
Frontiers in Endocrinology

OPEN ACCESS

EDITED BY

Klaus Mohnike,
University Hospital Magdeburg, Germany

REVIEWED BY

Assmaa ElSheikh,
Oregon Health and Science University,
United States
Sarah Flanagan,
University of Exeter, United Kingdom

*CORRESPONDENCE

Shi-Bing Yang

sbyang@ibms.sinica.edu.tw

Pei-Lung Chen

paylong@ntu.edu.tw

RECEIVED 27 August 2023

ACCEPTED 23 October 2023
PUBLISHED 16 November 2023

CITATION

Lee C-T, Tsai W-H, Chang C-C, Chen P-C,
Fann CS-J, Chang H-K, Liu S-Y, Wu M-Z,
Chiu P-C, Hsu W-M, Yang W-S, Lai L-P,
Tsai W-Y, Yang S-B and Chen P-L (2023)
Genotype-phenotype correlation in
Taiwanese children with diazoxide-
unresponsive congenital hyperinsulinism.
Front. Endocrinol. 14:1283907.
doi: 10.3389/fendo.2023.1283907

COPYRIGHT

© 2023 Lee, Tsai, Chang, Chen, Fann,
Chang, Liu, Wu, Chiu, Hsu, Yang, Lai, Tsai,
Yang and Chen. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 16 November 2023

DOI 10.3389/fendo.2023.1283907
Genotype-phenotype correlation
in Taiwanese children with
diazoxide-unresponsive
congenital hyperinsulinism

Cheng-Ting Lee1,2, Wen-Hao Tsai3, Chien-Ching Chang3,
Pei-Chun Chen4, Cathy Shen-Jang Fann3, Hsueh-Kai Chang3,
Shih-Yao Liu1, Mu-Zon Wu5, Pao-Chin Chiu6, Wen-Ming Hsu7,
Wei-Shiung Yang2,8,9, Ling-Ping Lai8, Wen-Yu Tsai1,
Shi-Bing Yang3* and Pei-Lung Chen8,9,10*

1Department of Pediatrics, National Taiwan University Hospital and National Taiwan University
College of Medicine, Taipei, Taiwan, 2Graduate Institute of Clinical Medicine, National Taiwan
University College of Medicine, Taipei, Taiwan, 3Institute of Biomedical Sciences, Academia Sinica,
Taipei, Taiwan, 4Department of Physiology, National Cheng-Kung University, Tainan, Taiwan,
5Department of Pathology, National Taiwan University Hospital and National Taiwan University
College of Medicine, Taipei, Taiwan, 6Department of Pediatrics, Kaohsiung Veterans General Hospital,
Kaohsiung, Taiwan, 7Department of Surgery, National Taiwan University Hospital and National Taiwan
University College of Medicine, Taipei, Taiwan, 8Department of Internal Medicine, National Taiwan
University Hospital and National Taiwan University College of Medicine, Taipei, Taiwan, 9Graduate
Institute of Medical Genomics and Proteomics, National Taiwan University College of Medicine,
Taipei, Taiwan, 10Department of Medical Genetics, National Taiwan University Hospital, Taipei, Taiwan
Objective: Congenital hyperinsulinism (CHI) is a group of clinically and

genetically heterogeneous disorders characterized by dysregulated insulin

secretion. The aim of the study was to elucidate genetic etiologies of

Taiwanese children with the most severe diazoxide-unresponsive CHI and

analyze their genotype-phenotype correlations.

Methods:We combined Sanger with whole exome sequencing (WES) to analyze

CHI-related genes. The allele frequency of the most common variant was

estimated by single-nucleotide polymorphism haplotype analysis. The

functional effects of the ATP-sensitive potassium (KATP) channel variants were

assessed using patch clamp recording and Western blot.

Results: Nine of 13 (69%) patients with ten different pathogenic variants (7 in

ABCC8, 2 in KCNJ11 and 1 in GCK) were identified by the combined sequencing.

The variant ABCC8 p.T1042QfsX75 identified in three probands was located in a

specific haplotype. Functional study revealed the human SUR1 (hSUR1)-L366F

KATP channels failed to respond to intracellular MgADP and diazoxide while

hSUR1-R797Q and hSUR1-R1393C KATP channels were defective in trafficking.

One patient had a de novo dominant mutation in the GCK gene (p.I211F), and

WES revealed mosaicism of this variant from another patient.

Conclusion: Pathogenic variants in KATP channels are the most common

underlying cause of diazoxide-unresponsive CHI in the Taiwanese cohort. The
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p.T1042QfsX75 variant in the ABCC8 gene is highly suggestive of a founder

effect. The I211F mutation in the GCK gene and three rare SUR1 variants

associated with defective gating (p.L366F) or traffic (p.R797Q and p.R1393C)

KATP channels are also associated with the diazoxide-unresponsive phenotype.
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1 Introduction

Congenital hyperinsulinism (CHI) is a rare inherited disorder

in the metabolism of glucose characterized by dysregulation in

insulin secretion. Patients present with severe hypoglycemia

associated with inappropriate insulin secretion. Delayed diagnosis

may result in irreversible brain damage due to prolonged

hypoglycemia (1). CHI has a heterogeneous genetic etiology, and

pathogenic variants in ABCC8, KCNJ11, GLUD1, GCK, HADH,

SLC16A1, HNF4A, HNF1A, HK1, and INSR genes have been

identified to cause isolated, persistent CHI (2).

In pancreatic b cells, the ATP-sensitive potassium (KATP)

channel plays a critical role in coupling changes in the plasma

glucose concentration to electrical excitability and insulin release

(3). The KATP channel is an octameric complex consisting of four

subunits of the pore-forming potassium channel subunit (Kir6.2)

and four sulfonylurea receptor 1 (SUR1) subunits, which are

encoded by KCNJ11 and ABCC8 genes, respectively. At the

resting metabolic state, opening of the KATP channels

hyperpolarizes the cell membrane. As circulating glucose levels

rise, glucose enters the pancreatic b cells and increases the

intracellular ATP concentration ([ATP]i) through the

glucokinase-mediated glycolysis pathway. This elevated [ATP]i

leads to the closure of KATP channels, causing the depolarization

of pancreatic b cells and resulting in insulin secretion. In addition to

ATP, KATP channels are modulated by different intracellular

molecules, including the phospholipid PIP2 and magnesium

(Mg)-nucleotides such as MgATP and MgADP (4–6).

CHI is classified as diffuse, focal, or atypical form depending on

the pancreatic histological assessment. The diffuse form of CHI is

generally associated with recessive loss-of-function variants in the

ABCC8 and KCNJ11 genes. Patients with this condition are usually

unresponsive to potassium channel openers (e.g., diazoxide), and

extensive pancreatectomy is required to ameliorate hypoglycemia.

Most cases of focal CHI are related to paternally inherited

pathogenic variants in either ABCC8 or KCNJ11 and somatic loss

of the maternal 11p15 region (7, 8). Although the clinical

manifestations of patients with focal and diffuse CHI due to

pathogenic variants in ABCC8 or KCNJ11 are indistinguishable,

those with focal CHI can be cured by excision of the lesion (9).

Atypical CHI is not easily classified as diffuse or focal form and is

characterized by morphological mosaicism with hyperfunctional

islets confined to discrete regions of the pancreas (10, 11). Although
02
mosaic interstitial paternal uniparental isodisomy for chromosome

11p15.1 with an ABCC8 gene mutation has been reported to explain

one of the genetic mechanisms (10), the genetic background of most

cases with atypical CHI remains unclear (11). Dominant mutations

in ABCC8 and KCNJ11 genes, as well as disease-causing variants in

other CHI-related genes, have been frequently associated with mild

and diazoxide-responsive CHI (2).

In this study, we performed molecular analyses to characterize a

cohort of thirteen Taiwanese children with diazoxide-unresponsive

CHI. Their pathological findings were analyzed to assess genotype-

phenotype correlations. Functional status of rare KATP variants in

these patients was studied and the founder effect of the most

prevalent pathogenic variant was elucidated.
2 Materials and methods

2.1 Patients

The diagnostic criteria for CHI were modified from those of the

European Network for Research into Hyperinsulinism (12, 13): [1]

laboratory blood glucose level of <50 mg/dL; [2] glucose

requirement >6-8 mg/kg/min to maintain a blood glucose level of

>50 mg/dL; [3] detectable insulin at the point of hypoglycemia, with

raised C-peptide; [4] inappropriately low blood ketone body

concentration at the time of hypoglycemia; and [5] glycemic

response after glucagon administration during hypoglycemia.

