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Glucokinase maturity-onset diabetes of the young (GCK-MODY) represents a distinct subgroup of MODY that does not require hy-
perglycemia-lowering treatment and has very few diabetes-related complications. Three patients from two families who presented

with clinical signs of GCK-MODY were evaluated. Whole-exome sequencing was performed and the effects of the identified muta-

tions were assessed using bioinformatics tools, such as PolyPhen-2, SIFT, and in silico modeling. We identified two mutations:

p-Leu30Pro and p.Ser383Leu. /n silico analyses predicted that these mutations result in structural conformational changes, protein
destabilization, and thermal instability. Our findings may inform future GCK-MODY diagnosis; furthermore, the two mutations de-
tected in two Korean families with GCK-MODY improve our understanding of the genetic basis of the disease.
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INTRODUCTION

Inactivating heterozygous mutations in the glucokinase (GCK)
gene cause maturity-onset diabetes of the young (GCK-MO-
DY), also known as MODY2, which was first described in 1992
[1]. Because patients with GCK-MODY have a defect in glu-
cose sensing, glucose homeostasis is maintained at a higher set
point; this results in mild, asymptomatic fasting hyperglycemia
from birth. GCK-MODY is very different from other MODY
subtypes. For example, patients with MODY3, a subtype char-
acterized by hepatocyte nuclear factor 1 homeobox A (HNF1A)
mutations, are born with normoglycemia and develop diabetes
as adolescents or young adults. In the MODY 3 subtype, diabe-

tes progresses, resulting in marked hyperglycemia, with sub-
stantial treatment requirements and an increased risk of diabe-
tes-associated complications. In contrast, in individuals with
GCK-MODY, diabetes-related micro- and macrovascular com-
plications are rare, and patients usually do not require treatment,
except during pregnancy [2]. Patients with GCK-MODY are of-
ten initially misdiagnosed as having early type 2 diabetes melli-
tus (T2DM), type 1 diabetes mellitus (T1DM). Accordingly, ge-
netic testing is essential to avoid unnecessary treatment and in-
vestigations.

A GCK-MODY prevalence of 1.1 in 1,000 (95% confidence
interval, 0.3 to 2.9) was found in a predominantly white Euro-
pean population [2]. Although MODY has been identified in
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Asian populations, its prevalence in Korea is not known. Only
one patient with GCK-MODY has been reported in studies of
the Korean population [3,4]. The extremely low rate of GCK-
MODY identification is attributed to its asymptomatic and be-
nign nature, as well as to misclassification as either TIDM or
T2DM or impaired fasting glucose levels. More importantly, the
low GCK-MODY identification rate is impacted by the lack of
knowledge about this condition among health care professionals
and by the cost of genetic testing.

Whole-exome sequencing (WES) is a useful method for dis-
covering rare, unknown germline mutations in Mendelian disor-
ders, such as GCK-MODY [5]. In this study, we conducted
WES for three patients from two families with diabetes and sus-
pected GCK-MODY based on their clinical background and
medical history. We identified and characterized GCK muta-
tions in these two families.

METHODS

From February to May 2016, we performed genetic analysis to
identify GCK mutations in two families. The clinical and family
histories of the patients and fasting glucose and 75-g oral glu-
cose tolerance test (OGTT) results were evaluated. Serum mea-
surements of diabetic autoimmune antibodies were also ana-
lyzed.

Family 1

In June 2012, a 27-year-old woman (proband) was referred to
the diabetes clinic because the type of diabetes was uncertain.
Elevated fasting hyperglycemia (133 mg/dL) was incidentally
detected. Her initial glycated hemoglobin (HbAlc) was 6.4%,
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her fasting serum C-peptide level was 0.60 ng/mL, and the anti-
glutamic acid decarboxylase (GAD) antibody test was negative.
The standard 75-g OGTT showed an increase in blood glucose
from 115 to 202 mg/dL after 2 hours. Her body mass index
(BMI) was 16.7 kg/m*. There were no diabetic family members
(Fig. 1A). Despite metformin use (500 mg daily), the fasting
blood glucose level was not reduced, and the HbAlc level was
stably maintained within 6.1% to 6.4% from June 2012 to
March 2014. Moreover, even after a 3-year withdrawal from an-
ti-diabetic medication, her glucose and HbAlc levels were un-
changed.

