mutations in nine patients. Four mutations were famil-
ial and showed vertical transmission with neonatal and adult-onset diabetes; the re-
maining mutations were not transmitted and not found in more than 300 patients
without diabetes or with early-onset diabetes of similar genetic background. Mutant
channels in intact cells and in physiologic concentrations of magnesium ATP had a
markedly higher P, than did wild-type channels. These overactive channels remained
sensitive to sulfonylurea, and treatment with sulfonylureas resulted in euglycemia.

CONCLUSIONS

Dominant mutations in ABCC8 accounted for 12 percent of cases of neonatal diabetes
in the study group. Diabetes results from a newly discovered mechanism whereby the
basal magnesium-nucleotide—dependent stimulatory action of SUR1 on the Kir pore
is elevated and blockade by sulfonylureas is preserved.
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MUTANT SUR1 IN NEONATAL DIABETES

EONATAL DIABETES IS A FORM OF DIA-
betes mellitus defined by the onset of
mild-to-severe hyperglycemia within the
first months of life. Permanent neonatal diabetes
requires lifelong therapy; transient neonatal dia-
betes remits early, with a possible relapse during
adolescence. More than half of cases of transient
neonatal diabetes are associated with abnormali-
ties of an imprinted region on chromosome 6q24.1:
Some cases of permanent neonatal diabetes and
rare cases of transient neonatal diabetes are caused
by mutations in the KCNJ11 gene encoding the
inwardly rectifying potassium-channel subunit
(Kir6.2) of the ATP-sensitive potassium (K,;,)
channel expressed at the surface of the pancreatic
beta cell.3* A few cases of permanent neonatal dia-
betes are attributed to mutations in the genes that
encode glucokinase, insulin promoter factor 1,°
pancreas transcription factor 1a,” FOXP3,%° or the
eukaryotic translation initiation factor 2-alpha ki-
nase 3.1°
K, channels of the pancreatic beta cell regu-
late insulin release. A small number of overac-
tive mutant channels can hyperpolarize the beta
cell, reduce calcium influx through voltage-gated
calcium channels, and decrease insulin secretion.
The beta-cell K,,, channel is a hetero-octa-
mer'*13 assembled from Kir6.2'* and the high-
affinity beta-cell sulfonylurea receptor (SUR1, en-
coded by ABCC8).*> K,., channels link nutrient
metabolism with membrane electrical activity by
sensing adenine nucleotides. Nucleotide binding
to the tetrameric Kir6.2 pore reduces the mean
open-channel probability (P,),11” whereas magne-
sium-nucleotide binding or hydrolysis (or both) on
SUR1 counterbalances this inhibition to increase
theP,.182° Mutations affecting either subunit could
alter this balance. Consistent with this mechanism
are the findings that mutant Kir6.2 with reduced
sensitivity to inhibitory ATP causes neonatal diabe-
tes in mice?! and humans,322 whereas mutations
in ABCC8 that compromise the stimulatory effect of
magnesium-nucleotide binding cause persistent
hyperinsulinemic hypoglycemia.?324 Since there
are numerous cases of neonatal diabetes of un-
known cause, we screened patients with neonatal
diabetes for mutations in ABCCS.

METHODS

Between 1995 and 2005, we studied 73 patients
from the French Network for the Study of Neona-
tal Diabetes Mellitus: 44 had received a diagnosis

of transient neonatal diabetes, whereas 29 had re-
ceived a diagnosis of permanent neonatal diabe-
tes, 3 of whom had associated pancreatic aplasia
or hypoplasia.? We screened the patients for ab-
normalities in chromosome 6q24 and mutations
in the KCNJ11 gene; glucokinase sequencing was
restricted to patients with permanent neonatal dia-
betes. Alterations in chromosome 6q were found
in 25 patients with transient neonatal diabetes
(34 percent of the total study group), and muta-
tions in the KCNJ11 gene were found in 13 patients
(18 percent of the total study group; 12 with per-
manent neonatal diabetes and 1 with transient
neonatal diabetes). A glucokinase mutation was
identified in one patient.2* We screened the 34 re-
maining patients (16 with permanent neonatal
diabetes and 18 with transient neonatal diabetes)
for mutations in the ABCC8 gene using sequence
analysis, as described in the Supplementary Appen-
dix (available with the full text of this article at
www.nejm.org). We genotyped the parents of each
proband with mutated ABCC8, and we confirmed
family relationships by genotyping the DNA of pro-
bands and their parents with six microsatellite
markers. Other members of Family 16 and Fam-
ily 17, both of which had a history of transient
neonatal diabetes, were genotyped to determine
whether the mutant alleles segregated with dia-
betes. The study was approved by the local ethics
committees, and all participating patients gave
written informed consent. Parental consent was
given on behalf of patients younger than 18 years
of age; the study was explained to children capable
of giving assent, and they provided oral assent.