Pa t i en t s w i th in su l i noma , t r an s i en t o r s yndromic

hyperinsulinemic hypoglycemia were excluded. Thirteen children

diagnosed with diazoxide-unresponsive CHI between 1990 and

2016 at National Taiwan University Hospital were enrolled. Non-

responsiveness to diazoxide was defined as failure to keep blood

glucose level >50 mg/dL in a five-day trial of oral diazoxide therapy

at 15 mg/kg/day (neonates) or 10 mg/kg/day (infants) divided into

three doses (14).
2.2 DNA isolation and genotyping

Genomic DNA was extracted using the commercially available

QIAamp DNA Blood Mini Kit (QIAGEN, Germany). Direct Sanger

sequencing of ABCC8 and KCNJ11 was performed. When no

pathogenic variants were identified, we sequenced other CHI-
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related genes. PCR primers for the coding exons were designed

using the Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/).

The PCR products were sequenced using a BigDye terminator

cycle sequencing kit (Applied Biosystems, Foster City, CA, USA)

and analyzed by the 3130xl genetic analyzer (Applied Biosystems).

The sequences were compared with published sequence data

(ABCC8-NM_000352.3, KCNJ11-NM_000525.3, GLUD1-

NM_005271.3, GCK-NM_000162.3, HADH-NM_005327.4,

SLC16A1-NM_003051.3, HNF4A-NM_000457.3, HNF1A-

NM_000545.6). The significance of the identified variants was

accessed by Human Gene Mutation Database (http://

www.hgmd.cf.ac.uk/ac/index.php) and ClinVar (https://

www.ncbi.nlm.nih.gov/clinvar/). Possible large genomic structural

variant in ABCC8 was analyzed using the SALSA multiplex ligation-

dependent probe amplification (MLPA) kit, P117 (MRC Holland,

Amsterdam, Netherlands). The pathogenicity of genetic variants

was classified using the American College of Medical Genetics and

Genomics (ACMG) criteria (15).

Whole exome sequencing (WES) was performed for the cases if

no disease-causing variants were identified by Sanger sequencing.

The pipeline for variant calling and filtering analysis of WES data

was performed as previously described (16). The filtered variants

were queried from 35 genes involved in pancreatic islet b cell

function and insulin secretion (2, 17) (Supplementary Table 1). The

potential pathogenic variants were validated by Sanger sequencing,

and segregation analysis was performed.
2.3 Single-nucleotide
polymorphisms genotyping

Three probands carrying the c.3124_3126delACCinsCAGC

CAGGAACTG variant (rs786204542) in the ABCC8 gene and a

total of 68,978 control samples were genotyped using the TWBv2

SNP array (Thermo Fisher Scientific, Inc., Santa Clara, CA, USA), a

genome-wide SNP chip designed in 2017 for the Taiwanese Han

population (18). After genotyping, SNPs fulfilling the following

criteria were included for haplotype analysis: [1] SNPs located in the

surrounding region (± 100 kb) of the ABCC8 gene; [2] with a minor

allele frequency of >0.5% (excluding the rs786204542 variant); [3] a

call rate >95%; and [4] satisfying the Hardy–Weinberg equilibrium

(HWE) (P > 0.0001) (19).
2.4 Haplotype estimation and
statistical analysis

Two scales of chromosomal haplotype regions among the cases

and controls generated from the genotyped data were tested: [1] the

bilateral 50 Kb regions flanking rs786204542, and [2] the bilateral

20 SNPs [110.3 Kb upstream (rs117210015) and 62.8 Kb

downstream (rs2237969)] flanking rs786204542. Haplotype

frequencies were estimated using the SAS/Genetics HAPLOTYPE

PROCEDURE (SAS Institute, Cary, NC, USA) and the stepwise

expectation-maximization (EM) algorithm (19, 20). The probability

of individual’s particular haplotype was calculated given the
Frontiers in Endocrinology 03
haplotype frequency reached the maximum likelihood estimations

(MLEs) by stepwise EM algorithm. Individual haplotype pairs were

included in the analysis when the probability of the event was

higher than 0.7 (21). The differences in haplotype frequencies

between the case and control groups were assessed using Fisher’s

exact test. The permutation test was used to estimate the likelihood

that the three cases carry the same rare extended haplotype

containing rs786204542. To drive the empirical distribution while

preserving the structure of the genotype data, we performed 100,000

or 1,000,000 replications by shuffling the case-control status and

calculated permutation P values by comparing haplotype

frequencies between cases and controls (22).
2.5 Electrophysiological and
biochemical analysis

Human Kir6.2 (hKir6.2), and SUR1 (hSUR1) (Origene,

Rockville, MD, USA) were cloned into the pcDNA3 plasmid as

described previously (23, 24). Site-directed mutagenesis was

performed using Phusion Flash high-fidelity DNA polymerase

(Thermo Fisher Scientific, Waltham, MA, USA), and the

mutations were verified by sequencing. HEK293 cells were

cultured in DMEM (Thermo Fisher Scientific, Waltham, MA,

USA) containing 10% FBS (Hyclone, Logan, UT, USA), and 2

mM glutamine, in a humidified atmosphere of 5% CO2 at 37°C.

Cells were plated on poly L-ornithine-coated glass coverslips and

transiently transfected with 0.2 mg of the pcDNA3 containing

hKir6.2 construct and 0.8 mg of pcDNA3 containing hSUR1

construct by using PolyJet (SignaGen, Rockville, MD, USA). Cells

were used 2–4 days after transfection. KATP currents were recorded

by an Axopatch 700B amplifier (Molecular Device, Sunnyvale, CA,

USA) and data were acquired at 10 kHz with pClamp 10 software

(Molecular Device, Sunnyvale, CA, USA). For whole-cell patch

clamp recording, the extracellular solution consisted of 150 mM

NaCl, 10 mM HEPES, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2 and

pH 7.2, adjusted with NaOH. The intracellular solution containing:

135 mM K gluconate, 15 mM KCl, 10 mM HEPES, 0.5 mM

Mg2ATP, 1 mM Na3GTP, 10 mM sodium phosphocreatine, 0.05

mM EGTA and pH 7.2, adjusted with KOH. For inside-out patch

clamp recording, both the pipette and bath solution contained a

high-potassium solution consisting of: 150 mM KCl, 10 mM

HEPES, 2 mM CaCl2, 1 mM MgCl2 and pH 7.2, adjusted with

KOH. ATP (Sigma Aldrich, USA), ADP (Sigma Aldrich, USA) and

diazoxide (Hello Bio, UK) were added to the bath solution as

indicated. Pipettes were pulled from 1.5 mm borosilicate glass

capillaries (Sutter, Novato, CA, USA). The access resistances

ranged between 5 and 20 MW and were compensated by ~80%.

All experiments were performed at room temperature (~25°C).

Data were analyzed with pClamp10 software (Molecular Devices,

Sunnyvale, CA, USA). Results are reported as mean ± SEM.

Statistical analysis was performed using Prism 7 (GraphPad, La

Jolla, CA, USA), with differences considered significant at P < 0.05.

