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A B S T R A C T   

Aims: Rare variants in the glucokinase gene (GCK) cause Maturity-Onset Diabetes of the Young (MODY2/GCK- 
MODY). We investigated the prevalence of GCK variants, phenotypic characteristics, micro- and macrovascular 
disease at baseline and follow-up, and treatment among individuals with and without pathogenic GCK variants. 
Methods: This is a cross-sectional study in a population-based cohort of 5,433 individuals without diabetes 
(Inter99 cohort) and in 2,855 patients with a new clinical diagnosis of type 2 diabetes (DD2 cohort) with 
sequencing of GCK. Phenotypic characteristics, presence of micro- and macrovascular disease and treatment 
information were available for patients in the DD2 cohort at baseline and after an average follow-up of 7.4 years. 
Results: Twenty-two carriers of potentially deleterious GCK variants were found among patients with type 2 
diabetes compared to three among 5,433 nondiabetic individuals [OR = 14.1 (95 % CI 4.2; 47.0), p = 8.9*10-6]. 
Patients with type 2 diabetes carrying GCK variants had significantly lower waist circumference, hip circum-
ference and BMI, compared to non-carriers. Three GCK variant carriers with diabetes had microvascular com-
plications during follow-up. 
Conclusions: Approximately 0.8% of Danish patients with newly diagnosed type 2 diabetes carry non-synonymous 
variants in GCK and resemble patients with GCK-MODY. Glucose-lowering treatment cessation should be 
considered in this subset of diabetes patients.   

1. Introduction 

Maturity-Onset Diabetes of the Young (MODY) is a clinical definition 

of diabetes in patients presenting with autosomal dominant heritance, 
age-of-diagnosis before 25 years of age, and residual C-peptide pro-
duction. A large fraction of patients clinically diagnosed with MODY 
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have a known genetic etiology, with variants in the gene encoding 
glucokinase (GCK-MODY) being among the most common causes [1–3]. 

By phosphorylating glucose to glucose-6-phosphate, glucokinase 
functions as the pancreatic beta-cell glucose sensor, regulating glucose- 
stimulated insulin secretion [4]. In addition, glucokinase plays a critical 
role in the hepatic conversion of glucose into glycogen, which is a major 
contributor to the removal of glucose from the portal vein in the post-
prandial state [5]. Moreover, reduced glucokinase activity is also 
thought to play a key role in the central response to hypoglycaemia [6]. 

Patients with GCK-MODY maintain the capacity to produce insulin. 
However, the level of glucose necessary to stimulate insulin secretion is 
increased reflecting a higher set point for glucose to enhance pancreatic 
insulin secretion. GCK-MODY patients also have an elevated hepatic 
glucose output, and the hormonal counter-regulation is set at higher 
glucose concentrations [7]. Thus, GCK-MODY patients have a slightly 
increased fasting plasma glucose concentration between 5.5 and 8 
mmol/l [8]. Following an oral glucose tolerance test (OGTT), GCK- 
MODY patients only have a minor increase in plasma glucose (often < 3 
mmol/l), and<50 % have 2-hour plasma glucose values exceeding the 
diagnostic threshold for diabetes at 11.1 mmol/l [7]. Therefore, GCK- 
MODY patients are often asymptomatic and diagnosed incidentally, e.g. 
in connection with pregnancy or if familial diabetes is suspected. GCK- 
MODY is present from birth and glucose levels only slightly deteriorate 
with age [9]. The penetrance of pathogenic GCK variants is complete 
and there is a homogenous phenotype among affected family members 
[10]. Glucose-lowering therapy seems ineffective in patients with GCK- 
MODY and consequently, treatment outside of pregnancy is not rec-
ommended [11]. 

A European case-control study sequenced GCK in 2,872 nondiabetic 
control individuals and in 4,016 patients with type 2 diabetes, among 
whom a third of the patients were diagnosed before age 40 years. 
Twenty missense variants were identified, representing a prevalence of 
0.5 % among patients with type 2 diabetes versus a prevalence of 0.035 
% in controls [12]. A second case-control study including 2,178 patients 
with type 2 diabetes and 4,170 nondiabetic individuals, found that 0.6 % 
of patients with diabetes were carriers of GCK variants classified as 
pathogenic or likely pathogenic yielding a sevenfold higher prevalence 
among patients with diabetes [OR of 7.08 (95 % CI: 2.23–27.3)]. The 
carriers with diabetes were significantly leaner than non-carriers with 
diabetes. An equal proportion of carriers and non-carriers were treated 
with glucose-lowering agents [13]. 

One previous cross-sectional study examined the prevalence of 
micro- and macrovascular complications in 99 GCK-MODY patients with 
a mean age greater than 50 years, 91 nondiabetic individuals and 83 
young-onset diabetes patients. The proportion of non-severe retinopathy 
was similar or slightly higher among GCK-MODY patients compared to 
healthy controls. However, no severe eye disease was found among 
GCK-MODY patients. Neuropathy and microalbuminuria were rare in 
patients with GCK-MODY (2 % and 1 % of the participants respectively) 
with risks similar to those found in nondiabetic individuals [9]. 

