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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 aetiology, we identified and characterised
whether mutations in the KCNJ11 gene are responsible for these families.

Methods—KCN.J11 mutations were screened for 96 familial early-onset type 2 diabetic probands
and their families. Functional significance of the identified mutations was confirmed by
physiological analysis, molecular modelling and population survey.

Results—Three novel KCNJ11 mutations, R27H, R192H and S116F117del, were identified in
three families with early-onset type 2 diabetes mellitus. Mutated KCNJ11 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 qualitatively 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 diagnosis for the KCNJ11 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
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Introduction

Maturity-onset diabetes of the young (MODY) is a monogenic, 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 diabetes 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 KCNJ11 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
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studies [6]. This was reaffirmed in a French MODY gene-negative pedigree last year [7],
wherein the defined KCN.J11 gene was proposed to be MODY13.

KCNJ110on 11p15.1 is a single open reading frame encoding a 390-amino acid protein,
potassium inwardly-rectifying channel Kir6.2, which contains two putative transmembrane
(TM) segments and a pore loop domain, H5 (Fig. 1a) [8, 9]. ATP-sensitive potassium
channels (Katp) control electrical signalling by coupling cellular metabolism to potassium
ion movement across cell membranes. Pancreatic beta cell Karp channels comprise two
components: four subunits of Kir6.2 forming the channel pore, and the sulfonylurea
receptor, SUR1, regulating channel gating [10]. The Katp 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 KCNJ11 have already been
linked to diabetes. In Kir6.2 knockout mice, both glucose- and tolbutamide-induced insulin
secretion and membrane depolarisation and calcium influx into beta cells are defective,
indicating that the regulation of insulin secretion depends on Karp channel activity [13]. A
high frequency of beta cell apoptosis is observed in Kir6.2G132S transgenic mice before the
appearance of hyperglycaemia, suggesting that Karp channels also play a significant role in
beta cell survival [14].

We screened a cohort of 96 MODY gene-negative probands with early-onset autosomal
dominant type 2 diabetes, and their families, for KCN.J11 mutations, and report here three
novel heterozygous KCNJ11 mutations associated with MODY gene-negative autosomal
dominantly inherited type 2 diabetes.

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 Medical Center. Briefly, families were
selected if their pattern of type 2 diabetes was consistent with autosomal dominant
inheritance. 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, WI, USA), as described by Fukui et al [15] with
slight modifications; (5) index cases without mutations in the following six MODY genes
[16]: HNF4al MODY1, GCKIMODY?2, HNFlal MODY3, PDX1IMODY4, HNFIpIMODY5
and NEUROD1I BETAZIMODY6, confirmed by PCR-direct sequencing, as previously
reported with some modifications [17-22]. No deletions of these six MODY genes were
excluded by performing multiplex 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
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was obtained for DNA extraction and biochemical measurements, including blood glucose,
triacylglycerol, total cholesterol, 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 tolerance,
HbA1<5.6% (38 mmol/mol) and no family history of diabetes. All participants completed
medical and family history questionnaires; this information was supplemented with
information from medical records. The ADA criteria were used to diagnose diabetes and
impaired glucose tolerance (IGT) [23].

All patients underwent a standardised clinical and laboratory evaluation. Serum antibodies
against GAD and protein tyrosine phosphatase-like protein (IA-2) were tested using a
radioimmunoprecipitation kit with 125]-labelled GAD65 and 1251-labelled 1A-2, according to
the manufacturer’s recommendations (RSR, Cardiff, 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 KCNJ11

We used two pairs of primers to sequence the entire coding sequence and flanking sequences
of KCNJ11 (forward, 5'-CGAGAGGACTCTGCAGTGAG-3’, reverse, 5'-
GCTTGCTGAAGATGAGGGTC-3; and forward, 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 QlAquick PCR Purification Kit (Qiagen,
Shanghai, China) and sequenced 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 Navigator (Applied
Biosystems). Novel mutations were tested for cosegregation with diabetes in other family
members and the 109 normal individuals of Han Chinese origin.
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Parametric linkage analysis

Genotyping data were calculated using the MLINK subprogram from the LINKAGE
package (version 5.1) for two-point linkage analysis. Autosomal dominant inheritance was
assumed, with a disease-gene frequency of 0.0001 and 80% penetrance.

Construction of the three KCNJ11 mutants

Mammalian expression plasmids containing the whole coding regions of human KCNJ11
and ABCC8 (also known as SURI) have been described previously [6, 8]. Human KCNJ11
cDNA was subcloned into pCMV vector (Promega, Madison, WI, USA), and a single-
stranded template of pPCMV KCNJ11 was prepared using the helper phage R408. Expression
plasmids with R27H, R192H or S116F117del mutations were generated by site-directed
mutagenesis.

