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Abstract

Purpose Heterozygous loss-of-function mutations in the glucokinase (GCK) gene cause MODY 2, which is characterized
by asymptomatic fasting hyperglycemia and does not require insulin treatment. Conversely, homozygous loss-of-function
mutations in the same gene give rise to permanent neonatal diabetes mellitus (DM) that appears in the first 6—9 months of
life and necessitates lifelong insulin treatment. We aimed to present the genotypic and phenotypic features of a 13-year-old
patient diagnosed with DM at the age of 3 years due to a homozygous variant in the GCK gene.

Methods The patient’s clinical and laboratory findings at follow-up were not consistent with the initial diagnosis of type
1 DM; thus, next-generation sequencing of MODY genes (GCK, HNFIA, HNFIB, and HNF4A genes) was performed to
identify monogenic causes of DM.

Results A novel homozygous variant ¢.1222 G> T in the GCK gene was revealed. In silico analysis identified it as a patho-
genic variant. His mother, father, and brother had the same heterozygous variant in the GCK gene and were diagnosed with
MODY 2 (mild fasting hyperglycemia and elevated HbA1c) after genetic counseling.

Conclusion In this case report, a patient with a homozygous variant in the GCK gene, who was diagnosed with DM after
the infantile period, was presented, highlighting the fact that cases with homozygous variants in the GCK gene can, though
rarely, present at a later age with a milder phenotype.

Keywords Glucokinase (GCK) gene - Heterozygous mutation - Homozygous mutation - GCK-MODY - Permanent neonatal
diabetes

Background

Glucokinase (GCK) has been called “the glucose sensor” of
pancreatic beta cells because of its kinetics, allowing pan-
creatic beta cells to change glucose phosphorylation rate
over a range of physiological glucose concentrations [1, 2].
As a result, it controls glucose-mediated insulin secretion
and glucose homeostasis. Gain-of-function mutations in
the GCK gene cause inappropriate hypersecretion of insulin
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despite hypoglycemia, known as hyperinsulinemic hypo-
glycemia [3]. Homozygous [4] or compound heterozygous
[5] loss-of-function mutations in the GCK gene give rise
to permanent neonatal diabetes mellitus (PNDM). GCK-
PNDM is diagnosed during the first 6 months of life with
severe hyperglycemia, and patients usually have intrauter-
ine growth retardation [4]. It necessitates lifelong insulin
treatment. Heterozygous loss-of-function mutations in the
same gene cause a monogenic form of DM, maturity-onset
diabetes of the young (MODY), specifically GCK-MODY
or MODY 2. MODY, the most common monogenic form of
diabetes, is characterized by autosomal dominant inherit-
ance and the appearance of non-insulin-dependent diabetes
before the age of 25 years [6]. It can often be misdiagnosed
as type 1 diabetes mellitus (TIDM), as it typically presents
in adolescence or young adulthood, or even type 2 diabetes
mellitus (T2DM) [7]. Although it is present from birth, it is
diagnosed during routine investigations in later life as mild
subclinical fasting hyperglycemia (96—140 mg/dL) without
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any symptoms [2]. Family history may not be easily detected
in GCK-MODY because affected parents or family members
may be undiagnosed or have been mistakenly diagnosed with
T2DM. Insulin treatment is unnecessary due to deterioration
in the dose-response relationship between plasma glucose
concentration and insulin secretion. Consequently, GCK-
MODY requires no specific treatment; dietary intervention
is usually sufficient [8]. Previously, three patients diagnosed
with DM outside the infantile period and with homozygous
GCK mutations were reported [9, 10]. We aimed to pre-
sent the genotypic and phenotypic features of a 13-year-old
patient diagnosed with DM at the age of 3 years due to a
homozygous variant in the GCK gene.

Written informed consent was obtained from the patient’s
parents for publication of this case report.