The aim of this study was to examine the prevalence and the clinical 
presentation of GCK variants in a nondiabetic population-based cohort 
and in a cohort of newly diagnosed patients with type 2 diabetes. A 
novelty of the current study is the investigation of a large cohort of 
newly diagnosed type 2 diabetes patients with phenotypic characteris-
tics at the time of diagnosis and up to 10 years of complete follow-up for 
use of medications and development of micro- and macrovascular dis-
ease. Additionally, a correct identification of pathogenic variants is 
essential to accurately assess the clinical consequence of carrying dele-
terious variants. Thus, pathogenicity classification was related to a cell 
based functional assay (MAVE) and an in silico functionality score 
(GEMME). 

2. Methods and materials 

2.1. Subjects 

Targeted sequencing was performed in the population-based Inter99 
cohort. Glucose tolerance was classified based on a 2-hour OGTT using 
the 1999 World Health Organisation criteria [14]. Based on this classi-
fication, we included 4,413 glucose tolerant individuals and 1,020 
prediabetic individuals from the Inter99 cohort, who are collectively 
referred to as nondiabetic individuals (n = 5,433). In addition, we 
sequenced 2,855 patients with newly diagnosed type 2 diabetes with 
available DNA samples from the nationwide Danish DD2 cohort. 
Phenotypic information was available for 2,824 of these individuals 
[15]. The DD2 cohort has enrolled patients since 2010 and is ongoing. 
Patients from the DD2 cohort included in the present study were those 
recruited until 2015. Patients with newly diagnosed diabetes were either 
enrolled by their general practitioner or from a hospital clinic, on 
average between 1 and 1.5 years after their first record of glucose- 
lowering therapy [16]. All patients were GAD65 antibody-negative 
and had a fasting serum C-peptide above 150 mmol/l (if available). 
Clinical characteristics of participants can be found in Table 1. 

Informed consent was obtained from all participants. The study 
design was in accordance with the ethical scientific principles of the 
Helsinki Declaration II. 

2.2. Anthropometrics and biochemistry 

All participants in the Inter99 cohort had body weight and height 
measured wearing light indoor clothes and without shoes. Waist 
circumference at the umbilical level was measured on subjects in an 
upright position to the nearest 0.5 cm using a non-extendable linen tape 
measure according to the WHO recommendation. 

In the Inter99 study cohort, a standard 75 g OGTT was performed 
after a 12-hour overnight fast. Fasting serum insulin levels (excluding 
des-31,32 and intact proinsulin) were measured using the AutoDELFIA 
insulin kit (Perkin-Elmer, Wallac, Turku, Finland) and fasting plasma 
glucose was analysed using a glucose oxidase method (Granutest; Merck, 
Darmstadt, Germany) [17]. Serum triglycerides and total and high- 
density lipoprotein (HDL) serum cholesterol were analysed using enzy-
matic colorimetric methods (GPO-PAP and CHOD-PAP, Roche Molecu-
lar Biochemicals, Germany). HbA1c was measured using ion-exchange 
high performance liquid chromatography (normal reference range: 4.1 
%-6.4 %). 

For patients from the DD2-cohort, anthropometric measures such as 
height and weight and biomarkers including HbA1c, lipids and auto-
antibodies were extracted from the Danish Diabetes Database for Adults 
[16]. Laboratory values, such as fasting plasma glucose, fasting plasma 

Table 1 
Clinical characteristics of study participants.  

Trait Non-diabetic 
participants 
(Inter99 cohort, n ¼
5,433) 

Newly diagnosed 
diabetes patients 
(DD2 cohort, n ¼ 2,824) 

Sex (men/women) 2625/2808 1662/1162 
Age at enrolment (years) 45.0 (40.0; 50.1) 61.9 (53.3; 68.2) 
Age at diagnosis (years) NA 60.3 (51.7; 66.9) 
BMI (kg/m2) 25.3 (23.0; 28.2) 30.6 (27.1; 34.6) 
Waist/hip ratio 1.0 (0.9; 1.0) 0.85 (0.78; 0.91) 
Fasting plasma glucose 

(mmol/l) 
5.4 (5.1; 5.7) 7.1 (6.4; 8.1) 

Fasting serum C-peptide 
(pmol/l) 

518 (407; 678) 1138 (862; 1497) 

Triglycerides (mmol/l) 1.0 (0.8; 1.5) 1.6 (1.1; 2.4) 
Total cholesterol (mmol/ 

l) 
5.4 (4.8; 6.1) 4.4 (3.7; 5.1) 

Data are presented as medians and interquartile ranges. BMI: Body mass index. 
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C-peptide and C-reactive protein (CRP) were measured directly using 
biobank samples. C-peptide levels were measured using the ADVIA 
Centaur C-Peptide assay (Siemens Healthcare Diagnostics ltd, Frimley, 
Camberley, UK) and fasting plasma glucose levels were analysed using 
an enzymatic hexokinase method (gluco-quant Glucose/HK, Roche Di-
agnostics). The particle-enhanced immunoturbidimetric method using 
Tina-quant C-reactive Protein Gen.3 (Roche Diagnostics GmbH, Man-
nheim, Germany) was used to measure CRP, allowing measurement of 
CRP within the limits of 0.3–350 mg/l [16]. 

Information on micro- and macrovascular disease was based on a 
complete hospital inpatient and outpatient contact history starting 10 
years before the diabetes diagnosis date and ending on 1st of August 
2018. Average follow-up time was 7.4 years after diagnosis. Denmark 
has a free tax supported health care system [18]. 