Family 2

In March 2016, a 21-year-old man (proband) visited the clinic
and fasting hyperglycemia (140 mg/dL) was incidentally detect-
ed. He did not complain of polyuria, polydipsia, or weight loss,
and his BMI was 24.0 kg/m”. His mother and maternal grand-
mother also had diabetes. A 48-year-old woman, the mother of
the proband, was diagnosed with gestational diabetes at age 26,
during her pregnancy with the proband. The birth weight of the
proband was 3.2 kg, even though the mother did not receive
treatment, dietary modifications, or exercise therapy. Her blood
glucose did not return to normal after the delivery and her fast-
ing glucose level was persistently high. The maternal grand-
mother of the proband also had diabetes, although the time of
onset is unknown, and she suffered from frequent hypoglycemic
symptoms, but only took one oral hypoglycemic agent. One ma-
ternal sister and one maternal brother also have diabetes (Fig.
1B). The initial HbA1c of the proband was 6.9%, and his fasting
serum C-peptide level was 0.73 ng/mL. The anti-GAD antibody
test was negative, and the standard 75-g OGTT showed an in-
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Fig. 1. (A, B) Pedigrees of families harboring glucokinase (GCK) missense variants. Filled and empty symbols represent diabetic and non-

diabetic individuals, respectively. Arrows indicate probands.
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crease in blood glucose from 144 to 241 mg/dL after 2 hours.
The BMI of the mother of the proband was 26.9 kg/m? and
HbA lc was 7.0%. The anti-GAD antibody was also undetected.
The standard 75-g OGTT showed an increase in blood glucose
from 133 to 177 mg/dL after 2 hours.

Genetic and bioinformatic analyses

WES and, when necessary, Sanger sequencing were performed.
WES was performed with patient genomic DNA using the Sure-
Select Human All Exon V5 (Agilent Technologies, Santa Clara,
CA, USA). Sequencing was performed using the HiSeq2000
system (Illumina, San Diego, CA, USA). The generated reads
were mapped against the UCSC hg19 human genome reference.
Sequence variants were compared to those reported in PubMed
and in the following public databases (accessed November
2016): HGMD (Human Gene Mutation Database, http://www.
hgmd.cf.ac.uk/ac/index.php), LOVD (Leiden Open Variation
Database, http://grenada.lumec.nl/LOVD2/diabetes/home.
php?select db=GCK), and dbSNP (Single Nucleotide Poly-
morphism Database, https://www.ncbi.nlm.nih.gov/SNP/index.
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Fig. 2. Confirmation of the heterozygote missense mutation
(c.92T>C, p.Leu30Pro) identified in the proband of family 1 by
Sanger sequencing.

html). The structural and/or functional consequences of amino
acid substitutions were predicted using the SIFT (http:/sift.jcvi.
org/), polymorphism phenotyping v2 (PolyPhen-2; http://genet-
ics.bwh.harvard.edu/pph2/index.shtml), and DUET (http://bleo-
beris.bioc.cam.ac.uk/duet/) algorithms [6]. Models for GCK
mutants were generated in silico using the active form of the
GCK crystal structure as a template (Protein Database code
[PDB code] 1V4S).

RESULTS

Family 1

Genetic testing for the proband by WES revealed a p.L30P mis-
sense mutation in the glucokinase gene. Using Sanger sequenc-
ing, we confirmed the existence of the mutation (Fig. 2). This
missense mutation has been described previously [7], and was
found in Italian children with incidental hyperglycemia [8]. The
amino acid change at position 30 from leucine to proline,
p.L30P, was predicted to lead to destabilization in the protein
structure, as modeled using the DUET algorithm (Table 1).

Family 2

Genetic testing of the proband by WES revealed a p.S383L mis-
sense mutation in GCK. WES of the mother of the proband re-
vealed the same p.S383L missense mutation in GCK. Based on
an in silico analysis, the p.S383L mutation was predicted to
cause structural conformational changes, potentially leading to
protein destabilization and a loss of protein function (Table 1).
This mutation has also been reported in one Spanish family with
GCK-MODY [9].

DISCUSSION

An accurate diagnostic approach for patients with GCK-MODY
is important to avoid unnecessary, expensive analyses and the
misclassification of the type of diabetes. In this study, we char-

Table 1. Bioinformatics Analysis of GCK Mutations

DUET predicted stability changes

e -2/SIFT predicti i acid chang erenc
Case GCK exon PolyPhen-2/SIFT prediction Amino acid change (AAG) Reference
Family 1 2 1/Damaging ¢.92T>C, p.Leu30Pro —2.175 kcal/mol (destabilizing) [6]
Family 2 9 1/Damaging c.1151C>T, p.Ser383Pro —0.465 kcal/mol (destabilizing) [6]

GCK, glucokinase; PolyPhen-2, polymorphism phenotyping v2.

Two mutations were predicted to be deleterious using online prediction tools. DUET is a web server that uses an integrated computational approach to
study missense mutations in proteins; it is available at http://structure.bioc.cam.ac.uk/duet.
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acterized mutations in the GCK gene using WES and bioinfor-
matics methods in two families with suspected GCK-MODY. In
Korea, very few studies have focused on the discovery of pa-
tients with MODY [4]. Shim et al. [10] did not find any caus-
ative alleles of known MODY 1-13 genes by WES in six Kore-
an MODY probands and their family members. Therefore, it
was believed that there is a major discrepancy in the genetic ba-
sis of the disease between Korean and Caucasian patients, de-
spite a lack of definitive evidence. However, the mutations
identified in this study have been reported previously in Italian
and Spanish families [7,9]. Accordingly, we inferred that the
low rate of discovery of patients with MODY in Korea can like-
ly be attributed to the lack of knowledge among physicians and
the high cost of genetic testing.

