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in her son or her parents, all of whom did not have diabetes. The substitution was
located 31 bp proximal to exon 3 in intron 2. It was predicted to create an ectopic splice
site leading to inserting 29 nucleotides of intron 2 as an exonic sequence in the transcript.
The mutation has been reported in White families, and the present case is the first report
in an Asian person. The present results would help in understanding the role of the

mutation in developing diabetes.

doi: 10.1111/jdi.12974

INTRODUCTION
In 1979, Tager et al.' reported a patient with hyperinsulinemia
and diabetes, and the subsequent genetic analysis identified a
heterozygous missense mutation in the INS gene’. Our group
also reported a Japanese family with the similar clinical pheno-
type as a result of the INS gene mutation’. The glucose-
lowering effect of exogenous insulin was normal in the family,
and the insulin receptor binding activity of abnormal insulin
was reduced in vitro’. In contrast, Stoy et al.* reported that INS
gene mutations were also the cause of neonatal diabetes as a
result of impaired insulin secretion. All mutations reported
were heterozygous missense mutations, and were located in
critical regions of insulin for normal protein folding and pro-
gression in the secretory pathway. Furthermore, expression of
abnormal insulin induced severe endoplasmic reticulum stress
and PB-cell apoptosis’, as had been described in the Akita
mouse’.

Whole-exome sequencing (WES) is a new technology. Here,
we used it to explore the gene responsible for early-onset
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diabetes as a result of impaired insulin secretion in a family, and
identified a heterozygous intronic mutation in the INS gene.

METHODS

Participants

The proband was born at the 40th week of gestation with
birthweight 3,300 g (81.8 percentile). She was diagnosed with
diabetes on regular health checkups at the age of 3 years, and
has been treated with insulin from diagnosis. She was aged
43 years (body mass index [BMI] 24.0 kg/mz) at the time of
study, and was treated with multiple daily insulin injections
(0.48 TU/kg/day). Her elder daughter was born at the 37th
week of gestation with birthweight 2,760 g (73.6 percentile).
She developed symptoms of thirst, polydipsia and polyuria at
the age of 12 months. Hyperglycemia (fasting plasma glucose
230 mg/dL [12.7 mmol/mL], glycated hemoglobin 15.0%) and
low serum C-peptide level (0.9 ng/mL [298 pmol/L]) were
detected, and insulin therapy was started. She was aged
14 years (BMI 20.5 kg/m®) at the time of study, and was trea-
ted with an insulin pump (1.18 IU/kg/day). The younger
daughter of the proband was born at the 38th week of gesta-
tion with birthweight 2,805 g (62.4 percentile). She was found
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to have hypoglycemia (40 mg/dL [2.2 mmol/L]) with normoin-
sulinemia (serum immunoreactive insulin 4.8tU/mL [34.4pmol/
L]) for 3 days after birth, and her hypoglycemia was naturally
improved. Asymptomatic hyperglycemia (fasting plasma glucose
160 mg/dL [8.8 mmol/mL], glycated hemoglobin 7.7%) was
observed at the age of 14 months during a random investigation
of blood glucose. Her serum immunoreactive insulin level was
low (1.8uU/mL [12.9pmol/L]) at the time of diagnosis, and
insulin therapy was started. She was aged 9 years (BMI 16.5 kg/
m?) at the time of study, and was treated with an insulin pump
(0.96 1U/kg/day). The autoantibody to glutamic acid decarboxy-
lase was negative in all individuals. Diabetic ketoacidosis and
neurological abnormalities, such as developmental delay or epi-
lepsy, were not observed in their clinical histories.

The present research was carried out following the Declara-
tion of Helsinki, and approved by Wakayama Medical Univer-
sity Ethics Committee (approval numbers 80). Written
informed consent was obtained from all participants.

Genetic Analysis

All human coding exons and flanking regions were captured
from the genomic deoxyribonucleic acid of the proband with
specific probes (Agilent SureSelect XT Human All Exon V4 kit;
Agilent Technologies, CA, USA), and the products were
sequenced with a next-generation sequencer (HiSeq2000;
Ilumina, CA, USA). The generated reads were annotated with
reference sequences in UCSC Genome Browser hgl9 and two
databases of variants (dbSNP 151 and 1000 Genomes).