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 umol/I
pCMV6c carrying wild-type ABCC8and 1.5 pumol/l pCMV6Db carrying wild-type KCNJ11
or mutated KCNJ11 (R27H, R192H or S116F117del) using Lipofectamine 2000
(Invitrogen) according to the manufacturer’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 pPCLAMP (version 9.0; Axon Instruments, Foster City, CA, USA) and in-
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 Kagp channel currents before and
after application of 100 pmol/I tolbutamide. Experiments were conducted for both the wild-
type (n7=15) and mutant (Kir6.2 R27H/SUR1, n=10; Kir6.2 R192H/SUR1, 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
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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 SURL. However, this predicted Kir6.2 model is hypothetical and
requires further verification. Homology modelling was also performed for the pore-forming
inwardly rectifying potassium channel Kir6.2 subunits, to provide a rational explanation for
the effects of the mutations.

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
[rs5215]) and three novel mutations (c.80G>A, p.R27H; ¢.575G>A, p.R192H; and c.
348-353delCTTCTC, p.S116F117del) (Fig. 1a). The frequencies of the three SNPs (E23K
[rs5219], A190A [rs5218] and 1337V [rs5215]) 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: c.
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 between 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 interaction
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 Arg192 residues are evolutionally well-
conserved in mammals, suggesting the functional importance of the two residues. Our
proposed structure model (Fig. 2) indicates 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 1C5y compared with the wild-type of Kir6.2, and R192H had a sevenfold lower
sensitivity to ATP in vitro than R27H (Fig. 3a), suggesting that both R27H and R192H
reduce the sensitivity of the Kap channel to ATP-induced closure.

Diabetologia. Author manuscript; available in PMC 2017 March 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 7

The index case from family ¢ had a heterozygous frame shift mutation, causing deletion of
Ser116 and Phel17 (NM_000525.3: ¢.348-353delCTTCTC, p.S116F117del), resulting in an
in-frame deletion of two amino acid residues (Fig. 1c). Because no Karp 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 Phel117 are
residues located on the pore-forming Hg domain at the exit of the KATP channel on the TM
region interface (Fig. 2). Ser116 lies within the end of the extracellular 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), accounting 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 mutations in the probands’ families. Of the five R27H
carriers in family a, three had previously been diagnosed with diabetes. 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
(11-1 and 11-2) patients who were treated with insulin had undetectable serum C-peptide
(Table 1), indicating the absence of endogenous insulin secretion. Patients 11-4 and 111-2
were treated with a sulfonylurea alone (gliclazide), and achieved perfect control of their
diabetes. In addition, a non-carrier, 11-3 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. Moreover, previous studies
indicated that diabetic patients with a KCNJ11 gain-of-function mutation could transfer
successfully from insulin to oral sulfonylureas [26, 27]. As the affected R27H carriers in
family a (11-4 or 111-2) maintained perfect metabolic control with sulfonylureas, we adjusted
the treatment of the other two R27H carriers (11-1 and 11-2) from insulin to gliclazide, and
these patients achieved good glycaemic control (HbA1, 5.7-6.4% [39-46 mmol/mol]).

In family b, four R192H carriers were previously diagnosed with diabetes; at the time of
examination, their diabetes was treated with insulin or sulfonylureas (glimepiride) (Fig 4).
Two R192H carriers (11-1 and 111-1) 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 (111-2 and 111-3) were treated with sulfonylureas
(glimepiride) with or without metformin, 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 (I1-1 and
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I11-1) who had been on insulin with metformin since diagnosis. Currently, these patients are
only taking sulfonylureas and metformin, and their diabetes is well controlled (HbA., 5.6
6.2% [38—44 mmol/mol] for I1-1, 5.5-6.4% [37-46 mmol/mol] for I11-1).

In family c, two S116F117del carriers had previously diagnosed diabetes (Fig. 4 and Table
1). Neither high concentration glucose nor tolbutamide elicits significant insulin secretion 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 Karp channel activity. At the time of examination, S116F117del
carrier 11-1 had been effectively treated with insulin. The affected carriers of S116F117del
were the proband I11-1 (female, gestation 39 weeks, birthweight 4.0 kg, 95-97th percentile)
[28], father I1-1 (gestation 39 weeks, birthweight 3.8 kg, 75-90th percentile) and son V-1
(gestation 38 weeks, birthweight 3.95 kg, 95-97th percentile). However, the unaffected
sibling, brother 111-2, 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 tremulousness,
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/l (52.2-59.4 mg/dl) for pro-band I11-1, 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 I1-1
during their childhood; this could be inferred to be largely due to mild hypoglycaemia
caused by HI.