EC50 and IC50 of nucleotides or diazoxide on the KATP currents

were calculated as described (25). For Western blot analysis, the

KATP channel-transfected HEK293 cell lysate was run on SDS-
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PAGE and transferred to a nitrocellulose membrane. The

membrane was hybridized with a rabbit anti-SUR1 antibody

(#PA5-103639, Thermo Fisher, USA), then incubated with

horseradish peroxidase-conjugated secondary antibody (GE

Healthcare, Little Chalfont, UK), and proteins were visualized by

enhanced chemiluminescence (Super Signal West Femto, Pierce, IL,

USA). b-actin was used as a loading control. For structure

modeling, apo- (PDB: 6JB1) (26) and MgATP/MgADP-bound

KATP channels (PDB: 6C3P) (6) were used as templates and

visualized by PyMOL (http://www.pymol.org/).
3 Results

The present study included 13 patients (eight boys and five

girls) suffering from diazoxide-unresponsive CHI. Clinical data are

shown in Table 1. Patients’ data were described previously (13),

except for patients No.3 and 7. After extensive molecular analysis,

pathogenic variants were identified in nine (69%) patients.
3.1 ABCC8 variants

Seven different pathogenic variants of the ABCC8 gene in five of

the nine (56%) patients were identified. These pathogenic variants

included five missense, one indel, and one splice site variants. The indel

c.3124_3126delACCinsCAGCCAGGAACTG (p.T1042QfsX75)

detected in three unrelated patients was the most common

pathogenic variant identified in this study. All the three patients were

compound heterozygotes, with the other pathogenic variants as

p.R1393C, p.R1418C, and a novel c.1177-2A>G variant. Two of

these patients inherited the indel variant from their unaffected

mothers, while the third patient (patient No.7) received the indel

from the unaffected father. The fourth patient was compound

heterozygous for p.L366F and p.R797Q in the ABCC8 gene and

inherited from her unaffected parents, respectively. All these four

patients had CHI diagnosed within one week after birth. Two

(Patient No.3 and 7) suffered from hypoglycemic seizure before the

diagnosis was confirmed. Because of a high demand of intravenous

glucose supplement and poor response to high dose diazoxide

treatment, all of them received a near-total pancreatectomy. The

histological assessment showed diffuse islet cell hyperplasia in these

four patients. One patient (patient No.1) developed diabetes mellitus

immediately after pancreatectomy. Hypoglycemia persisted after

pancreatectomy in the other three patients and was controlled by

diazoxide only or in combination with octreotide.

In patient No.10, a single pathogenic variant (p.R74Q), located

in the ABCC8 gene and inherited from his father, was identified.

The MLPA analysis did not detect deletions in the ABCC8 gene.

This patient presented with hypoglycemic seizure at the age of three

month. CHI was diagnosed at the age of five month. He had focal

adenomatous hyperplasia over the body of the pancreas.

Euglycemia was achieved after resection of the focal lesion in this

patient when he was 6 months old.
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3.2 KCNJ11 variants

We observed two pathogenic missense variants of KCNJ11 in

two of the nine (22%) patients. Both patients were in the

heterozygous state and no additional genetic defect was detected

by MLPA analysis. The first patient carried the p.E282K pathogenic

variant of paternal origin. Her paternal history revealed no

hypoglycemia in infancy or childhood, but diabetes mellitus was

diagnosed in the 3rd decade of life and was controlled by an oral

hypoglycemic agent. This patient, born at full term with a birth

weight of 4,310 gram, presented with hypoglycemic seizure on the

first day after birth. The diagnosis of CHI was confirmed soon after

the onset of symptom. The second heterozygous patient carried the

paternally inherited p.R34H variant in KCNJ11 along with a rare

missense variant c.853C>T (p.R285W) in ABCC8, which was

categorized as a variant of unknown significance (VUS) in

ClinVar. No hypoglycemia or diabetes mellitus was reported in

paternal history. This patient also had macrosomia at birth with a

birth body weight of 4,120 gram. She was noted to have

hypoglycemic seizure at a later age when she was two months old

and then CHI was diagnosed. Both two patients received a near-

total pancreatectomy due to a high demand of intravenous glucose

infusion to maintain euglycemia and unresponsiveness to high dose

of diazoxide. The histological examination of the pancreas in both

patients showed diffuse islet cell hyperplasia. They both needed

octreotide to control hypoglycemia after pancreatectomy.
3.3 GCK variants

The de novo p.I211F mutation of GCK was identified in patient

No.6 (Supplementary Figure 1A). He was born at full term with a

birth weight of 5,840 grams and had hyperinsulinemic

hypoglycemia that was diagnosed at the age of two days.

Intravenous glucose infusion at a rate of 14 mg/kg/min was

required to maintain euglycemia. The patient showed a poor

response to diazoxide, and a near-total pancreatectomy was

performed at the age of one month. Hypoglycemia persisted after

surgery, but this condition was controlled with diazoxide and

frequent feeding.

The pathogenic variant GCK c. 631A>T (p.I211F) was detected

in 7 of 58 (12%) reads by WES of patient No.12 (Supplementary

Figure 1C), which was failed to be detected by Sanger sequencing

(Supplementary Figure 1B). She was born at full term with a birth

weight of 4,300 grams. Several seizure episodes were documented at

the age of 4 months. Hyperinsulinemic hypoglycemia was

diagnosed at the age of 11 months. The patient needed glucose

infusion at a rate as high as 25 mg/kg/min to maintain euglycemia.

She did not respond to a high dose of diazoxide, and a near-total

pancreatectomy was performed at the age of one year. The

pathohistological examination of the pancreas revealed diffuse

islet changes with multiple discrete intralobular islet cell

hyperplasia. After surgery, the patient maintained euglycemia

through therapy with diazoxide and octreotide.
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TABLE 1 Clinical characteristics and genotype profiles of 13 patients with diazoxide-unresponsive congenital hyperinsulinism.

Mutation

e Exon/
intron

Nucleotide
change

Amino acid
substitution

Parental
origin

ACMG
classification

C8 Exon 25 c.3124_3126delACCins
CAGCCAGGAACTG

p.T1042QfsX75 Maternal Pathogenic

Exon 35 c.4252C>T p.R1418C Paternal Likely Pathogenic

C8 Exon 7 c.1096C>T p.L366F Paternal Uncertain Significance

Exon 19 c.2390G>A p.R797Q Maternal Uncertain Significance

C8 Intron 7 c.1177-2A>G Aberrant splicing Paternal Pathogenic

Exon 25 c.3124_3126delACCins
CAGCCAGGAACTG

p.T1042QfsX75 Maternal Pathogenic

J11 Exon 1 c.844G>A p.E282K Paternal Uncertain Significance

– – – – –

Exon 6 c.631A>T p.I211F De novo Likely Pathogenic

C8 Exon 25 c.3124_3126delACCins
CAGCCAGGAACTG

p.T1042QfsX75 Paternal Pathogenic

Exon 34 c.4177 C>T p.R1393C Maternal Pathogenic

J11 Exon 1 c.101G>A p.R34H Paternal Likely Pathogenic

– – – – –

C8 Exon 2 c.221G>A p.R74Q Paternal Likely Pathogenic

– – – – –

* Exon 6 c.631A>T p.I211F De novo Likely Pathogenic

– – – – –

eatectomy; EN, enucleation; Dif, diffuse; Fo, focal; AtDif, atypical diffuse; D, diazoxide; O, octreotide; ACMG, American

Le
e
e
t
al.

10
.3
3
8
9
/fe

n
d
o
.2
0
2
3
.12

8
3
9
0
7

Fro
n
tie
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in

E
n
d
o
crin

o
lo
g
y

fro
n
tie

rsin
.o
rg

0
5

Patient No./Sex GA(wks)
/BBW
(g)

Age at onset Max GIR
(mg/kg/min)

OP/
Histology

Post-OP
medication

Ge

1/M 38/5664 <1 d 25.3 NP/Dif – ABC

2/F 36/3960 <1 d 21.0 NP/Dif D,O ABC

3/F 36/4950 <1 d 20.0 NP/Dif D,O ABC

4/F 39/4310 <1 d 23.0 NP/Dif O KCN

5/M 38/4100 1 d 24.0 NP/Dif D –

6/M FT/5840 2 d 14.0 NP/Dif D GCK

7/M 38/3380 3 d 19.0 NP/Dif D ABC

8/F 39/4120 2 m 11.3 NP/Dif O KCN

9/M 40/3900 2 m 11.6 SP/Dif – –

10/M 39/3920 3 m 15.0 EN/Fo – ABC

11/M 38/3670 4 m 13.0 NP/Dif – –

12/F 40/4300 4 m 25.0 NP/AtDif D,O GCK

13/M 38/3400 8 m 8.0 NP/Dif D –

M, male; F, female; FT, full-term; d, day; m, month; max GIR, maximum glucose infusion rate; NP, near-total pancreatectomy; SP, subtotal pancr
College of Medical Genetics and Genomics.
*Identified as postzygotic mutation by whole exome sequencing.
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3.4 SNP haplotype analysis of the
ABCC8 gene

Two scales of haplotype regions containing the recurrent indel

variant c.3124_3126delACC ins CAGCCAGGAACTG (rs786204542)

were examined. Supplementary Table 2 displays the list of SNPs found

within the test region. The haplotype configurations, consisting of 40-

SNP combinations (comprising 20 SNPs on each side flanking the

rs786204542 variant) are shown in Table 2. The haplotype frequency of

“haplotype B” in 4062 controls was 3.53%, while the frequency in these

three cases was 66.67%. All three tested cases carried at least one

“haplotype B” allele. Based on our statistical analysis, it is unlikely that

these three patients having the same rare variant rs786204542

coincidentally carried “haplotype B” (Fisher’s exact P value = 2.28 ×

10−5; permutation P value < 10−6).