Case

The male proband was first admitted to the hospital when he
was 3 years old with polyuria and polydipsia for 2 weeks and
weight loss throughout the previous month. He was born at
term with a birth weight of 2500 g. His medical history was
unremarkable, and mental-motor development and auxo-
logical measurements were normal. His parents were first-
degree cousins. There was no history of DM in the family
except for the grandmother, who had T2DM. On physical
examination, weight was 15.5 kg (0.28 SDS), height was
99 cm (0.43 SDS), and BMI was 19.6 (—0.16 SDS); he was
prepubertal according to Tanner staging, while no pathologi-
cal features existed. Laboratory findings were the following:
fasting serum glucose 172 mg/dL (N, 60-100); C-peptide
1.1 ng/mL (N, 0.9-7.1); insulin < 2 mIU/mL (N, 1.9-23);
and HbAlc 7.1% (54.1 mmol/mol, N, 4-5.7). There was
no acidosis in the blood gas analysis and no ketone in the
urine. Only two diabetes autoantibodies (anti-glutamic acid
decarboxylase and anti-insulin) could be performed, and
they were negative. As blood glucose monitoring showed
mild fasting and postprandial hyperglycemia, a diabetes diet
was recommended and a basal-bolus insulin regimen at a
total daily dose of 0.5 units/kg was initiated. After offering
a DM self-management education program to the parents, he
was discharged from the hospital. Bolus insulin was discon-
tinued after 3 years due to normal postprandial glucose lev-
els. In nearly 10 years of outpatient follow-up, he had good
metabolic control (HbAlc 6-7.1%, 42.1-54.1 mmol/mol)
and no ketoacidosis events since diagnosis under treatment
with a single daily dose (0.2 units/kg) of insulin glargine. At
his last examination at 13 years of age, weight was 53.2 kg
(0.08 SDS), height was 164.5 cm (0.5 SDS), and BMI was
19.6 (—0.16 SDS). Testicular volume was 8 mL bilaterally,
pubic hair development was compatible with Tanner stage 2,
and the rest of the physical examination was normal. Owing
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to the inappropriately low insulin requirements beyond the
honeymoon period and negative diabetes autoantibodies
that were not compatible with TIDM, he was re-evaluated
via laboratory testing, which indicated preserved beta cell
function: C-peptide 1.08 ng/mL (N, 0.9-7.1). Despite the
absence of strong family history for the inherited forms
of diabetes, next-generation sequencing of MODY genes
(GCK, HNFIA, HNF1B, and HNF4A genes) was performed.

Methods

For the molecular genetic evaluation, a Custom Target
Amplicon MODY NGS Panel (Celemics, Inc., Seoul,
Korea), designed for the most frequent MODY types, was
used. This panel covered all the coding regions and the
exon—intron boundaries of the four most frequent MODY-
associated genes, namely, GCK, HNFIA, HNFIB, and
HNFA4A. Target amplicon NGS was performed on an Illu-
mina MiSeq NGS System (Illumina, Inc., San Diego, CA,
USA) using the MiSeq Reagent Nano Kit v3 (Illumina, Inc.,
San Diego, CA, USA). FASTQ sequencing files were col-
lected and transferred to “SEQ” variant analysis software
(Genomize, Istanbul, Turkey). The variant interpretation was
made according to the standards and guidelines released by
the American College of Medical Genetics (ACMG) [11].
The Varsome platform was used for in silico analysis. The
variant detected in the index case was studied in other family
members using the Sanger sequence method by designing
region-specific primers. DUET server was used to predict
protein stability change due to detected mutation [12].

Results and clinical follow-up

Next-generation sequencing analyses of the HNFIA,
HNF1B, and HNF4A genes did not identify any mutations.
However, the novel homozygous missense variant c.1222
G>T was revealed in exon 10 of the GCK gene which has
never been previously reported. This nucleotide change
c.1222 G >T leads to substitution of valine by lysine at
residue 408 (p.V408L). In silico analysis indicated that the
variant is disease-causing (from mutation taster) and likely
pathogenic (from Varsome). This variant was found neither
in the Exome Aggregation Consortium (ExAC) nor in the
1000 Genomes Project databases. The c.1222 G> T vari-
ant was defined as pathogenic by 21 computational predic-
tion methods, namely, BayesDel_addAF, BayesDel noAF,
DANN, DEOGEN?2, EIGEN, EIGEN PC, FATHMM,
FATHMM-MKL, FATHMM-XF, LIST-S2, LRT, MVP,
MetalLR, MetaSVM, MutPred, MutationAssessor, Muta-
tionTaster, PROVEAN, REVEL, SIFT, and SIFT4G vs. one
benign prediction from PrimateAl. As a result of clinical
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findings and in silico analysis, the variant was evaluated as
likely pathogenic according to ACMG criteria (PM1, PM2,
PP2, PP3) (11). According to the DUET server’s prediction,
the detected variant (p.V408L) causes the GCK protein to
be destabilized.

The patient’s normal weight parents and brother also had
the same heterozygous variant in the GCK gene (Fig. 1).
After genetic counseling, they all underwent laboratory eval-
uation; the mother’s fasting serum glucose was 108 mg/dL
and HbAlc was 6.2% (44.3 mmol/mol), while the father’s
fasting serum glucose was 130 mg/dL and HbAlc was 6.2%
(44.3 mmol/mol); the brother had a fasting serum glucose
level of 102 mg/dL and HbAlc was 6.0% (42.1 mmol/mol)
(Table 1). The pedigree of the family is presented in Fig. 2.
They were all diagnosed with GCK-MODY and dietary
intervention was recommended. The insulin therapy of the
index case was discontinued after genetic analysis; however,
blood glucose levels increased up to 212 mg/dL, and insulin
glargine was re-initiated. In the nearly 10 years of clinical
follow-up, the patient’s HbAlc levels ranged between 6.5

Fig. 1 Electropherogram of
family members. The elec-
tropherograms show that the
proband was homozygous, and
other family members were
heterozygous for the variant
(c.1222G>T) |

(47.5 mmol/mol) and 7.9% (62.8 mmol/mol), with an insulin
treatment of 0.3 unit/kg/day, and DM-related microvascular
and macrovascular complications did not develop.

