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ABSTRACT
Activating mutations in the ABCC8 gene cause diabetes and inactivating mutations usually
cause hyperinsulinemic hypoglycemia in infancy. Patients with hypoglycemia in infancy
due to a heterozygous inactivating mutation have been reported to occasionally progress
to diabetes later in life. We explored the gene responsible for diabetes in two brothers,
who were suspected to have diabetes at 15 and 18 years-of-age, respectively, with whole
exome sequencing, and identified a compound heterozygous ABCC8 gene mutation
(p.Arg168Cys and p.Arg1421Cys). Although their father and mother were heterozygous
carriers of the p.Arg168Cys and the p.Arg1421Cys mutation, respectively, neither parent
had diabetes. These mutations have been reported to be responsible for hypoglycemia in
infancy and function as an inactivating mutation. Our results suggest that the inactivating
ABCC8 gene mutation is also important in the etiology of diabetes.

INTRODUCTION
The adenosine triphosphate-sensitive potassium (KATP) channel
is located at the center in the glucose-stimulated insulin secre-
tion pathway of pancreatic b-cells, and consists of the pore-
forming subunit by Kir6.2 and regulatory subunit by sulfony-
lurea receptor 1 (SUR1)1. Activating mutations of the KCNJ11
and ABCC8 genes, which encode the Kir6.2 and SUR1, cause
neonatal diabetes or maturity-onset diabetes of the young2. In
contrast, inactivating mutations of these genes usually cause
hyperinsulinemic hypoglycemia in infancy (HHI)3.
The HHI caused by the KATP channel abnormality is subdi-

vided into focal and diffuse forms based on the histological
appearance of the pancreas. The H19 and CDKN1C genes,
which are a tumor suppressors, are only expressed from the
maternally-inherited chromosome, and are located relatively
closely to the ABCC8 and KCNJ11 genes on chromosome 11.
The focal form is caused by the somatic loss of the maternal
chromosome region, which includes the H19, CDKN1C, ABCC8
and KCNJ11 genes, in an individuals carrying the ABCC8 or

KCNJ11 gene mutation on the paternal chromosome4,5. Con-
versely, the diffuse form is usually caused by homozygous or
compound heterozygous mutations, and sometimes by
heterozygous mutations.
In the diffuse form, homozygous or compound heterozygous

mutations usually cause a severe form of HHI. In contrast,
heterozygous mutations usually cause only a mild form of
HHI6, but individuals with HHI due to heterozygous mutations
occasionally reportedly progress to diabetes later in life7–9. The
present study explored the causal gene of siblings with young-
onset diabetes using exome sequencing, and identified a com-
pound heterozygous inactivating ABCC8 gene mutation that
was responsible for their diabetes.

METHODS
The proband’s birthweight was 3,750 g (+1.9 standard devia-
tion; Figure 1). Glycosuria was detected in a regular health
checkup at 15 years-of-age. He was asymptomatic, however, so
blood glucose levels were unchecked. At the age of 28 years,
hyperglycemia (glycated hemoglobin [HbA1c] 11.6%) and low
fasting serum C-peptide levels (0.8 ng/mL [0.27 pmol/L]) wereReceived 14 June 2019; revised 28 August 2019; accepted 29 August 2019
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detected and insulin therapy was started. Glycemic control and
serum C-peptide levels have improved since beginning therapy.
He is currently aged 31 years (body mass index [BMI] 25.7 kg/
m2), and is treated only with dipeptidyl peptidase-4 inhibitor
(HbA1c 6.7%, fasting serum C-peptide levels 2.3 ng/mL
[0.76 pmol/L]).
The proband’s younger brother was born with macrosomia