The 100 Kb-SNP haplotypes, encompassing SNPs within

bilateral 50 Kb regions flanking rs786204542 (a subset of the

aforementioned 40-SNP haplotypes), are shown in Table 3. All

these three tested cases were found to carry at least one “haplotype

M” allele, which share the same allele composition as “haplotype B”

within the overlapping region of the 40-SNP scenario. Similarly, the

statistical analysis strongly disfavored the possibility of chance

occurrences (Fisher’s exact P value = 1.08 × 10−4; permutation P

value < 10−5).
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These findings provide robust evidence supporting the presence

of rs786204542 within haplotype B/haplotype M, suggestive of a

founder effect.
3.5 Functional characterization of KATP
channel variants

We performed whole-cell recording to examine membrane

currents. Weak-inwardly rectifying potassium current was

observed in HEK293 cells transfected with wild-type KATP

channels and dialyzed with MgATP (0.5 mM). The application of

300 µM diazoxide enhanced the current, whereas 5 µM

glibenclamide inhibited it (Supplementary Figure 2B). In contrast,

cells transfected with hSUR1-R797Q and hSUR1-R1393C KATP

channels showed significantly reduced potassium currents and

did not respond to KATP channel modulators (Supplementary

Figures 2A, C, D).

It has been reported that the cell membrane KATP channel

extensively glycosylated upon maturation is evidenced by an upper

band on the Western blot (27). We observed this distinctive

banding pattern in cells transfected with wild-type and hSUR1-

L366F KATP channels, but not in cells with hSUR1-R797Q or

hSUR1-R1393C variants (Figure 1A). These results suggest that
TABLE 2 Estimated single nucleotide polymorphism (SNP) haplotype frequency with statistics in the region of bilateral 20 SNPs flanking the indel
variant rs786204542.

Haplotype
Name

Haplotype SNP Compositiona

Affected patients
(n=3)

Controls
(n=4062) Fisher’s

exact test
P-valueb

Permutation
P-valuec

Count
Percent

(%)
Count

Percent
(%)

Haplotype A
2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-

2-2-2-2-2-2-2-2-1-2-2-2-2-2-2-1
1 16.67 644 7.93

0.3911

Haplotype B* 2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-
2-2-2-2-2-2-2-2-2-2-1-2-2-2-2-2

4 66.67 287 3.53 2.28x10-5 < 10-6

Haplotype C 2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-1-2-1-2-1-2-
1-1-1-2-2-2-2-2-2-2-2-2-2-2-2-1

1 16.67 264 3.25
0.18036

Haplotype D 2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-
2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-1

0 0 155 1.91

Haplotype E 2-2-2-1-1-2-1-2-2-2-1-1-1-2-2-2-2-1-2-2-2-2-2-2-
2-2-2-2-2-2-2-2-2-2-2-1-2-2-2-2

0 0 62 0.76

Haplotype F 2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-
2-2-1-2-2-2-2-2-2-2-2-2-2-2-2-2

0 0 49 0.60

Haplotype G 2-2-2-2-1-2-2-1-2-2-2-2-2-2-1-2-2-2-2-2-2-2-2-2-
2-2-2-2-2-2-2-2-1-2-2-2-2-2-2-1

0 0 48 0.59

Haplotype H 2-2-2-2-1-2-2-1-2-2-2-2-2-2-1-2-2-2-2-2-2-2-2-2-
2-2-2-2-2-2-2-2-2-2-2-2-2-1-2-2

0 0 13 0.16

Haplotype I 2-2-2-2-1-2-2-1-2-2-2-2-2-2-1-2-2-2-2-2-2-2-2-2-
2-2-2-2-2-2-2-2-2-2-1-2-2-2-2-2

0 0 7 0.09

Haplotype J 2-2-2-1-1-2-1-2-2-2-2-2-2-2-2-2-2-2-1-1-2-2-1-2-
2-2-1-2-1-2-2-2-2-2-2-2-2-1-2-2

0 0 2 0.02
aSNP allele “2”: major allele; SNP allele “1”: minor allele.
bComparisons of haplotype frequencies between affected patients and controls using Fisher’s exact test.
cComparison of frequencies of haplotype B between affected patients and controls using permutation test, permutation time=1000000.
*Common haplotype among affected patients.
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hSUR1-R797Q and hSUR1-R1393C mutant channels show

trafficking defects.

The functional change in hSUR1-L366F KATP mutant channels

was further examined using the inside-out patch clamp

configuration technique. We found that HEK293 cells transfected

with wild-type and mutant hSUR1-L366F KATP channels showed a

typical KATP current that reversed at around 0 mV, the value of the

potassium equilibrium potential under our experimental conditions

(Figures 1B, C). A similar sensitivity to different intracellular ATP

concentrations was observed in both wild-type and mutant hSUR1-

L366F KATP channels (Figure 1D). However, hSUR1-L366F KATP

channels were inhibited rather than potentiated by MgADP

(Figures 1C, E), and more strikingly, diazoxide inhibited rather

than activated hSUR1-L366F KATP channels (Figure 1F). These

results suggest that hSUR1-L366F KATP channels have a gating

defect. Leu366 is positioned at the interface between

transmembrane domain 1 (TMD1) and transmembrane domain 2

(TMD2). When MgADP binds to the nucleotide binding domains

formed along with the TMD1-TMD2 interface, it triggers

conformational changes in SUR1 that subsequently activate the

channel gate located at Kir6.2 (28). However, our structural

modeling reveals that substituting Leu366 with the bulkier

phenylalanine generates steric clashes with SUR1-L1288, thereby

preventing the MgADP-induced conformational changes within the

channel structure, as depicted in Figure 2.
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Two large-scale studies have reported that patients with CHI

have a disease-causing variant detection rate ranging from 45.3% to

79%, and the detection rate of diazoxide-unresponsive CHI was

approximately 90% (29, 30). In the present study, we identified

pathogenic variants in nine of the 13 (69%) diazoxide-unresponsive

patients with CHI. Patients with pathogenic variants in ABCC8 and

KCNJ11 genes accounted for 78% (7/9) of variants detected. Our

data confirm that pathogenic variants in the KATP channel-

encoding genes are the most common underlying cause of

diazoxide-unresponsive CHI in the Taiwanese patients studied,

which is in accordance with that observed in cohorts of different

ethnic backgrounds (29–35).

The indel c.3124_3126delACCinsCAGCCAGGAACTG

(p.T1042QfsX75) of the ABCC8 gene is a frameshift variant that

results in a truncated SUR1 protein, which is believed to impair

protein function (36). The p.T1042QfsX75 variant has been

repeatedly detected in Chinese cohorts with CHI (32, 33, 37, 38),

especially in patients from southern China (32, 33). In the present

study, the detection of p.T1042QfsX75 in three unrelated patients

suggests that this variant is a hotspot, and haplotype analysis

supported that it is a founder variant in Taiwan. This may also

explain the findings in southern China. One patient was compound

heterozygous for the p.T1042QfsX75 indel variant and a novel
TABLE 3 Estimated single nucleotide polymorphism (SNP) haplotype frequency with statistics in the region of bilateral 50 kb flanking the indel variant
rs786204542.