Discussion

Heterozygous loss-of-function mutations in the GCK gene
cause GCK-MODY. It is one of the most common subtypes.
Autosomal dominant inheritance occurs in MODY types,
and three generations can exhibit diabetes. More generations
can exhibit diabetes, but diagnosis is further supported if a
diagnosis is present in at least>2 generations. Many stud-
ies have shown that the frequency of GCK-MODY varies
between countries [13—16], with, for example, approximately
one in four MODY cases having a GCK mutation in the
Turkish pediatric cohort [17]. As a result of decreased GCK
caused by GCK gene mutation, glucose phosphorylation and
glucose sensitivity decrease in pancreatic beta cells, lead-
ing to a shift to the right in the dose—response relationship
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Table 1 Laboratory findings of family members
Proband Mother Father Brother
GCK gene Homozygous for ¢.1222 G>T Heterozygous for Heterozygous for Heterozygous
c.1222G>T c.1222G>T for ¢.1222
G>T
Fasting serum glucose (60-100 mg/dL) 172 mg/dL 108 mg/dL 130 mg/dL 102 mg/dL
Postprandial serum glucose 202 mg/dL 131 mg/dL 132 mg/dL 97 mg/dL
HbAlc (4-5.7%) 6.7% 6.2% 6.2% 6%

Treatment

Diabetic diet -
Single daily dose (0.2 units/ kg) of
insulin glargine
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Fig.2 Pedigree of the family with the novel variant in the glucokinase (GCK) gene. Arrow indicates the proband

between plasma glucose concentration and insulin secretion
[18]. For this reason, glucose-lowering therapy is ineffective,
and it is not recommended outside pregnancy. Postprandial
glucose levels are generally normal in patients with GCK-
MODY, and their HbAlc is usually below 7.5% [19]. During
a 50-year follow-up period, individuals with GCK-MODY
had a similar prevalence of microvascular and macrovas-
cular complications (nephropathy, retinopathy, peripheral
neuropathy, peripheral vascular disease, and cardiovascular
disease) to controls [20].

Homozygous loss-of-function mutations in the GCK
gene generally cause PNDM. Today, over 50 patients with
homozygous GCK mutations have been reported thanks to
the increasing accessibility of molecular genetic analysis [4,
9, 21-28]. PNDM is an extremely rare hereditary condi-
tion, its incidence being estimated at one case per 260,000
live births in Europe [29]. However, the annual incidence of
PNDM in the South-East Anatolian region of Turkey was
found to be one in 48,000 live births, possibly as a con-
sequence of consanguineous marriages [30]. Unlike GCK-
MODY, GCK-PNDM becomes symptomatic with insulin-
requiring severe hyperglycemia in the first 6-9 months of
life [4]. Intrauterine growth retardation is often present
[4, 9, 24]. It is suggested that fetal growth is affected by
the mutation in the GCK gene, with supporting evidence
in studies on animals and humans [31, 32]. Patients with
homozygous GCK mutations usually need insulin therapy;
however, sulfonylurea treatment was reported to reduce the
insulin dose in one case [22]. In a case series of 19 patients
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with homozygous GCK mutations, all patients with neonatal
diabetes required insulin treatment, with the median dose
being 1 unit/kg/day (range 0.7-1.3 units) [9].