(birthweight 5,100 g, +4.8 standard deviation). He was treated
for mild hypoglycemia until 2 months after birth, but special
drug treatment, such as by diazoxide, was unnecessary. Ele-
vated blood glucose levels were detected in regular health
checkups at the age of 18 years, but he did not undergo
any treatment for diabetes. At the age of 27 years, hyper-
glycemia (HbA1c 9.7%) and low fasting serum C-peptide
levels (1.0 ng/mL [0.33 pmol/L]) were detected, and insulin
therapy was started. He is currently aged 28 years (BMI
22.1 kg/m2), and is treated with insulin (0.31 IU/kg/day) and
sodium–glucose cotransporter 2 inhibitor (HbA1c 7.8%, fast-
ing serum C-peptide levels 1.0 ng/mL [0.33 pmol/L]). The
autoantibody to glutamic acid decarboxylase was negative in
both individuals. The brothers’ father is currently aged
59 years (BMI 23.0 kg/m2), and their mother is aged
54 years (BMI 27.1 kg/m2). Their HbA1c levels were within
the normal range (5.2% and 5.4%, respectively).
Whole exome sequencing was used to explore the proband’s

causal gene, as described in detail in our previous report10. This
research was approved by the Wakayama Medical University
Ethics Committee (approval number: 83), and written informed
consent was obtained from all participants.

RESULTS
We checked the whole exome sequencing result for 26 genes,
which have been reported as the causal genes of maturity-onset
diabetes of the young and/or neonatal diabetes: HNF4A, GCK,
HNF1A, PDX1, HNF1B, NEUROD1, KLF11, CEL, PAX4, INS,
BLK, ABCC8, KCNJ11, EIF2AK3, PTF1A, ZFP57, SLC19A2,
GATA6, GATA4, SLC2A2, MNX1, IER3IP1, GLIS3, RFX6,
NKX2-2 and NEUROG3. We found a compound heterozygous
mutation, the p.Arg168Cys (p.R168C, c.502C>T, rs756823374)
and p.Arg1421Cys (p.R1421C, c.4261C>T, rs28938469) muta-
tions, in the ABCC8 gene (accession number NM_001287174,
which incorporates the alternatively spliced amino acid in
exon 17) and in the heterozygous p.Leu27Phe (p.L27F,
c.79C>T, rs766645933) mutation in the NEUROD1 gene. We
validated these mutations with Sanger DNA sequencing (Fig-
ure S1) and found the same mutations in his brother. Their
father was a heterozygous carrier for the p.R168C mutation
and their mother was a heterozygous carrier for the p.R1421C
mutation. The p.L27F mutation in the NEUROD1 gene was
also found in a heterozygous state in their father.
The p.R168C and p.R1421C mutations in the ABCC8 gene

were predicted to be deleterious by multiple prediction tools
(SIFT score = 0.0, PolyPhen2 HumDiv score = 1.000, Poly-
Phen2 HumVar score = 0.990 for the p.R168C mutation; SIFT
score = 0.0, PolyPhen2 HumDiv score = 1.000, PolyPhen2
HumVar score = 0.990 for the p.R1421C mutation). Although
activating mutations of the ABCC8 genes usually causes dia-
betes, the p.R168C and p.R1421C mutations have been found
in HHI patients6,11–13, and have been reported to function as
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Figure 1 | Pedigree of a family with young-onset diabetes due to a compound heterozygous inactivating ABCC8 gene mutation. Circles represent
females and squares indicate males. An arrow indicates the proband. Vertical hatching denotes hyperinsulinemic hypoglycemia in infancy (HHI).
Black filling denotes diabetes mellitus (DM). Individuals who progressed from hypoglycemia to diabetes are shown by half-filled and half-hatched
symbols. The genotype is given below each symbol. Age (DM), age at diagnosis of diabetes mellitus; INS, insulin; OHA,oral hypoglycemic agent;
M, mutant allele; N, normal allele
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an inactivating mutation13,14. In contrast, the p.L27F mutation
in the NEUROD1 gene was observed as a very rare variation in
the database (rs766645933, MAF = 0.0001, GnomAD East
Asian; MAF = 0.0008, Japanese Multi Omics Reference Panel),
but the amino acid change was predicted to have no impact on
the function according to multiple prediction tools (SIFT
score = 0.059, PolyPhen2 HumDiv score = 0.438, PolyPhen2
HumVar score = 0.035). Based on these findings, we concluded
that the compound heterozygous inactivating ABCC8 gene
mutation was mainly responsible for young-onset diabetes in
the siblings.