Haplotype
Name

Haplotype SNP Compositiona

Affected patients
(n=3)

Controls
(n=4050) Fisher’s exact

test
P-valueb

Permutation
P-valuec

Count
Percent

(%)
Count

Percent
(%)

Haplotype K
2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-

2-2-2-1-2-2-2
1 16.67 879 10.85

0.4982

Haplotype L 2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-
2-2-2-2-2-2-2

0 0 541 6.68

Haplotype M*
2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-

2-2-2-2-2-1-2
4 66.67 426 5.26 1.08x10-4 < 10-5

Haplotype N 2-2-2-2-2-2-2-2-2-1-2-1-2-1-2-1-1-1-2-2-
2-2-2-2-2-2-2

1 16.67 422 5.21
0.2751

Haplotype O 2-1-1-1-2-2-2-2-1-2-2-2-2-2-2-2-2-2-2-2-
2-2-2-2-2-2-1

0 0 60 0.74

Haplotype P 2-2-2-2-2-2-2-2-2-1-1-2-2-1-2-2-2-1-2-1-
2-2-2-2-2-2-2

0 0 54 0.67

Haplotype Q 2-2-2-2-2-1-2-2-2-2-2-2-2-2-2-2-2-2-2-2-
2-2-2-2-2-2-2

0 0 39 0.48

Haplotype R 2-2-2-2-2-1-2-2-2-1-2-1-2-1-2-1-1-1-2-2-
2-2-2-2-2-2-2

0 0 25 0.31

Haplotype S 2-2-2-2-2-1-2-2-2-2-2-2-2-2-2-2-2-1-2-2-
2-2-2-2-2-2-2

0 0 2 0.02
aSNP allele “2”: major allele; SNP allele “1”: minor allele.
bComparisons of haplotype frequencies between affected patients and controls using Fisher’s exact test.
cComparison of frequencies of haplotype M between affected offspring and controls using permutation test, permutation time=100000.
*Common haplotype among affected patients.
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ABCC8 splice site variant, c.1177-2A>G. This splice site variant is

predicted to disrupt the acceptor splice site of intron 7, resulting in

the dysfunction of the protein. The other two patients were

compound heterozygous for the indel and two different missense

variants of the ABCC8 gene, p.R1393C and p.R1418C, respectively.

The SUR1 protein contains two nucleotide-binding domains

(NBD1 and NBD2). Their dimerization is required for Mg2

+-dependent ATP hydrolysis (4, 39). These NBD domains are also

required for channel regulation by MgADP and diazoxide (40, 41).

Although the Arg1393 residue located in NBD2 is presumably

involved in KATP channel gating, it has been reported that the

p.R1393H causes a trafficking defect because mutant channels are

retained in the trans-Golgi network (42). Our functional study

confirmed that cysteine substitution at this position impairs the

trafficking of the mutant channel to the surface of the plasma

membrane. The ABCC8missense variant p.R1418C in a compound

heterozygous state with a deletion of ABCC8 exon 3 has been

reported in a patient of diazoxide-unresponsive diffuse CHI (43).

This missense variant is also located in NBD2 of SUR1. Although

we did not evaluate the functional change of this variant, there is

evidence showed histidine substitution at the Arg1418 residue

impaired channel activity by confining the channel to the

endoplasmic reticulum (ER) (44). The cysteine substitution at the

same position is presumed to have a deleterious effect on channel

function as well. Further study should be done to elucidate the

underlying mechanism of the p.R1418C variant.

One patient was compound heterozygous for p.L366F and

p.R797Q variants of the ABCC8 gene. The p.L366F has been

reported as a diazoxide-unresponsive dominant variant with
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phenotypes varying from asymptomatic to CHI or diabetes within

family members (45). Our in vitro functional assays showed that

hSUR1-L366F KATP mutant channels are inhibited rather than

activated by intracellular MgADP, and the reversed effect of

MgADP on KATP channel gating may negatively affect glucose-

stimulated insulin secretion (GSIS). Under normal conditions,

lowering plasma glucose would decrease the intracellular ATP/

ADP ratio and activate KATP channels that silence beta cells and

cease insulin secretion. In contrast, hSUR1-L366F KATP mutant

channels can be inhibited by both ATP and ADP, remaining mostly

closed even at low blood glucose levels, leading to altered insulin

secretion. We observed that hSUR1-L366F KATP mutant channels

are insensitive to diazoxide, supporting the clinical observation that

patients with CHI carrying this variant show a diazoxide-

unresponsive phenotype. The Leu366 residue is located in the

first transmembrane domain of SUR1, above the sulfonylurea

binding pocket (28). Our structural modeling indicated that

Leu366 forms a hydrophobic interaction with Leu1288. A

substitution of leucine to phenylalanine at this position would

induce steric clashes with Leu1288, preventing conformation

changes of SUR1 that propagate the MgADP signal from NBDs

(6). Regarding the p.R797Q variant, it has been reported that

p.R797W is a recessive pathogenic variant detected in patients

with CHI (29). Our functional study demonstrated that glutamine

substitution at this site impairs KATP channel trafficking.

In this study, three of seven (43%) patients carrying KATP

variants were inherited from the paternal monoallelic mutations.

The remaining four patients had biallelic pathogenic variants of the

ABCC8 gene and invariably exhibited a diazoxide-unresponsive
B C

D E F

A

FIGURE 1

(A) Western blots show total SUR1 levels in HEK293 cells. SUR1 signals exhibit an upper band that corresponds to a fully glycosylated KATP channel
(upper arrow), while the lower band represents immature KATP channels that are still stuck intracellularly (lower arrow) in wild-type (WT) SUR1. The
upper bands are visible in HEK293 cells transfected with WT hSUR1 and hSUR1-L366F but absent in HEK293 cells transfected with hSUR1-R797Q and
hSUR1-R1393C. b-actin serves as the loading control. (B, C) Representative voltage-clamp recording traces from inside-out patches containing KATP

channels. Adding 10 mM MgADP (red traces) to the intracellular side potentiated WT hsSUR1 (B) but inhibited hSUR1-L366F (C) containing KATP
currents. (D) WT and hSUR1-L366F containing KATP channels exhibited comparable sensitivity to the intracellular ATP (WT: IC50 = 85.4 µM, Hill slope
= 0.97, n = 4; hSUR1-L366F: IC50 = 86.1 µM, Hill slope = 0.87, n = 6–8). (E) Intracellular MgADP potentiated WT KATP channels but inhibited hSUR1-
L366F KATP (WT: EC50 = 102 µM, Hill slope = 0.65, n = 4–5; hSUR1-L366F: IC50 = 268 µM, Hill slope = 0.59, n = 3). (F) Diazoxide potentiates WT KATP
Currents (EC50 = 60.1 mM, n = 5) but inhibits hSUR1-L366F KATP currents (IC50 = 297.7 mM, n = 4). The insert displays an enlarged dose-response
curve of diazoxide on hSUR1-L366F KATP currents to highlight the inhibitory effect of diazoxide.
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diffuse CHI phenotype. Patients carrying paternally inherited

monoallelic pathogenic variants in ABCC8 or KCNJ11 gene

showed different clinical manifestations (46). A patient with the

recessive p.R74Q variant in the ABCC8 gene had focal CHI, which

was cured after the excision of the pancreatic lesion. The

histological assessment of two patients with paternally inherited

heterozygous p.R34H and p.E282K variants in the KCNJ11 gene

revealed diffuse islet changes. A compound heterozygote of one

missense variant p.R34H and one single-base deletion variant in

KCNJ11 has been reported in a patient with severe diazoxide-

unresponsive CHI (34). It is less likely that the p.R34H variant in

our patient acts in a dominant negative manner because the

paternal carrier was clinically asymptomatic. As for the p.E282K

variant, there is evidence showed that this variant abrogates the exit

signal and prevents the ER export and surface expression of the

channel when expressed alone. When co-expressed, the mutant

subunit was able to associate with the wild-type Kir6.2 and form

functional channels (47). Although a dominant effect on KATP

channel function of this variant was suspected as revealed by the

history of early onset type 2 diabetes mellitus in the paternal carrier,

it suggests that the p.E282K variant acts recessively in our patient to
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cause loss of function of KATP channel and severe diazoxide-

unresponsive phenotype. Patients with paternally acquired

monoallelic recessive variants in the KCNJ11 gene showed severe

diffuse CHI, likely due to the unsuccessful attempts to detect cryptic

pathogenic variants by current sequencing methods. Alternatively,

patients may show an atypical diffuse form due to mosaic interstitial

paternal uniparental isodisomy of chromosome 11p15.1

region (10).