We present a 13-year-old boy diagnosed with diabetes
at the age of 3 years and with reasonable glycemic control
with a single low dose of insulin glargine during follow-up
despite having a homozygous variant in the GCK gene. To
the best of our knowledge, three patients have been reported
in the literature to date who were diagnosed beyond infancy
with monogenic diabetes with homozygous GCK mutations
[9, 10]. In the first report, Raimondo et al. [9] evaluated
the clinical phenotype of 19 patients with homozygous
GCK mutations and studied their molecular mechanisms of
GCK dysfunctions. Two of these cases were diagnosed with
homozygous GCK mutations. The first patient was born at
term with a birth weight of 3285 g. She was diagnosed at
9 years of age with diabetes owing to high fasting blood
glucose and mildly elevated postprandial glucose levels.
A homozygous mutation, c.478G.A, in the GCK gene was
detected, and she did not require insulin treatment. The
second patient had been treated with multiple daily insulin
injections due to a diagnosis of TIDM at 15 years of age.
She was born at term with a birth weight of 3500 g. Next-
generation sequencing was performed due to negative anti-
insulin antibodies and revealed the ¢.676G > A homozygous
GCK mutation. The third patient with a homozygous GCK
mutation (c.1116G > C) was a 51-year-old Italian woman
whose 3-year-old grandson was being investigated for dia-
betes [10]. She had been diagnosed with diabetes at 22 years
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of age, during pregnancy, when she had mildly elevated fast-
ing glucose and HbAlc levels under metformin treatment.
After the genetic diagnosis, her treatment was discontin-
ued. The presence of long-term complications of diabetes
in the patient was not mentioned in the report [30]. These
three cases presented with mild, youth-onset diabetes and
had average birth weight. Moreover, only one of them was
treated with insulin [25, 30]. Similarly, there was no history
of low birth weight, hyperglycemia, or hospitalization in
the neonatal period in our patient. After the genetic diag-
nosis and owing to the low insulin requirement, we tried to
discontinue insulin treatment but failed. We did not detect
any complications in our patient during about 10 years of
medical monitoring. Our patient’s clinical phenotype was
compatible with that of the previous cases that were reported
to be diagnosed with diabetes outside the infantile period
and had homozygous GCK mutations. When we evaluate
the clinical features of all four patients, including ours, we
can conclude that some homozygous GCK mutations cause
mild or childhood-onset diabetes resembling GCK-MODY
in many aspects.

Variability in the clinical phenotype of GCK mutations
can be influenced by the characteristics of mutant enzymes
and many factors involved in GCK homeostasis. GCK is
called “the glucose sensor” due to its kinetic properties
that alter glucose phosphorylation in beta cells to maintain
physiological glucose levels [1]. In other words, glucose-
stimulated insulin release (GSIR) is dependent on its kinetic
properties. A mathematical model has been developed for
predicting the threshold for GSIR in GCK mutations [1].
Inactivating mutations in the GCK gene decrease the phos-
phorylating potential of the GCK enzyme [33]. According to
this model, the glucose threshold for GSIR in PNDM-GCK
is extraordinarily high, and GCK-MODY is moderately
high [1]. While the kinetics of the enzyme are generally
useful in predicting the clinical phenotype, in some cases,
they may be inadequate to predict other phenotypes. Dif-
ferent regulatory molecules (PFKFBI, BAD, and purified
free penta-ubiquitin chains) are involved in the regulation
and interaction of glucokinase, and their defects can alter
glycemic control [2]. A mutation in the GCK gene, affect-
ing protein stability possibly due to a defect in the protein
structure though not greatly changing the kinetics of GCK,
has been also hypothesized [34]. The thermolability proper-
ties of mutant GCK enzymes can play a role in predicting
the severity of the phenotype [9, 35].

Evaluation of the genotypic features of patients who
had homozygous GCK mutations diagnosed with diabetes
beyond infancy could be critical in assessing the clinical
picture. In the report by Raimondo et al. [9], examining
19 patients with homozygous GCK mutations, no correla-
tion was found between the severity of the clinical picture
and the kinetics of mutant GCK proteins. Mutations of the

two cases who were diagnosed with homozygous GCK
mutations at 9 and 15 years showed inactivating kinet-
ics indistinguishable from the neonatal-onset mutations;
however, interestingly, they exhibited increased thermo-
stability characteristics. The investigators suggested that
increased thermostability leads to a more stable protein
and may reduce the clinical severity of the disease. They
concluded that protein instability is more highly correlated
with phenotypic severity than kinetic dysfunction [9]. The
in silico analysis of the third patient with a novel E372D
mutation showed an increased protein flexibility compared
with the GCK wild type, also leading to the conclusion
that protein stability can affect clinical severity [10].

In our patient, a ¢.1222 G > T missense novel homozy-
gous variant was revealed in the GCK gene. In silico analy-
sis indicated that the variant was disease-causing (from
mutation taster) and likely pathogenic (from Varsome),
and as a result caused destabilization of the GCK protein.
Functional analyses for the mutant GCK activity could
not be performed. However, the patient’s father, mother,
and brother were heterozygous for this variant, and their
clinical and laboratory findings were consistent with
GCK-MODY.

Our patient is so far the fourth reported case with a
homozygous GCK mutation presenting with mild hyper-
glycemia. The detected variant is a novel mutation that has
never been previously reported. This report presents the
disease-causing novel variant c.1222 G> T in the GCK gene
and its rare clinical presentation of mild hyperglycemia, in
contrast to the usual phenotype of permanent neonatal DM.
In conclusion, the present report emphasizes the fact that,
although infrequent, homozygous mutations in the GCK
gene may result in childhood-onset mild diabetes. In cases
where the type of diabetes cannot be distinguished on the
basis of clinical and laboratory findings, molecular analysis
of monogenic diabetes genes may provide exact diagnosis,
reveal novel variants, and offer a better understanding of the
relationship between genotype and phenotype.
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