DISCUSSION
The p.R1421C mutation was originally reported in an HHI
patient with focal adenomatous hyperplasia of pancreatic b-
cells11. Furthermore, the homozygous mutation was reported in
a Japanese sibling pair with HHI13. A functional study showed
that the Rb+ efflux from COS-7 cells expressing the mutant
KATP channels with SUR1-1421C was reduced by 50% com-
pared with that of the wild-type channels13. The p.R168C
mutation was also originally reported in a patient with HHI12.
The mutation is located in an N-terminal transmembrane
domain (TMD0) of SUR1 (Figure S1), which is a region known
to mediate interactions between SUR1 and Kir6.215. Further-
more, the region is important for surface expression of KATP

channels, and the p.R168C mutation reportedly causes a KATP

channel trafficking defect to the plasma membrane14.
Several reports suggest the mechanism for the development

of diabetes in people with inactivating mutations of the KATP

channel genes. In human islets with inactivating mutation, basal
insulin release at low glucose concentration has been shown to
be elevated, but glucose-stimulated insulin secretion was
impaired16. Furthermore, transgenic mice with inactivating
KATP channels due to express dominant-negative Kir6.2 devel-
oped hypoglycemia with hyperinsulinemia in neonates and
hyperglycemia with hypoinsulinemia in adults, and a decreased
number of pancreatic b-cells and increased b-cell apoptosis
were observed in adult mice17. Furthermore, insulin content
and gene expression were decreased in the islets from a mouse
model with an inactivating mutation of the ABCC8 gene18.
Unresponsiveness to glucose, increased apoptosis and/or
decreased insulin gene expression in the pancreatic b-cells
might be associated with the development of diabetes caused
by inactivating mutations.
In the family in the present study, the phenotype was not

the same between the two affected siblings. The proband’s
younger brother was born with macrosomia and had HHI in
the neonatal period in addition to diabetes later in life. The
intrauterine environment, such as the mother’s blood glucose
levels, might have contributed to the difference. His mother
had not been aware of hyperglycemia during the period of
pregnancy by her recollection, but she might have had mild
hyperglycemia, which was difficult to detect by the usual
screening test.

The response to a glucagon-like peptide-1 was reportedly
conserved in people with HHI caused by the ABCC8 gene
mutation19. Furthermore, blood glucose levels were well con-
trolled with treatment by dipeptidyl peptidase-4 inhibitor in the
present proband. Treatment with incretin-related drugs might
be a useful therapeutic approach for people with diabetes
caused by the inactivating mutation.
Finally, it has been reported that individuals with HHI due

to dominantly-inherited inactivating mutations of the KATP

channel genes occasionally progress to diabetes later in life7–9.
In the present study, we newly identified a compound heterozy-
gous inactivating ABCC8 gene mutation in two Japanese sib-
lings who had been treated as young-onset type 2 diabetes.
The present results expand knowledge about the clinical

characteristics of people with diabetes caused by inactivating
mutations of the ABCC8 gene and suggest that in addition to
the activating mutation, the inactivating mutation is more
important than previously thought in the etiology of diabetes.

ACKNOWLEDGMENTS
We acknowledge proofreading and editing by Benjamin Phillis
at the Clinical Study Support Center, Wakayama Medical
University. This work was supported by JSPS KAKENHI
(JP17K09842).

DISCLOSURE
The authors declare no conflict of interest.

REFERENCES
1. Inagaki N, Gonoi T, Clement JPt, et al. Reconstitution of

IKATP: an inward rectifier subunit plus the sulfonylurea
receptor. Science 1995; 270: 1166–1170.

2. Naylor RN, Greeley SA, Bell GI, et al. Genetics and
pathophysiology of neonatal diabetes mellitus. J Diabetes
Investig 2011; 2: 158–169.

3. Yorifuji T, Horikawa R, Hasegawa T, et al. Clinical practice
guidelines for congenital hyperinsulinism. Clin Pediatr
Endocrinol 2017; 26: 127–152.