Dominant gain-of-function mutations in the GCK gene are

considered a rare cause of CHI, showing a detection rate lower than

1.7% (29–33, 35). Patients with CHI caused by mutations in the

GCK gene exhibit intact KATP channels, supporting that potassium

channel openers are effective for controlling hyperinsulinemic

hypoglycemia (48), contrasting to those observed in our patients.

The p. I211F mutation in the GCK gene led to a 12-fold higher kcat/

K0.5,glucose value than that of the wild-type glucokinase, resulting in a

very low threshold for GSIS (49). Before the current study, a case of

atypical diffuse CHI with a somatic mosaic p.I211F mutation in

GCK has been reported (11, 50). Unlike our patient 6 who is

heterozygous for this mutation, both the two patients with the

somatic p.I211F mutation in GCK were less overweight at birth and
FIGURE 2

Structural prediction of SUR1 L366 and its interacting partner L1288 of KATP channel. In wild-type KATP channel, SUR1 L366 (red) could contact freely
with its partner L1288 (red) via hydrophobic interaction in both Apo (PDB: 6JB1) and MgATP + MgADP bound form (PDB:6C3P) (upper panel). In
contrast, in the hSUR1-L366F mutant KATP channel, the bulky phenylalanine (yellow) produces steric clashes against L1288 and consequently
prevents the MgADP-induced conformational changes of SUR1 (lower panel).
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exhibited a more insidious onset of hypoglycemia after the neonatal

period. However, these two patients eventually became diazoxide-

unresponsive and needed pancreatectomy to control hypoglycemia.

We speculate that the extent of b cell involvement of the mutant

enzyme correlates with the severity of the initial clinical

presentation in patients carrying p.I211F mutation in GCK, and

all patients with this pathogenic variant are eventually prone to

respond poorly to diazoxide treatment due to the highly active

nature of the mutant enzyme. Our finding also supports somatic

mutations in the GCK gene is a rare but important cause of

atypical CHI.

In conclusion, we found that pathogenic variants in the KATP

channel were the most common underlying cause of diazoxide-

unresponsive CHI in thirteen Taiwanese children. We demonstrated

that the high frequency of the p.T1042QfsX75 variant in the ABCC8

gene is likely due to a founder effect in Taiwan. Our study

demonstrated that patients carrying three rare SUR1 mutants with

diazoxide-unresponsive phenotype are due to KATP channel gating

defect (p.L366F) or trafficking defect (p.R797Q and p.R1393C). Our

study also confirmed that the p.I211F variant of the GCK gene results

in diazoxide-unresponsive CHI. Additional management, including

near-total pancreatectomy, may be required tomaintain euglycemia in

patients with the p.I211F variant.

Data availability statement

The data presented in the study are deposited in the DNA Data

Bank of Japan (DDBJ) repository, accession number LC785398,

LC785399, LC785400, LC785401, LC785402, LC785403, LC785404,

LC785405, LC785406, LC785407.
Ethics statement

The studies involving humans were approved by Research

Ethics Committee of the National Taiwan University Hospital.

The studies were conducted in accordance with the local

legislation and institutional requirements. Written informed

consent for participation in this study was provided by the

participants’ legal guardians/next of kin.

Author contributions

C-TL: Funding acquisition, Investigation, Writing – original

draft, Writing – review & editing. W-HT: Investigation,

Visualization, Writing – review & editing. C-CC: Formal analysis,

Writing – original draft, Writing – review & editing. P-CChen:

Investigation, Writing – review & editing. CF: Formal analysis,

Writing – review & editing. H-KC: Investigation, Visualization,

Writing – review & editing. S-YL: Resources, Writing – review &

editing. M-ZW: Investigation, Writing – review & editing. P-CChiu:

Resources, Writing – review & editing. W-MH: Resources, Writing

– review & editing. W-SY: Conceptualization, Supervision, Writing

– review & editing. L-PL: Supervision, Writing – review & editing.

W-YT: Conceptualization, Supervision, Writing – review & editing.
Frontiers in Endocrinology 10
S-BY: Conceptualization, Funding acquisition, Writing – original

draft, Writing – review & editing. P-LC: Conceptualization,

Supervision, Writing – review & editing.

Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by research grants from National Taiwan University

Hospital (NTUH100-M1666, NTUH102-N2254 and NTUH106-

M3635), the National Science and Technology Council (111-2314-

B-001-005 and 111-2320-B-001-008-MY3 to S-BY), and Institute of

Biomedical Sciences at Academia Sinica. The funders had no role in

the study design, data collection and analysis, decision to publish, or

manuscript preparation.

Acknowledgments

We would like to express our sincere thanks to all the

participants and their families for their contribution. We gratefully

acknowledge the members of the Translational Resource Center

(TRC) of the National Research Program for Biopharmaceuticals

(NRPB), the National Center for Genome Medicine (NCGM) of the

National Core Facility Program for Biotechnology (NCFPB),

the Academia Sinica National Genotyping Center and the

Electrophysiology facility of the Institute of Biomedical Sciences,

Academia Sinica for their support in genotyping, statistical analysis,

and electrophysiology experiment.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2023.

1283907/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Sequencing results of mutation found in the GCK gene.

SUPPLEMENTARY FIGURE 2

Whole-cell patch clamp recordings of HEK293 cells transfected with hSUR1-

R797Q and hSUR1-R1393C KATP channels.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2023.1283907/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1283907/full#supplementary-material
https://doi.org/10.3389/fendo.2023.1283907
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Lee et al. 10.3389/fendo.2023.1283907
References
1. Menni F, de Lonlay P, Sevin C, Touati G, Peigne C, Barbier V, et al. Neurologic
outcomes of 90 neonates and infants with persistent hyperinsulinemic hypoglycemia.
Pediatrics (2001) 107(3):476–9. doi: 10.1542/peds.107.3.476

2. Hewat TI, Johnson MB, Flanagan SE. Congenital hyperinsulinism: current
laboratory-based approaches to the genetic diagnosis of a heterogeneous disease.
Front Endocrinol (Lausanne) (2022) 13:873254. doi: 10.3389/fendo.2022.873254

3. Ashcroft FM. ATP-sensitive potassium channelopathies: focus on insulin
secretion. J Clin Invest (2005) 115(8):2047–58. doi: 10.1172/JCI25495

4. Shyng S, Ferrigni T, Nichols CG. Regulation of KATP channel activity by
diazoxide and MgADP. Distinct functions of the two nucleotide binding folds of the
sulfonylurea receptor. J Gen Physiol (1997) 110(6):643–54. doi: 10.1085/jgp.110.6.643

5. Baukrowitz T, Schulte U, Oliver D, Herlitze S, Krauter T, Tucker SJ, et al. PIP2
and PIP as determinants for ATP inhibition of KATP channels. Science (1998) 282
(5391):1141–4. doi: 10.1126/science.282.5391.1141

6. Lee KPK, Chen J, Mackinnon R. Molecular structure of human KATP in complex
with ATP and ADP. eLife (2017) 6:e32481. doi: 10.7554/eLife.32481

7. de Lonlay P, Fournet JC, Rahier J, Gross-Morand MS, Poggi-Travert F, Foussier
V, et al. Somatic deletion of the imprinted 11p15 region in sporadic persistent
hyperinsulinemic hypoglycemia of infancy is specific of focal adenomatous
hyperplasia and endorses partial pancreatectomy. J Clin Invest (1997) 100(4):802–7.
doi: 10.1172/JCI119594

8. Fournet JC, Mayaud C, de Lonlay P, Gross-Morand MS, Verkarre V, Castanet M,
et al. Unbalanced expression of 11p15 imprinted genes in focal forms of congenital
hyperinsulinism: association with a reduction to homozygosity of a mutation in
ABCC8 or KCNJ11. Am J Pathol (2001) 158(6):2177–84. doi: 10.1016/S0002-9440
(10)64689-5

9. de Lonlay-Debeney P, Poggi-Travert F, Fournet JC, Sempoux C, Dionisi Vici C,
Brunelle F, et al. Clinical features of 52 neonates with hyperinsulinism. New Engl J Med
(1999) 340(15):1169–75. doi: 10.1056/NEJM199904153401505