Data were extracted from the Danish National Patient Registry 
(DNPR), which contains all discharge records from all Danish hospitals 
since 1977 and from hospital outpatient clinic and emergency visits 
since 1995 [19]. Microvascular diseases were identified in the DNRP 
based on the presence of retinopathy, atherosclerotic eye disease, 
blindness, severe vision impairment, use of retinal photocoagulation 
therapy, neuropathy, nephropathy, albuminuria and chronic dialysis or 
renal failure. Macrovascular diseases were extracted based on the 
presence of ischemic heart disease, atherosclerotic cerebrovascular 
disease, atherosclerotic peripheral vascular disease, or any operation for 
macroangiopathy [20–21]. 

Treatment information was retrieved from the Danish National 
Health Service Prescription Database [20] using the treatment codes in 
Supplementary Table 1. Treatment patterns were investigated among 
patients with newly diagnosed diabetes one year prior to study inclusion 
and until present day and for the current study, data was included from 
1st of January 2004 until 1st of August 2018. 

2.3. Targeted resequencing platform 

Targeted sequencing was performed using a chip-based customized 
nucleotide probe designed to capture the coding regions of GCK. 
Methods for DNA extraction, target region capture, and NGS have been 
extensively described previously [22]. The final captured DNA libraries 
were sequenced using the Illumina HiSeq2000 Analyzers as PE 90 bp 
reads following the manufacturer’s standard cluster generation and 
sequencing protocols. All of the variable sites were covered with a 
minimum depth of 30X with a mean depth of 182X. The variants located 
in the GCK region were annotated according to the NM_000162 tran-
script. Variants were included in the study if they were nonsense, 
frameshift or missense variants, or located up to two nucleotides into 
intron/exon boundaries. All identified variants were verified using 
Sanger sequencing. 

2.4. Pathogenicity of variants 

Variants were classified in accordance with the American College of 
Medical Genetics and Genomics (ACMG) terminology: Benign, likely 
benign, variants of uncertain significance (VUS), likely pathogenic or 
pathogenic [23]. If variants were present in the ClinVar database [24] 
variants were classified according to this, with all variants being clas-
sified no later than 2015. If ACMG classification was available in addi-
tion to other classifications, the ACMG classification was selected. If 
variants were not present in ClinVar, variants were classified manually 
according to ACMG guidelines [23]. In the remainder of the manuscript, 
variants classified as either likely pathogenic or pathogenic will be 
denoted as pathogenic, variants classified as either likely benign or 
benign will be denoted as benign and variants classified as variants of 
uncertain significance will be denoted as VUS. 

2.5. Functionality score 

The activity of eight of the identified variants was investigated using 
the results from a multiplexed assay of variant effects (MAVE), also 
known as deep mutational scanning, in which nearly all possible vari-
ants of human GCK were assayed for their function using a yeast-based 
complementation assay [25]. The method is described in [25] and the 
full dataset is available on MaveDB.org under accession number urn: 
mavedb:00000096-a. 

An in silico functionality score was calculated for each of the iden-
tified missense variants using information from evolutionary sequence 
conservation. First, HHblits [26] was used to generate a multiple 
sequence alignment of 1179 GCK homologs with an E-value threshold of 
10-20. This was reduced to 1079 homologs by filtering out sequences 
with more than 50 % gaps. From this, an evolutionary conservation 
score was calculated using the Global Epistatic Model for predicting 
Mutational Effects (GEMME) software [27]. 

2.6. Statistical analyses 

Body Mass Index (BMI) was defined as weight in kilograms divided 
by height in meters squared (kg/m2). HbA1c stability was calculated as 
the maximal change in HbA1c from baseline and throughout the study 
period. The statistical difference in carrier-frequency between patients 
with diabetes and participants without, was calculated both as the 
prevalence difference with 95 % confidence intervals (CI) and using 
Fisher’s exact test. Differences in quantitative traits between carriers of 
GCK variants and non-carriers among newly diagnosed type 2 diabetes 
patients and nondiabetic individuals were analysed using the difference 
in the means with 95 % (CI) and the Student’s t-test comparing the 
means of phenotypic characteristics. The following traits were log- 
transformed prior to statistical analysis: BMI, CRP, fasting C-peptide, 
fasting plasma glucose, HbA1c, HDL-cholesterol, low-density lipopro-
tein (LDL) cholesterol, total cholesterol, triglycerides and maximal 
change in HbA1c. The mean difference was calculated by subtracting the 
means from the compared groups. The CI for the mean difference be-
tween log transformed traits, is the CI for the ratio between the two 
variables. A CI for log transformed traits around one signifies that var-
iables are similar, whereas for non-transformed traits a CI around zero 
signifies that the two variables are similar. In addition a p-value < 0.05 
was considered statistically significant. 

Statistical analyses were performed using RStudio software (version 
3.6.1 and 4.0.2; R Foundation for Statistical Computing, Boston, MA, 
USA). 

The prevalence of micro- and macrovascular diseases was assessed in 
the 10 year time period prior to type 2 diabetes diagnosis date. Preva-
lence for disease was expressed in terms of proportions, and 95 % CIs 
were calculated using the Wilson Score method. The 95 % CI for the 
crude prevalence ratio was calculated by log-transformation of the 
prevalence ratio and use of the delta method. 