CLINICAL STUDIES
Probands with mutations of the ABCC8 gene had
a thorough clinical examination, and their medi-
cal records were reviewed. The two patients with
permanent neonatal diabetes underwent a gluca-
gon stimulation test (1 mg was given intravenous-
ly, with C-peptide measured 5 and 0 minutes be-
fore glucagon administration and 5, 10, and 15
minutes afterward) and glyburide (also known as
glibenclamide) stimulation test (0.2 mg per kilo-
gram of body weight). Treatment with sulfonyl-
ureas was indicated on the basis of the mutant
SUR1-channel response to tolbutamide. The pa-
tients with permanent neonatal diabetes and the
father of the proband in Family 13 with transient
neonatal diabetes received oral glyburide, start-
ing at a dose of 0.2 mg per kilogram per day and
gradually increasing the dose during a one-week
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period. Glucose levels were monitored and insu-
lin was discontinued when satisfactory metabolic
control was achieved. Therapy for members with
recurrent diabetes in Family 28 and Family 19
was similarly switched to glipizide and glybu-
ride, respectively.

We compared the clinical features of the pa-
tients with transient neonatal diabetes carrying
mutations of ABCC8 and KCNJ11* in our case series
and 25 persons with transient neonatal diabetes
linked to anomalies of chromosome 6 (see the
Supplementary Appendix).2 The Wilcoxon rank-
sum test was used to evaluate differences in quan-
titative variables, and the chi-square and Fisher’s
exact tests were used for qualitative data. All tests
were two-sided. Differences with a P value of less
than 0.05 were considered to indicate statistical
significance.

MOLECULAR BIOLOGY AND ELECTROPHYSIOLOGICAL
ANALYSIS
The observed mutations were introduced separately
into hamster ABCC8 complementary DNA (cDNA)*>
with the use of standard methods as described in
the Supplementary Appendix. Wild-type or mutant
SUR1 cDNA, or both, were coexpressed with hu-
man Kir6.2 and green fluorescent protein (to mark
transfection) in COSm6 cells.?> Patch—clamp re-
cordings and analyses of the K,,,-channel cur-
rent were carried out as described previously.®:2>
To compare the responses of the different chan-
nels to physiologic nucleotide conditions, the chan-
nels in the same patch were recorded in intact cells
and inside-out mode immediately after patch iso-
lation and the values were normalized relative to
their maximum ligand-independent response and
expressed as the fraction of maximal activity (see
the Supplementary Appendix).

A homology model?° of the human SURI1 core
was used to map the mutant residues.?”

RESULTS

ABCC8 MUTATIONS IN PATIENTS WITH PERMANENT
OR TRANSIENT NEONATAL DIABETES

We identified seven heterozygous ABCC8 mutations
in 9 of 34 patients with neonatal diabetes: L213R
and 11424V in 2 with permanent neonatal diabe-
tes and C435R, L582V, H1023Y, R1182Q, and
R1379C in patients with transient neonatal diabe-
tes. The affected amino acids are conserved in the
rat, mouse, chicken, and Japanese Takifugu fish;

this suggests that they are critical for channel func-
tion. We did not observe these mutations on se-
quencing the relevant exons of 180 patients with
diabetes and 140 unrelated white persons of French
origin without diabetes. Furthermore, we detect-
ed no additional nonsynonymous changes in the
ABCC8 exons that were unaffected by mutations in
a subgroup of 110 patients with diabetes, includ-
ing 24 probands with maturity-onset diabetes of
the young (MODY) from families without known
MODY-associated mutations.

The partial pedigrees of families carrying
mutations of ABCC8 are shown in Figure 1. The
L213R, H1023Y, and 11424V were noninherited
mutations, as were the L582V and R1379C muta-
tions in one family each. The L582V and R1397C
mutations were also inherited in one family each,
as were the C435R and R1182Q mutations. In
these four families, the father of each proband was
heterozygous for the mutation and the mutant al-
leles cosegregated with diabetes. The father of the
proband with a C435R mutation in Family 13 was
given a diagnosis of diabetes mellitus at 13 years
of age; after he was found to have the C435R muta-
tion, he discontinued insulin (after 24 years of
treatment) after a successful response to glyburide
(10 mg per day). An oral glucose-tolerance test
showed that the father of the proband with an
R1182Q mutation in Family 34 had diabetes; he
is currently being treated with diet alone. In Fam-
ily 16 with a history of transient neonatal diabe-
tes, family members II-3 and II-4 were given a di-
agnosis of diabetes after 30 years of age on the
basis of the results of an oral glucose-tolerance test
and are currently being treated with diet alone.
Diabetes developed in the father of the proband
(with an R1379C mutation) in Family 17 when he
was 32 years old, and he is receiving glyburide. The
R1379C allele was also identified in the proband’s
paternal grandmother who had had gestational
diabetes and is currently being treated with diet
and in a paternal great-aunt who was given a di-
agnosis of diabetes at 44 years of age and is cur-
rently being treated with sulfonylureas.

We found mutations of ABCC8 in 9 of the 34
patients with neonatal diabetes in our case series
in whom no genetic defect had previously been
identified. These 9 patients account for 12 percent
of the 73 patients with neonatal diabetes included
in the study. Of the 29 patients with permanent
neonatal diabetes in the study, 12 had KCNji1
mutations (41 percent), 2 had ABCC8 mutations

N ENGL) MED 3555 WWW.NEJM.ORG AUGUST 3, 2006

Downloaded from www.nejm.org on November 12, 2009 . For personal use only. No other uses without permission.

Copyright © 2006 Massachusetts Medical Society. All rights reserved.



