10. Hussain K, Flanagan SE, Smith VV, Ashworth M, Day M, Pierro A, et al. An
ABCC8 gene mutation and mosaic uniparental isodisomy resulting in atypical diffuse
congenital hyperinsulinism. Diabetes (2008) 57(1):259–63. doi: 10.2337/db07-0998

11. Sempoux C, Capito C, Bellanne-Chantelot C, Verkarre V, de Lonlay P, Aigrain
Y, et al. Morphological mosaicism of the pancreatic islets: a novel anatomopathological
form of persistent hyperinsulinemic hypoglycemia of infancy. J Clin Endocrinol Metab
(2011) 96(12):3785–93. doi: 10.1210/jc.2010-3032

12. Aynsley-Green A, Hussain K, Hall J, Saudubray JM, Nihoul-Fekete C, De
Lonlay-Debeney P, et al. Practical management of hyperinsulinism in infancy. Arch
Dis Childhood Fetal Neonatal Edition (2000) 82(2):F98–F107. doi: 10.1136/fn.82.2.f98

13. Lee CT, Liu SY, Tung YC, Chiu PC, Wu MZ, Tsai WY. Clinical characteristics
and long-term outcome of Taiwanese children with congenital hyperinsulinism. J
Formosan Med Assoc (2016) 115(5):306–10. doi: 10.1016/j.jfma.2015.04.002

14. de Lonlay P, Fournet JC, Touati G, Groos MS, Martin D, Sevin C, et al.
Heterogeneity of persistent hyperinsulinaemic hypoglycaemia. A series of 175 cases.
Eur J Pediatr (2002) 161(1):37–48. doi: 10.1007/s004310100847

15. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and
guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics and
the Association for Molecular Pathology. Genet Med (2015) 17(5):405–24. doi: 10.1038/
gim.2015.30

16. Chen MJ, Wei SY, Yang WS, Wu TT, Li HY, Ho HN, et al. Concurrent exome-
targeted next-generation sequencing and single nucleotide polymorphism array to
identify the causative genetic aberrations of isolated Mayer-Rokitansky-Kuster-Hauser
syndrome. Hum Reprod (2015) 30(7):1732–42. doi: 10.1093/humrep/dev095

17. Zhang H, Colclough K, Gloyn AL, Pollin TI. Monogenic diabetes: a gateway to
precision medicine in diabetes. J Clin Invest (2021) 131(3):e142244. doi: 10.1172/
JCI142244

18. Wei CY, Yang JH, Yeh EC, Tsai MF, Kao HJ, Lo CZ, et al. Genetic profiles of
103,106 individuals in the Taiwan Biobank provide insights into the health and history
of Han Chinese. NPJ Genomic Med (2021) 6(1):10. doi: 10.1038/s41525-021-00178-9

19. Saeed S, Mahjabeen I, Sarwar R, Bashir K, Kayani MA. Haplotype analysis of
XRCC2 gene polymorphisms and association with increased risk of head and neck
cancer. Sci Rep (2017) 7(1):13210. doi: 10.1038/s41598-017-13461-6

20. Liu E, Percy MJ, Amos CI, Guan Y, Shete S, Stockton DW, et al. The worldwide
distribution of the VHL 598C>T mutation indicates a single founding event. Blood
(2004) 103(5):1937–40. doi: 10.1182/blood-2003-07-2550

21. Cornes BK, Tang CS, Leon TY, Hui KJ, So MT, Miao X, et al. Haplotype analysis
reveals a possible founder effect of RET mutation R114H for Hirschsprung's disease in
the Chinese population. PloS One (2010) 5(6):e10918. doi : 10.1371/
journal.pone.0010918

22. Lin YC, Hsieh AR, Hsiao CL, Wu SJ, Wang HM, Lian Ie B, et al. Identifying rare
and common disease associated variants in genomic data using Parkinson's disease as a
model. J Biomed Sci (2014) 21(1):88. doi: 10.1186/s12929-014-0088-9
Frontiers in Endocrinology 11
23. Yang YY, Long RK, Ferrara CT, Gitelman SE, German MS, Yang SB. A new
familial form of a late-onset, persistent hyperinsulinemic hypoglycemia of infancy
caused by a novel mutation in KCNJ11. Channels (2017) 11(6):636–47. doi: 10.1080/
19336950.2017.1393131

24. Lin CH, Lin YC, Yang SB, Chen PC. Carbamazepine promotes surface
expression of mutant Kir6.2-A28V ATP-sensitive potassium channels by modulating
Golgi retention and autophagy. J Biol Chem (2022) 298(5):101904. doi: 10.1016/
j.jbc.2022.101904

25. Yang SB, Major F, Tietze LF, Rupnik M. Block of delayed-rectifier potassium
channels by reduced haloperidol and related compounds in mouse cortical neurons. J
Pharmacol Exp Ther (2005) 315(1):352–62. doi: 10.1124/jpet.105.086561

26. Ding D, Wang M, Wu J-X, Kang Y, Chen L. The structural basis for the binding
of repaglinide to the pancreatic KATP channel. Cell Rep (2019) 27(6):1848–1857.e4.
doi: 10.1016/j.celrep.2019.04.050

27. Chen PC, Olson EM, Zhou Q, Kryukova Y, Sampson HM, Thomas DY, et al.
Carbamazepine as a novel small molecule corrector of trafficking-impaired ATP-
sensitive potassium channels identified in congenital hyperinsulinism. J Biol Chem
(2013) 288(29):20942–54. doi: 10.1074/jbc.M113.470948

28. Puljung MC. Cryo-electron microscopy structures and progress toward a
dynamic understanding of K(ATP) channels. J Gen Physiol (2018) 150(5):653–69.
doi: 10.1085/jgp.201711978

29. Snider KE, Becker S, Boyajian L, Shyng SL, MacMullen C, Hughes N, et al.
Genotype and phenotype correlations in 417 children with congenital hyperinsulinism.
J Clin Endocrinol Metab (2013) 98(2):E355–363. doi: 10.1210/jc.2012-2169

30. Kapoor RR, Flanagan SE, Arya VB, Shield JP, Ellard S, Hussain K. Clinical and
molecular characterisation of 300 patients with congenital hyperinsulinism. Eur J
Endocrinol (2013) 168(4):557–64. doi: 10.1530/EJE-12-0673

31. Sang Y, Xu Z, Liu M, Yan J, Wu Y, Zhu C, et al. Mutational analysis of ABCC8,
KCNJ11, GLUD1, HNF4A and GCK genes in 30 Chinese patients with congenital
hyperinsulinism. Endocrine J (2014) 61(9):901–10. doi: 10.1507/endocrj.ej13-0398

32. Ni J, Ge J, Zhang M, Hussain K, Guan Y, Cheng R, et al. Genotype and
phenotype analysis of a cohort of patients with congenital hyperinsulinism based on
DOPA-PET CT scanning. Eur J Pediatr (2019) 178(8):1161–9. doi: 10.1007/s00431-
019-03408-6

33. Xu A, Cheng J, Sheng H, Wen Z, Lin Y, Zhou Z, et al. Clinical management and
gene mutation analysis of children with congenital hyperinsulinism in south China. J
C l i n R e s P ed i a t r Endo c r i n o l ( 2 0 19 ) 11 ( 4 ) : 4 00–9 . do i : 1 0 . 4 274 /
jcrpe.galenos.2019.2019.0046

34. Ohkubo K, Nagashima M, Naito Y, Taguchi T, Suita S, Okamoto N, et al.
Genotypes of the pancreatic beta-cell K-ATP channel and clinical phenotypes of
Japanese patients with persistent hyperinsulinaemic hypoglycaemia of infancy. Clin
Endocrinol (2005) 62(4):458–65. doi: 10.1111/j.1365-2265.2005.02242.x

35. Park SE, Flanagan SE, Hussain K, Ellard S, Shin CH, Yang SW. Characterization
of ABCC8 and KCNJ11 gene mutations and phenotypes in Korean patients with
congenital hyperinsulinism. Eur J Endocrinol (2011) 164(6):919–26. doi: 10.1530/EJE-
11-0160

36. Ellard S, Flanagan SE, Girard CA, Patch AM, Harries LW, Parrish A, et al.
Permanent neonatal diabetes caused by dominant, recessive, or compound
heterozygous SUR1 mutations with opposite functional effects. Am J Hum Genet
(2007) 81(2):375–82. doi: 10.1086/519174