Incidence of micro- and macrovascular complications was assessed 
from the beginning of the follow-up period which was the date of type 2 
diagnosis until 1st of August 2018. Patients with a prevalent diagnosis of 
a microvascular disease were excluded from the analysis of microvas-
cular complications. The incidence rate was expressed as number of 
events per 100 patient-years together with the Poisson exact CIs. The CI 
for the incidence rate ratio was calculated by log-transformation of the 
incidence rate ratio and using the delta method. 

Differences in prescriptions patterns between patients with type 2 
diabetes with and without pathogenic GCK variants from 1st of January 
2004 until 1st of August 2018, was examined using the Wilson score 
method to estimate the 95 % CI and the z-test for calculating the p-value 
for equal proportions. 
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3. Results 

Sequencing of GCK in 8,288 individuals with different levels of 
glucose tolerance, identified a total of 24 variants in 29 carriers. The 
amino acid variant p.Gly72Arg was present with two different under-
lying nucleotide substitutions (c.214G > C and c.214G > A), thus a total 
of 21 missense variants, one stop variant and one frameshift variant 
were found in 29 carriers (Supplementary Table 2). 

All identified variants were rare (MAF < 0.1 %) and six of the vari-
ants have not previously been described in international reference da-
tabases [28] nor in MODY-families [29]. However, the p.Asp4Asn has 
been described previously as a polymorphism [29] and the p.Cys221Tyr 
has been seen in a MODY family also carrying a homozygous HNF1A 
variant [30]. 

3.1. Prevalence of variants 

In the Inter99 cohort of nondiabetic carriers, five non-synonymous 
variants were identified (four carriers were glucose tolerant and one 
had impaired fasting glycemia) resulting in a prevalence of non- 
synonymous variants in GCK among nondiabetic individuals of 0.092 
% (Supplementary Table 2). 

Within the DD2 cohort of patients with newly diagnosed diabetes, 24 
carriers of non-synonymous GCK variants were found resulting in a 
prevalence of 0.84 % (Supplementary Table 2). One patient carried two 
GCK variants (p.Asp124Asn and p.Glu279Gln). 

3.2. Pathogenicity classification of variants 

The variants identified were assessed with regard to their pathoge-
nicity based on the ACMG classification. This classification was 
compared with results from a functional assay of GCK using yeast 
complementation (MAVE score) for 18 of the variants found in the 
present study and the GEMME score was calculated for all of the 21 
missense variants from the present study. 

The MAVE score cut-off for loss of function variants is < 0.6. One 
ACMG classified pathogenic variant had a MAVE score above 0.6. This 
was the p.Gly318Arg variant with a score of 1.3. The GEMME score 
showed complete segregation between pathogenic and non-pathogenic 
variants with all pathogenic variants having a score below minus two 
(Supplementary Fig. 1). 

3.3. Variants associated with diabetes 

In the Inter99 cohort, two nondiabetic individuals were carriers of 
benign variants and three were carriers of VUS. In DD2, two patients 
carried benign variants, five carried VUS and 17 carried pathogenic 
variants (Supplementary Table 2). 

In a cross-sectional case-control analysis comparing the prevalence 
of identified non-synonymous GCK variants between nondiabetic per-
sons and patients with newly diagnosed type 2 diabetes, a 14-fold higher 
prevalence of pathogenic or VUS GCK variants was seen in patients with 
newly diagnosed type 2 diabetes [OR (95 % CI) = 14.1 (4.2–47.0), p =
8.9*10–6] (Supplementary Fig. 1 and Supplementary Table 2). Variants 
classified as pathogenic were found exclusively in patients with newly 
diagnosed type 2 diabetes. 

3.4. Phenotypic characteristics of patients with newly diagnosed type 2 
diabetes carrying GCK variants. 

The phenotype of patients with newly diagnosed type 2 diabetes 
carrying pathogenic GCK variants was compared to patients with type 2 
diabetes and nondiabetic individuals without GCK variants (Fig. 1 and 
Supplementary Table 3). Carriers and non-carriers with diabetes had a 
similar age at enrolment (58.1 years in carriers versus 61.9 years in non- 
carriers, p = 0.2), but there were fewer men among carriers (24 %) 
versus non-carriers (60 %), p = 0.003. Measures of body composition 
were significantly different between carriers and non-carriers with 
diabetes. Waist circumference was lower among carriers compared to 
non-carriers with diabetes [carriers: 88 cm (IQR: 80–104 cm); non- 
carriers: 106 cm (IQR: 97–116 cm); p = 1.8*10-5] with a mean differ-
ence of 15.7 cm (95 % CI:8.5–22.8 cm). Also hip circumference [carriers: 
100 cm (IQR: 97–106 cm); non-carriers: 108 cm (IQR: 101–116 cm); p =
0.006] and BMI [carriers: 24.3 kg/m2 (IQR: 22.8–30.8 kg/m2); non- 
carriers: 30.6 kg/m2 (IQR: 27.1–34.6 kg/m2), p = 0.02] was lower 
among carriers compared to non-carriers with diabetes with a mean 
differences of 8.9 cm (95 % CI: 2.6–15.2 cm) and 1.2 (95 % CI: 1.0–1.3), 
respectively. Waist and hip circumference as well as BMI among carriers 
with diabetes were comparable to those of nondiabetic individuals 
(Fig. 1 A-C and Supplementary Table 3). 