In this study, the precise selection of patients who presented
the typical phenotype of GCK-MODY enabled us to find poten-
tial causal mutations, despite the lack of diabetic family mem-
bers for the proband in family 1. Usually, MODY patients have
a strong family history of diabetes of any type, insulin indepen-
dence, an absence of autoantibodies for pancreatic antigens, and
evidence of endogenous insulin production. The diagnosis of
MODY is based on specific criteria, e.g., age, BMI, number of
affected generations, presence of diabetes symptoms, and geo-
graphical origin [11]. However, using traditional criteria, around
half of all MODY cases are not properly diagnosed [12]. Sub-
jects with GCK-MODY have a range of clinical presentations.
It can present at any age from birth, whereas HNF1A-MODY
can present into the fifth decade of life. The number of affected
generations may not be clear because patients are generally as-
ymptomatic, and hyperglycemia is commonly discovered dur-
ing routine screening, pregnancy, or insurance medicals. Almost
all patients inherit the GCK mutation from an affected parent;
however, the parents may not be diagnosed with diabetes or
mild hyperglycemia, and accordingly there may not be a known
family history [2]. The clinical presentation of GCK-MODY is
usually incidental. Clinical suspicion is essential for the diagno-
sis of GCK-MODY when a strong family history is lacking.

A diagnosis of GCK-MODY can only be confirmed by mo-
lecular genetic testing to identify a heterozygous mutation in
GCK. A previously described WES technique [13] together with
targeted resequencing [14] is useful for discovering unknown or
rare germline mutations in Mendelian disorders, such as mono-
genic diabetes. Following the identification of GCK mutations
using these methods, understanding the functional consequenc-
es of these mutations (i.e., the phenotypic effect) is a major
challenge for clinicians. Inactivating mutations in GCK result in

Copyright © 2017 Korean Endocrine Society

a decrease in phosphorylation potential, which results in a re-
duction in B-cell glucose usage. However, a limited number of
mutations have been functionally characterized [15]. Recently,
to overcome the laborious and time-consuming nature of the ex-
perimental analysis of all GCK mutations, several researchers
have developed evolution and structure-based computational
strategies [16]. Several studies using both experimental and
computational methods have demonstrated the structural and
functional effects of missense mutations in GCK. These tech-
niques can be used to differentiate disease-related and neutral
mutations [17]. In this study, we also evaluated the effects of
two mutations using bioinformatics tools, i.e., PolyPhen-2,
SIFT, DUET, and in silico modeling. Both mutations were pre-
dicted to be deleterious and displayed thermal instability.

Patients with GCK-MODY are often initially misdiagnosed
with early TIDM or T2DM diabetes. Because treatment, fol-
low-up, and prognosis are different from those for the more
common forms of MODY, the correct identification of GCK-
MODY is clinically important. Even after 50 years of mild hy-
perglycemia, people with GCK-MODY do not develop signifi-
cant microvascular complications, and the prevalence of macro-
vascular complications is probably similar to that in the general
population [18]. Treatment is not recommended outside of
pregnancy because glucose lowering therapy is ineffective in
people with GCK-MODY and long-term complications are rare
[2]. Extensive reviews encompassing the clinical phenotype,
presentation, and differential diagnosis of GCK-MODY can be
found in the literature [2,15].

This study had several limitations. First, the parents in family
1 might carry the same missense mutation as the proband. Un-
fortunately, we did not receive consent from the parents for ge-
netic analyses. We cannot definitively determine whether the
p-L30P missense mutation is de novo or not. Secondly, although
targeted resequencing is more sensitive and accurate than WES
for detecting monogenic diabetes, we could not use this method
owing to the high cost and unavailability of service vendors.
Thirdly, we were not able to analyze mutations in other family
members of each proband. In this respect, this study is incom-
plete. Nonetheless, our results demonstrate that if the clinical
phenotype is well-defined, clinical suspicion can lead to a diag-
nosis of GCK-MODY. In the United Kingdom, it is estimated
that >80% of MODY cases are misdiagnosed as TIDM or
T2DM [12]. For individuals with MODY to receive the most
appropriate treatment, an active screening strategy is essential.
In Norway, Johansson et al. [19] performed a screening study
for MODY in all antibody-negative children in a nationwide
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population-based registry. They reported that the prevalence of
MODY in antibody-negative children with diabetes might be as
high as 6.5%. We hope that many physicians who treat diabetes
consider GCK-MODY and attempt to identify more patients.

In conclusion, we identified two mutations in two Korean
families with GCK-MODY using WES and predicted their phe-
notypic and functional effects using bioinformatics analyses.
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