37. Fan ZC, Ni JW, Yang L, Hu LY, Ma SM, Mei M, et al. Uncovering the molecular
pathogenesis of congenital hyperinsulinism by panel gene sequencing in 32 Chinese
patients. Mol Genet Genomic Med (2015) 3(6):526–36. doi: 10.1002/mgg3.162

38. Xu ZD, Hui PP, Zhang W, Zeng Q, Zhang L, Liu M, et al. Analysis of clinical and
genetic characteristics of Chinese children with congenital hyperinsulinemia that is
spontaneously relieved. Endocrine (2021) 72(1):116–23. doi: 10.1007/s12020-020-
02585-x

39. Zhao C, MacKinnon R. Molecular structure of an open human KATP channel.
Proc Natl Acad Sci United States America (2021) 118(48):e2112267118. doi: 10.1073/
pnas.2112267118

40. Martin GM, Yoshioka C, Rex EA, Fay JF, Xie Q, Whorton MR, et al. Cryo-EM
structure of the ATP-sensitive potassium channel illuminates mechanisms of assembly
and gating. eLife (2017) 6:e24149. doi: 10.7554/eLife.24149

41. Wang M, Wu J-X, Ding D, Chen L. Structural insights into the mechanism of
pancreatic KATP channel regulation by nucleotides. Nat Commun (2022) 13(1):2770.
doi: 10.1038/s41467-022-30430-4

42. Partridge CJ, Beech DJ, Sivaprasadarao A. Identification and pharmacological
correction of a membrane trafficking defect associated with a mutation in the
sulfonylurea receptor causing familial hyperinsulinism. J Biol Chem (2001) 276
(38):35947–52. doi: 10.1074/jbc.M104762200

43. Khawash P, Hussain K, Flanagan SE, Chatterjee S, Basak D. Nifedipine in
congenital hyperinsulinism - A case report. J Clin Res Pediatr Endocrinol (2015) 7
(2):151–4. doi: 10.4274/jcrpe.1978
frontiersin.org

https://doi.org/10.1542/peds.107.3.476
https://doi.org/10.3389/fendo.2022.873254
https://doi.org/10.1172/JCI25495
https://doi.org/10.1085/jgp.110.6.643
https://doi.org/10.1126/science.282.5391.1141
https://doi.org/10.7554/eLife.32481
https://doi.org/10.1172/JCI119594
https://doi.org/10.1016/S0002-9440(10)64689-5
https://doi.org/10.1016/S0002-9440(10)64689-5
https://doi.org/10.1056/NEJM199904153401505
https://doi.org/10.2337/db07-0998
https://doi.org/10.1210/jc.2010-3032
https://doi.org/10.1136/fn.82.2.f98
https://doi.org/10.1016/j.jfma.2015.04.002
https://doi.org/10.1007/s004310100847
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1093/humrep/dev095
https://doi.org/10.1172/JCI142244
https://doi.org/10.1172/JCI142244
https://doi.org/10.1038/s41525-021-00178-9
https://doi.org/10.1038/s41598-017-13461-6
https://doi.org/10.1182/blood-2003-07-2550
https://doi.org/10.1371/journal.pone.0010918
https://doi.org/10.1371/journal.pone.0010918
https://doi.org/10.1186/s12929-014-0088-9
https://doi.org/10.1080/19336950.2017.1393131
https://doi.org/10.1080/19336950.2017.1393131
https://doi.org/10.1016/j.jbc.2022.101904
https://doi.org/10.1016/j.jbc.2022.101904
https://doi.org/10.1124/jpet.105.086561
https://doi.org/10.1016/j.celrep.2019.04.050
https://doi.org/10.1074/jbc.M113.470948
https://doi.org/10.1085/jgp.201711978
https://doi.org/10.1210/jc.2012-2169
https://doi.org/10.1530/EJE-12-0673
https://doi.org/10.1507/endocrj.ej13-0398
https://doi.org/10.1007/s00431-019-03408-6
https://doi.org/10.1007/s00431-019-03408-6
https://doi.org/10.4274/jcrpe.galenos.2019.2019.0046
https://doi.org/10.4274/jcrpe.galenos.2019.2019.0046
https://doi.org/10.1111/j.1365-2265.2005.02242.x
https://doi.org/10.1530/EJE-11-0160
https://doi.org/10.1530/EJE-11-0160
https://doi.org/10.1086/519174
https://doi.org/10.1002/mgg3.162
https://doi.org/10.1007/s12020-020-02585-x
https://doi.org/10.1007/s12020-020-02585-x
https://doi.org/10.1073/pnas.2112267118
https://doi.org/10.1073/pnas.2112267118
https://doi.org/10.7554/eLife.24149
https://doi.org/10.1038/s41467-022-30430-4
https://doi.org/10.1074/jbc.M104762200
https://doi.org/10.4274/jcrpe.1978
https://doi.org/10.3389/fendo.2023.1283907
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Lee et al. 10.3389/fendo.2023.1283907
44. Tornovsky S, Crane A, Cosgrove KE, Hussain K, Lavie J, Heyman M, et al.
Hyperinsulinism of infancy: novel ABCC8 and KCNJ11 mutations and evidence for
additional locus heterogeneity. J Clin Endocrinol Metab (2004) 89(12):6224–34.
doi: 10.1210/jc.2004-1233

45. Rasmussen AG, Melikian M, Globa E, Detlefsen S, Rasmussen L, Petersen H,
et al. The difficult management of persistent, non-focal congenital hyperinsulinism: a
retrospective review from a single, tertiary center. Pediatr Diabetes (2020) 21(3):441–
55. doi: 10.1111/pedi.12989

46. Arya VB, Guemes M, Nessa A, Alam S, Shah P, Gilbert C, et al. Clinical and
histological heterogeneity of congenital hyperinsulinism due to paternally inherited
heterozygous ABCC8/KCNJ11 mutations. Eur J Endocrinol (2014) 171(6):685–95.
doi: 10.1530/EJE-14-0353
Frontiers in Endocrinology 12
47. Taneja TK, Mankouri J, Karnik R, Kannan S, Smith AJ, Munsey T, et al. Sar1-
GTPase-dependent ER exit of KATP channels revealed by a mutation causing
congenital hyperinsulinism. Hum Mol Genet (2009) 18(13):2400–13. doi: 10.1093/
hmg/ddp179

48. Glaser B, Kesavan P, Heyman M, Davis E, Cuesta A, Buchs A, et al. Familial
hyperinsulinism caused by an activating glucokinase mutation. New Engl J Med (1998)
338(4):226–30. doi: 10.1056/NEJM199801223380404

49. Pal P, Miller BG. Activating mutations in the human glucokinase gene revealed
by genetic selection. Biochemistry (2009) 48(5):814–6. doi: 10.1021/bi802142q

50. Henquin JC, Sempoux C, Marchandise J, Godecharles S, Guiot Y, Nenquin M, et al.
Congenital hyperinsulinism caused by hexokinase I expression or glucokinase-activating
mutation in a subset of beta-cells. Diabetes (2013) 62:1689–96. doi: 10.2337/db12-1414
frontiersin.org

https://doi.org/10.1210/jc.2004-1233
https://doi.org/10.1111/pedi.12989
https://doi.org/10.1530/EJE-14-0353
https://doi.org/10.1093/hmg/ddp179
https://doi.org/10.1093/hmg/ddp179
https://doi.org/10.1056/NEJM199801223380404
https://doi.org/10.1021/bi802142q
https://doi.org/10.2337/db12-1414
https://doi.org/10.3389/fendo.2023.1283907
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Genotype-phenotype correlation in Taiwanese children with diazoxide-unresponsive congenital hyperinsulinism
	1 Introduction
	2 Materials and methods
	2.1 Patients
	2.2 DNA isolation and genotyping
	2.3 Single-nucleotide polymorphisms genotyping
	2.4 Haplotype estimation and statistical analysis
	2.5 Electrophysiological and biochemical analysis

	3 Results
	3.1 ABCC8 variants
	3.2 KCNJ11 variants
	3.3 GCK variants
	3.4 SNP haplotype analysis of the ABCC8 gene
	3.5 Functional characterization of KATP channel variants

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