Measures of glucose metabolism, expressed as fasting plasma glucose 
and HbA1c, did not differ between carriers of pathogenic variants and 
non-carriers with diabetes (Fig. 1 D-E and Supplementary Table 3). 
HbA1c stability was also examined by comparing maximal HbA1c 
change observed between study enrolment and throughout follow-up. A 
significantly lower maximal HbA1c change of 0.23 % (IQR: 0.18–0.30 

Table 2 
Prevalence of micro- and macrovascular disease at study enrolment in patients with newly diagnosed type 2 diabetes with and without pathogenic GCK variants.   

With GCK variant N ¼ 17 Without GCK variant N ¼ 2807   
N patients with 
prevalent event 

Proportion (95 
% CI) 

N patients with 
prevalent event 

Proportion (95 
% CI) 

Crude prevalence ratio, with vs without 
GCK variant (95 % CI) 

No micro- and macrovascular 
disease 

14 82.4  
(59.0; 93.8) 

2259 80.5  
(79.0; 81.9) 

1.02  
(0.82; 1.28) 

Diabetes with any 
microvascular disease 

0 0.0  
(0.0; 18.4) 

80 2.9  
(2.3; 3.5) 

0.00  
(.;.) 

Diabetes with any kidney 
disease 

0 0.0  
(0.0; 18.4) 

29 1.0  
(0.7; 1.5) 

0.00  
(.;.) 

Diabetes with any eye disease 0 0.0  
(0.0; 18.4) 

31 1.1  
(0.8; 1.6) 

0.00  
(.;.) 

Diabetes with any neurologic 
disease 

0 0.0  
(0.0; 18.4) 

21 0.7  
(0.5; 1.1) 

0.00  
(.;.) 

Diabetes with any 
macrovascular disease 

3 17.6  
(6.2; 41.0) 

497 17.7  
(16.3; 19.2) 

1.00  
(0.36; 2.79) 

Ischemic heart disease 
diagnosis 

2 11.8  
(3.3; 34.3) 

327 11.6  
(10.5; 12.9) 

1.01  
(0.27; 3.73) 

Atherosclerotic cerebrovascular 
disease 

1 5.9  
(1.0; 27.0) 

143 5.1  
(4.3; 6.0) 

1.15  
(0.17; 7.78) 

Atherosclerotic peripheral 
vascular disease 

0 0.0  
(0.0; 18.4) 

77 2.7  
(2.2; 3.4) 

0.00  
(.;.)  
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%) was found among carriers compared to a change of 0.61 % (IQR: 
0.29–1.33 %) in non-carriers with diabetes resulting in a mean differ-
ence of 2.6 (95 % CI: 1.2–5.8, p = 0.02). The HbA1c change in carriers 
was comparable to the change found in nondiabetic individuals (0.22 % 
(IQR: 0.12–0.34 %)) resulting in a mean difference of 0.7 (0.25–1.96), p 
= 0.5 (Fig. 1 F and Supplementary Table 3). 

Lipid composition was also compared between carriers and non- 
carriers. Total cholesterol and LDL-cholesterol among carriers [total 

cholesterol: 4.1 mmol/l (IQR:3.9–4.3); LDL-cholesterol: 2.2 mmol/l (IQR: 
1.9–3.2 mmol/l)] and non-carriers with diabetes [total cholesterol: 4.4 
mmol/l (IQR: 3.7–5.1 mmol/l); LDL-cholesterol: 2.2 mmol/l (IQR: 
1.8–2.9 mmol/l)] were comparable but were significantly lower than 
levels observed in nondiabetic individuals [total cholesterol: 5.4 mmol/l 
(IQR: 4.8–6.1 mmol/l); LDL-cholesterol: 3.4 mmol/l (IQR: 2.8–4.1)] 
(Fig. 1 G-H and Supplementary Table 3). Levels of triglycerides in car-
riers [0.9 mmol/l (IQR: 0.8–1.5 mmol/l)] were lower than the levels in 

Fig. 1. Phenotypic characteristics of patients with newly diagnosed type 2 diabetes carrying GCK variants versus newly diagnosed type 2 diabetes patients and 
nondiabetic individuals not carrying GCK variants. Legend: Horizontal line depicts the median; the box depicts the interquartile range (IQR), and the vertical dashed 
line depicts the whiskers (Q1-1.5*IQR and Q3 + 1.5*IQR). MD = mean difference including 95 % CI; P = t-test for difference in mean. Abbreviations: WC = Waist 
circumference; HC = Hip circumference; FBG = Fasting blood glucose; Δ HbA1c = Maximal HbA1c change; Chol = Cholesterol; Trig = Triglyceride. 
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non-carriers with diabetes [1.6 mmol/l (IQR: 1.1–2.4 mmol/l)] and 
were similar to the levels observed in nondiabetic individuals [1.0 
mmol/l (IQR: 0.8–1.5 mmol/l)] (Fig. 1 I and Supplementary Table 3). 

The number of patients, who reported parental diabetes, was 
significantly higher among carriers (65 %) than among non-carriers (34 
%), p = 0.007 (Supplementary Table 3). 