4. De Lonlay P, Fournet JC, Rahier J, 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: 802–807.

5. Suchi M, MacMullen CM, Thornton PS, et al. Molecular
and immunohistochemical analyses of the focal form
of congenital hyperinsulinism. Mod Pathol 2006; 19: 122–
129.

6. Kapoor RR, Flanagan SE, Arya VB, et al. Clinical and
molecular characterisation of 300 patients with congenital
hyperinsulinism. Eur J Endocrinol 2013; 168: 557–564.

7. Huopio H, Otonkoski T, Vauhkonen I, et al. A new subtype
of autosomal dominant diabetes attributable to a mutation
in the gene for sulfonylurea receptor 1. Lancet 2003; 361:
301–307.

ª 2019 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 11 No. 2 March 2020 335

S HO R T R E P O R T

http://wileyonlinelibrary.com/journal/jdi ABCC8 gene mutation and diabetes



8. Abdulhadi-Atwan M, Bushman J, Tornovsky-Babaey S, et al.
Novel de novo mutation in sulfonylurea receptor 1
presenting as hyperinsulinism in infancy followed by overt
diabetes in early adolescence. Diabetes 2008; 57: 1935–1940.

9. Kapoor RR, Flanagan SE, James CT, et al. Hyperinsulinaemic
hypoglycaemia and diabetes mellitus due to dominant
ABCC8/KCNJ11 mutations. Diabetologia 2011; 54: 2575–2583.

10. Matsuno S, Furuta H, Kosaka K, et al. Identification of a
variant associated with early-onset diabetes in the intron of
the insulin gene with exome sequencing. J Diabetes Investig
2019; 10: 947–950.

11. Verkarre V, Fournet JC, de Lonlay P, et al. Paternal mutation
of the sulfonylurea receptor (SUR1) gene and maternal loss
of 11p15 imprinted genes lead to persistent hyperinsulinism
in focal adenomatous hyperplasia. J Clin Invest 1998; 102:
1286–1291.

12. Greer RM, Shah J, Jeske YW, et al. Genotype-phenotype
associations in patients with severe hyperinsulinism of
infancy. Pediatr Dev Pathol 2007; 10: 25–34.

13. Tanizawa Y, Matsuda K, Matsuo M, et al. Genetic analysis of
Japanese patients with persistent hyperinsulinemic
hypoglycemia of infancy: nucleotide-binding fold-2
mutation impairs cooperative binding of adenine
nucleotides to sulfonylurea receptor 1. Diabetes 2000; 49:
114–120.

14. Martin GM, Rex EA, Devaraneni P, et al. Pharmacological
correction of trafficking defects in ATP-sensitive potassium
channels caused by sulfonylurea receptor 1 mutations. J Biol
Chem 2016; 291: 21971–21983.

15. Chan KW, Zhang H, Logothetis DE. N-terminal
transmembrane domain of the SUR controls trafficking and
gating of Kir6 channel subunits. EMBO J 2003; 22: 3833–
3843.

16. Li C, Ackermann AM, Boodhansingh KE, et al. Functional
and metabolomic consequences of KATP
channel inactivation in human islets. Diabetes 2017; 66:
1901–1913.

17. Miki T, Tashiro F, Iwanaga T, et al. Abnormalities of
pancreatic islets by targeted expression of a dominant-
negative KATP channel. Proc Natl Acad Sci U S A 1997; 94:
11969–11973.

18. Shimomura K, Tusa M, Iberl M, et al. A mouse model of
human hyperinsulinism produced by the E1506K mutation
in the sulphonylurea receptor SUR1. Diabetes 2013; 62:
3797–3806.

19. Calabria AC, Li C, Gallagher PR, et al. GLP-1 receptor
antagonist exendin-(9-39) elevates fasting blood glucose
levels in congenital hyperinsulinism owing to inactivating
mutations in the ATP-sensitive K+ channel. Diabetes 2012;
61: 2585–2591.

SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1 | The structure of ABCC8 (sulfonylurea receptor 1) and KCNJ11 (Kir 6.2), and the Sanger sequence images around the
mutations detected in the proband.
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