The clinical course of the proband I11-1 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 (HbA1¢ 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
KCNJ11 mutations was observed in 96 Chinese families with early-onset type 2 diabetes
mellitus, suggesting that KCNJ11 may be one of the unidentified monogenic aetiologies in
the Chinese population. Although three known KCNJ11 variations 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 mutations (R27H and R192H) lead to the
development of type 2 diabetes by reducing the ATP-binding activity of Kir6.2. On
comparison of the 1Csq of the most common mutation, R201H [5], the mildest common
variation, E23K [33], and the in-between mutation, C42R [6], with that of R192H or R27H,
the reduction in ATP sensitivity is R201H>R192H>C42R>R27H>E23K, which is consistent
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with their clinical phenotypes in diabetes, i.e. the severe phenotype is PNDM, the mildest is
type 2 diabetes and the in-between is early-onset type 2 diabetes or MODY. Although these
data suggest a strong genotype—phenotype relationship in KCNJ11 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 impaired 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 mutation) located at E227, a single
amino acid that governs the electrostatic interaction of the R192—E227 pair, has a functional
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 mutation causes monogenic neonatal
diabetes mellitus [35, 36]. Moreover, E227K has been identified as causal for a French
MODY pedigree, and therefore the KCN.J11 gene was proposed 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 Karp channels; (2) the effect of
R27H on the interaction between Kir6.2 and SUR1 subunits in the Karp 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/ABCC8 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 Kagp, such as heterozygous ABCCE mutations,
“cross-over’ to diabetes in later life [39]. This is inferred from mouse models where loss-of-
function in Karp 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 conditions 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
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
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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 secretion, which promotes apoptotic beta cell death, and contributes
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 Karp 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 Kir6.2G132S transgenic mice, needs further investigation.
Moreover, further experiments on S116F117del transgenic 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. Discontinuation 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 KCN.J11 mutations in the autosomal dominantly
inherited early-onset type 2 diabetic pedigrees may be helpful for understanding 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. HNF4a/MODY1, GCK/MODY?Z2, HNF1a/MODY3, PDX1/
MODY4, HNF1B/MODY5 and NEUROD1/MODY?) is as low as 10-20% [30, 31, 43, 44].

Further studies are required to confirm whether these heterozygous mutations disturb
pancreatic islet development or decrease beta cell mass. The identification of these novel
mutations broadens the spectrum of diabetic phenotypes linked to KCN.J11, suggesting that
routine genetic diagnosis for autosomal dominantly inherited early-onset type 2 diabetic
families should also include KCNJ11.
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Fig. 1.

Idgntification of KCNJ11 mutations. (a) Schematic illustration of KCNJ11 and the
corresponding domains in Kir6.2. Numbers refer to the amino acids bordering the domains.
Filled arrows indicate the mutations identified in KCNJ11. Dashed arrows indicate single-
nucleotide polymorphisms (SNPs) identified in KCNJ11. The gene borders were determined
based on mammalian homology using published data [8, 9]. N, N-terminus; C, C-terminus;
TML1, first TM domain; H5, pore loop domain; TM2, second TM domain. (b) Alignment of
specific regions of KCNJ11/Kir6.2 from different mammals using ClustalX. (1) Entire 68-
amino acid N-terminal domain of KCNJ11/Kir6.2; the R27 residue is indicated. (2) Portion
of the C-terminal domain of KCANJ11/Kir6.2; the R192 residue is indicated. (c) Fragment of
the KCNJ11/Kir6.2 sequence; the S116F117del is indicated. The corresponding amino acid
sequences of wild-type Kir6.2 and the S116F117del mutation (mt) are shown; the
S116F117del results in truncated Kir6.2 lacking two amino acids (Ser116 and Phell7)
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Fig. 2.
Final modelled ribbon structure of two subunits of Kir6.2, indicating the location of the

novel KCNJ11 mutations. (a) The homology model of Kir6.2, which is quite similar to the
previously reported structure 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 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)
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Fig. 3.

A'IgP sensitivity and sulfonylurea sensitivity of the wild-type and mutant Kagp channels. (a)
ATP sensitivity. Patch-clamp experiments were performed for the wild-type (Kir6.2/SUR1,
black circles, 7=10) and mutant (Kir6.2 R27H/SUR1, white squares, 7=10; Kir6.2 R192H/
SUR1, white triangles, 7=8) channels. The mutant channels had significantly higher ICsg
values than the wild-type channels (92.3+9.6 vs 20.2+2.4 pmol/l, p=2.66x107>;
652.7+178.0 vs 20.2+2.4 pmol/l, p=9.14x1077), indicating that the mutant Karp channels
had lower ATP sensitivities, especially the Kir6.2 R192H/SUR1 channel. (b) Sulfonylurea
sensitivity. Residual Karp channel activities were determined by the ratio between the
amplitudes of Karp channel currents before and after 100 umol/I tolbutamide application.
Experiments were conducted for wild-type (white column, 7=15) and mutant (black
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column, Kir6.2 R27H/SUR1, n=10; Kir6.2 R192H/SURL1, grey column, 7=9) channels. No
significant difference in sulfonylurea sensitivity was observed for the mutant channels
compared with the wild-type channels (p >0.05)
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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 normal 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 c, 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 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 logyg 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 S116F117del 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
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