3.5. Micro- and macrovascular disease 

The prevalence of micro- and macrovascular disease reported up to 
10 years prior to diagnosis of diabetes was examined in patients with 
newly diagnosed type 2 diabetes (Table 2). Among carriers of patho-
genic GCK variants, 82 % had not experienced any disease compared to 
81 % of non-carriers. None of the carriers had experienced any micro-
vascular diseases compared to 3 % among non-carriers. Macrovascular 
disease in the form of ischemic heart disease and atherosclerotic cere-
brovascular disease at baseline was observed in three carriers (Table 2), 
but was not significantly different from macrovascular disease at base-
line in non-carriers (prevalence ratio 1.00 (95 % CI 0.36–2.79) (Table 2). 

Incident microvascular complications during follow-up were recor-
ded for three patients with pathogenic GCK variants [incidence rate 2.92 
(0.60, 8.55) per 100 years] of which two were non-severe eye compli-
cations (diabetic retinopathy) and one was a renal complication (ure-
mia). In addition, one carrier suffered a stroke and two carriers died 
during follow-up (Table 3). There were no clear differences in the 
incidence rate of complications during follow-up when comparing car-
riers and non-carriers (Table 3). 

3.6. Treatment 

Among patients carrying a pathogenic variant in GCK, all except two 
patients were treated with metformin. Three patients received insulin in 
addition to metformin and two patients received another antidiabetic 
drug (but not insulin), in addition to metformin. Two patients did not 
receive any glucose-lowering treatment. Prescription patterns were also 
investigated among diabetes patients without pathogenic variants in 
GCK and no significant differences were observed (Table 4). 

Table 3 
Incidence rate and incidence rate ratio of complications up to 10 years after study inclusion in patients with newly diagnosed type 2 diabetes with and without 
pathogenic GCK variants.  

Complications Number of cases with 
complication 

Total person-years at 
risk 

Incidence rate (95 % CI) per 100 
years 

IRR with vs without GCK variant  

(95 % CI)  With GCK  

variant 
N ¼ 17 

Without  

GCK 
variant 
N ¼ 2807 

With GCK  

variant 

Without  

GCK 
variant 

With GCK  

variant 

Without GCK  

variant 

Diabetes with any 
microvascular complication 

3 544 103 17,252 2.92  

(0.60, 8.55) 

3.15  

(2.89, 3.43) 

0.93  

(0.30, 2.88) 
Diabetes with any 

kidney complication 
1 186 113 19,772 0.89  

(0.02, 4.93) 

0.94  

(0.81, 1.09) 

0.94  

(0.13, 6.72) 
Diabetes with any 

eye complication 
2 304 106 18,665 1.88  

(0.23, 6.79) 

1.63  

(1.45, 1.82) 

1.15  

(0.29, 4.64) 
Diabetic retinopathy 2 252 106 19,174 1.88  

(0.23, 6.79) 

1.31  

(1.16, 1.49) 

1.43  

(0.36, 5.75) 
Severe diabetic retinopathy 0 57 117 20,316 0.00  

(0.00, 3.16) 

0.28  

(0.21, 0.36) 

0.00  

(0.00, NA) 
Blindness and severe visual 

impairment 
0 1 117 20,720 0.00  

(0.00, 3.16) 

0.00  

(0.00, 0.03) 

0.00  

(0.00, NA) 
Diabetes with any 

neurologic complication 
0 130 117 19,959 0.00 

(0.00, 3.16) 
0.65  

(0.54, 0.77) 

0.00  

(0.00, NA) 
Expanded major atherosclerotic 

cardiovascular events 
1 392 111 19,020 0.90  

(0.02, 5.01) 

2.06  

(1.86, 2.28) 

0.44  

(0.06, 3.11) 
Heart failure 0 114 117 20,320 0.00  

(0.00, 3.16) 

0.56  

(0.46, 0.67) 

0.00  

(0.00, NA) 
Coronary revascularization 0 189 117 19,856 0.00  

(0.00, 3.16) 

0.95  

(0.82, 1.10) 

0.00  

(0.00, NA) 
Unstable angina pectoris 0 50 117 20,483 0.00  

(0.00, 3.16) 

0.24  

(0.18, 0.32) 

0.00  

(0.00, NA) 
Myocardial infarction 0 115 117 20,206 0.00  

(0.00, 3.16) 

0.57  

(0.47, 0.68) 

0.00  

(0.00, NA) 
Stroke 1 112 111 20,290 0.90  

(0.02, 5.01) 

0.55  

(0.45, 0.66) 

1.63  

(0.23, 11.67) 
All cause death 2 221 117 20,730 1.71  

(0.21, 6.19) 

1.07  

(0.93, 1.22) 

1.61  

(0.40, 6.47) 

Abbreviation: IRR = incidence rate ratio. 
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4. Discussion 

Non-synonymous pathogenic variants or VUS in GCK were 14-fold 
more prevalent among patients with newly diagnosed type 2 diabetes 
compared to nondiabetic individuals, and variants classified as patho-
genic were found exclusively in patients with type 2 diabetes with a 
prevalence of 0.6 %. Carriers with diabetes had a leaner body compo-
sition (waist, hip, and BMI) and lower levels of triglycerides, consistent 
with the levels found in nondiabetic individuals. Levels of C-peptide 
were significantly lower among patients with pathogenic GCK variants 
compared to patients without . Repeated HbA1c measures were more 
stable among those with newly diagnosed type 2 diabetes patients who 
carried pathogenic GCK variants and nearly-two thirds reported 
parental diabetes compared to only a third of the patients with diabetes 
without pathogenic GCK variants. 