RESULTS

In the present study, sequencing was carried out to achieve the
average read depth of 100x for target regions of WES, and we
obtained data with the depth of 114x. At first, we checked the
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result for 26 genes known to cause mature onset diabetes of
the young and/or neonatal diabetes. The list and each average
read depth of the 26 genes are shown in Table S1. We found a
heterozygous ¢.188-31G>A mutation (reference sequence:
NM_000207.2) in intron 2 of the INS gene, which was regis-
tered in the databases as rs797045623. The average read depth
for the INS gene was 30X, which was lowest among the 26
genes, and the read depth on the region in where the c.188-
31G>A mutation was located was 15x. The mutation was then
validated by Sanger sequencing and further investigated in the
family group. The mutation was also identified in the proband’s
two daughters with diabetes, but not in her son without dia-
betes. The mutation was also not identified in her husband,
who had late-onset diabetes and was treated with oral hypo-
glycemic agents. Furthermore, the mutation was not identified
in her parents without diabetes, suggesting that the mutation
might be a de novo mutation in the proband (Figure 1).

The substitution was located 31 bp proximal to exon 3 in
intron 2 of the INS gene (Figure 2). It was predicted to create
an ectopic splice site by in silico analysis (http://www.cbs.dtu.d
k/services/NetGene2/) leading to insert 29 nucleotides of
intron 2 as an exonic sequence in the transcript. The insertion
altered the reading frame, and the new stop codon was located
at 19 amino acids downstream from the original stop codon.
Furthermore, the mutation had been reported to be associated
with early-onset diabetes in White people (Table 1)”°.

For these reasons, we concluded that the heterozygous c.188-
31G>A mutation was the pathogenic mutation in the present
family.

DISCUSSION
This is the first report for the pedigree with diabetes as a
result of the c.188-31G>A mutation in Asian people. The
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Figure 1 | Pedigree of a family with the c188-31G>A mutation in the INS gene. Squares and circles represent males and females, respectively.
Blackfilled shapes represent patients with early-onset diabetes and gray-filled shapes represent late-onset diabetes. Genotypes, age at diagnosis and
treatment are shown under the symbols. DM, diabetes mellitus; INS, insulin; M, mutant allele, N, normal allele; OHA, oral hypoglycemic agent.
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Figure 2 | Schematic representation of the abnormal insulin predicted as a result of the ¢.188-31G>A mutation. INS, insulin.

Table 1 | Summary of families with the ¢.188-31G>A mutation in the insulin gene

Family Country Sex Relationship Zygosity Age at diagnosis Treatment References
1 Spain M Father Hetero 1 month INS [7]
F Proband Hetero 1 month INS
2 USA M Proband Hetero 10 months INS [8]
3 Czech Republic F Mother Hetero 6 years OHAT-INS 9
F Proband Hetero 17 months INS—remission® —INS
4 Japan F Proband Hetero 3 years INS This study
F Daughter Hetero 12 months INS
F Daughter Hetero 14 months INS

The patient was treated with oral hypoglycemic agents (OHA) for 1 year. "The diabetes was transiently resolved from 18 months, but appeared at

the age of 3 years. F, female; INS, insulin; M, male.

clinical phenotype of diabetes observed in the present patients
was impaired insulin secretion, the same as in the previous
reports’ °. The mutation was initially identified in patients
with permanent neonatal diabetes”. In the report, the abnor-
mal transcript predicted was detected with reverse transcrip-
tion polymerase chain reaction in messenger ribonucleic acids
of patients’ lymphoblastoid cells established by Epstein—Barr
virus transformation. Furthermore, they analyzed the three-
dimensional structure of the mutant protein with computer
modeling and predicted that the mutant protein would fail to
fold properly in the endoplasmic reticulum, and concluded
that the abnormal insulin could induce pancreatic B-cell dys-
function and apoptosis as a result of the endoplasmic reticu-
lum stress’.

A majority of patients were diagnosed with diabetes before
12 months-of-age'® as a result of the heterozygous missense
mutations in the INS gene®. In an initial report’, patients with
the ¢.188-31G>A mutation were diagnosed at 1 month after
birth. However, the ages at diagnosis observed in another two

families reported® were older than that of the initial report
and were similar to the present patients (Table 1), suggesting
that other genetic and environmental factors might modulate
the age at onset of diabetes.

Although the present results would help in understanding
the role of the c.188-31G>A INS gene mutation in developing
diabetes, the present study had several weaknesses. WES cannot
detect relatively large structural variations, such as an exon
deletion. Furthermore, we checked the result of WES for only
the 26 genes. It is possible that other structural variations or
non-synonymous mutations have also contributed to the
phenotype of diabetes in the present family.

Because patients with the ABCC8, KCNJII'' or HNFIA"
gene abnormalities respond to sulfonylureas and do not require
insulin therapy in many cases, the genetic diagnosis is useful
for the therapeutic decision in patients with early-onset dia-
betes. The cost for WES is rapidly decreasing, so the method
could be more widely used for genetic testing of monogenic
diabetes in the near future.
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Additional supporting information may be found online in the Supporting Information section at the end of the article.

Table S1 | The list of 26 genes known to cause mature onset diabetes of the young and/or neonatal diabetes and the average read

depth at each locus.
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