The pathogenicity of variants were classified according to ACMG 
guidelines. Variant functionality was furthermore examined in light of a 
functional assay (MAVE score) and evolutionary conservation (GEMME 
score). While other commonly used in silico methods are partly trained to 
predict pathogenicity of variants, and are also used to assess pathoge-
nicity, there may be some circularity and lack of independence between 
training and testing data in these models [31]. Both the (experimental) 
MAVE and (computational) GEMME scores used here each rely on a 
single source of data and are completely independent of any clinical 
annotations of variants. Thus, both are reliable in their ability to predict 
clinical annotations of unseen variants as well as for previous annota-
tions, and to be independent of each other. 

Functional analysis (MAVE data) supported loss-of function for seven 
out of eight ACMG pathogenic variants with the exception being the p. 
Gly318Arg variant with a value (1.3) slightly higher than wild-type-like 
synonymous variants (score ~ 1), suggesting that it might be mildly 
activating, although the score is associated with a standard error of 0.4. 
In our cohort, the carrier of the p.Gly318Arg variant was a patient 
diagnosed with diabetes and the variant has previously been found in 
MODY families [29]. This indicates that the pathogenicity of p. 
Gly318Arg is related to aspects of GCK functionality not captured by the 
yeast-based functional assay, e.g. cellular abundance. The GEMME score 
accurately predicted a deleterious effect from an evolutionary point of 
view in all ten missense mutations ACMG classified as pathogenic. 

The ACMG classification was inadequate to assign pathogenicity to 
nine of the 24 identified variants. Three of these VUS appeared to be 
loss-of-function based on the MAVE score: p.Gly246Ala, p.His317Pro 
and the p.Val455Glu, which for the p.Val455Glu variant was supported 
by a GEMME score also indicating loss-of-function. p.Gly246Ala and p. 
His317Pro were both found in patients with diabetes, however, the p. 

Val455Glu was found in a glucose tolerant individual with a fasting 
plasma glucose of 5.7 and an Hba1c of 5.8 %. Thus, the p.Val455Glu 
does not lead to severe loss-of protein function. 

Therefore, it appears that no classification method can stand alone. 
The ACMG classification has the challenge of the large number of VUS, 
the MAVE score categorised a pathogenic variant as non-functional and 
a benign variant as functional which was also seen for the GEMME score. 
Thus, considering the MAVE score and the GEMME score combined with 
the ACMG classification and the phenotypic information on the carrier, 
may facilitate a more accurate pathogenicity classification in a larger 
number of patients. 

The 0.6 % prevalence of pathogenic variants among patients with 
type 2 diabetes found in this study accords well with two previous 
studies that investigated the prevalence of GCK variants in patients with 
type 2 diabetes. Bansal and colleagues [12] found a prevalence of GCK 
missense variants of 0.5 %, whereas Bonnefond and colleagues [13] 
found that 0.6 % of patients with type 2 diabetes carried pathogenic or 
likely pathogenic GCK variants. However, these studies found a higher 
prevalence of carriers among nondiabetic individual (0.035 % and 
0.085 %, respectively), where we found no carriers of pathogenic or 
likely pathogenic variants in nondiabetic individuals. This may reflect 
that absence of diabetes was classified according to the OGTT. Thus, 
asymptomatic individuals with hyperglycaemia above diabetic levels 
were a priori excluded from the analysis of nondiabetic individuals in 
our study. This finding solidifies that the penetrance of pathogenic GCK 
mutations also is complete among patients with type 2 diabetes. Bon-
nefond and colleagues found a leaner phenotype and a lower age of 
diagnosis among ten patients with type 2 diabetes who carried func-
tional GCK variants [13]. In the present study, we also observed a leaner 
phenotype, but only a slightly and non-significantly lower (~5 years) 
age at diagnosis. Unlike Bonnefond et al, we observed a significantly 
higher number of patients with known parental diabetes among GCK 
carriers compared to patients without GCK variants (65 % vs 34 %). 

The phenotypic presentation of patients with type 2 diabetes car-
rying pathogenic GCK variants found in this study resembles that of 
MODY patients, i.e. a non-obesity driven diabetes with HbA1c levels 
between 5.6 % and 7.6 % (38–60 mmol/mol) and fasting glucose levels 
between 5.5 mmol/l and 8.0 mmol/l [9,33]. Glucose-lowering treat-
ment is not efficient for the majority of GCK-MODY patients [33]. 
Nevertheless, most patients in the present study with GCK variants were 
treated for their hyperglycaemia including three individuals who 
received insulin in addition to metformin. Overall, the treatment 
regimen was similar in patients with type 2 diabetes with and without 
GCK variants, consistent with previous findings reported by Bonnefond 
et al. [13]. The modest fluctuations in HbA1c among carriers of GCK 
variants with diabetes despite treatment, is consistent with the notion 
that these patients are less responsive to glucose-lowering treatment. 

The total number of carriers is low in the present study as the study 
investigates rare variants. In addition, the number of events were small. 
However, the prevalence and incidence of severe diabetes complications 
found in the GCK variant carriers with newly diagnosed type 2 diabetes 
appear similar to those in patients with GCK-MODY, where simplex 
retinopathy is observed but no carriers of GCK variants developed severe 
eye complications. 

Diabetes may have more than one underlying cause. However, based 
on the current study, we suggest that the GCK variants are causal in most 
of the patients who carry them, especially in patients carrying patho-
genic GCK variants. For these patients, treatment recommendations and 
prognosis should correspond to those of GCK-MODY patients. For the 17 
patients who carried a pathogenic variant in the present study, this 
would mean discontinuation of pharmacological treatment and less 
frequent outpatient visits due to a low risk of complications. Further-
more, there are direct implications for the carrier’s family as genetic 
screening of family members with diabetes should be initiated [9,34]. 

Five patients carried variants with undetermined pathogenicity 
(VUS). As sequencing is becoming an increasingly routine part of clinical 

Table 4 
Prescription pattern in patients with newly diagnosed type 2 diabetes with and 
without pathogenic GCKvariants .  

Patients with any 
prescription of: 

GCK carriers  

N ¼ 17 

Non-carriers  

N ¼ 2807   
n (%) 95 % CI n (%) 95 % CI p- 

value 

Any glucose-lowering 
drug (antidiabetics) 

15 
(88.2) 

(65.7; 
96.7) 

2610 
(93.0) 

(92.0; 
93.9)  

0.4 

Metformin 15 
(88.2) 

(65.7; 
96.7) 

2567 
(91.4) 

(90.4; 
92.4)  

0.6 

Metformin monotherapy 
only 

10 
(58.8) 

(36.0; 
78.4) 

1250 
(44.5) 

(42.7; 
46.4)  

0.2 

Monotherapy other than 
metformin, or 
combination 
therapy with or without 
metformin 
(all excluding insulin) 

2 
(11.8) 

(3.3; 
34.3) 

867 
(30.9) 

(29.2; 
32.6)  

0.09 

Insulin-based therapy 3 
(17.6) 

(6.2; 
41.0) 

493 
(17.6) 

(16.2; 
19.0)  

1.0  
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practice, our knowledge of the effect of individual variants will evolve. 
Thus, the certainty with which we can identify patients with causal GCK 
variations will improve. However, at this point, treatment termination 
in patients carrying these uncertain variants must be closely monitored, 
and the clinician must be ready to continue treatment, if glucose values 
increase beyond those known in GCK-MODY. 

Diagnosing diabetes patients with variants in GCK is economically 
and clinically relevant. In Denmark, the healthcare cost of diabetes is ~ 
1,800 USD per person-year for patients with minor complications [35]. 
The total Danish type 2 diabetes population encompasses approximately 
270,000 patients [36]. Extrapolating the prevalence of pathogenic GCK 
variations from the present study population suggests that close to 1,600 
(0.6 %x270,000) Danish patients have diabetes due to GCK variants. 
Correct diagnosis of these patients with subsequent discontinuation of 
treatment and lowered intensity of clinical follow-up has the potential 
for a reduction of ~ 4.0 million USD/year in the cost of diabetes care in 
Denmark (1,800 USD per 1,600 patients). The price of genetic di-
agnostics is currently 300 USD per sample in Denmark. When whole 
genome sequencing in the future will become generally available in 
clinical care, information on the glucokinase gene can be extracted 
without additional cost. 

As a group, patients with newly diagnosed type 2 diabetes carrying 
GCK variants slightly differ phenotypically from patients without GCK 
variants. However, at the individual level, there are no clear phenotypic 
traits that could guide referral for genetic testing. We therefore suggest 
that genetic evaluation should be considered in non-obese patients with 
type 2 diabetes having an HbA1c below 7.6 % (60 mmol/mol) and 
fasting plasma glucose below 8 mmol/l. 

4.1. Conclusion 

Close to 1 % of patients with newly diagnosed type 2 diabetes are 
carriers of functional non-synonymous variants in GCK. Carriers 
resemble patients with GCK-MODY. Considering the benefit for the pa-
tient, their family members, and society, sequencing should be consid-
ered in all patients with non-obese type 2 diabetes and stable marginally 
increased glycaemia. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors would like to thank the Exome Aggregation Consortium 
and the groups that provided exome variant data for comparison pur-
poses. A full list of contributing groups can be found at http://exac. 
broadinstitute.org/about. From Novo Nordisk Foundation Center for 
Basic Metabolic Research, University of Copenhagen, Denmark, we wish 
to thank A. Forman, T. H. Lorentzen and G. J. Klavsen for laboratory 
assistance, P. Sandbeck for data management, and C. Verdich and L. 
Ryborg for grant management. The guarantor of the current study is 
Professor Torben Hansen. Authors have no relevant conflicts of interest 
to disclose. 

Author contributions 

AL, JSN, HTS, IV, HBN, AV, JR, OP and TH were responsible for 
conception. APG, CTH, LE, and TH were responsible for design of the 
study. AL, JSN, HTS, IV, HBN, AV and JR were responsible for sample 
collection. APG, CTH, LE, ACBT, MH, NG, LBC, RWT and TH took part in 
the analyses. APG, OP, NG and TH were involved in funding acquisition. 
APG and TH drafted the article. APG, CTH, LE, ACBT, MH, NG, LBC, 
RWT, JSN, HTS, AV, OP and TH critically revised the manuscript and 

contributed to the discussion. The final version of the paper was read 
and approved by all authors. 

Funding 

The study was partially performed at the Novo Nordisk Foundation 
Center for Basic Metabolic Research, an independent research center at 
the University of Copenhagen partially funded by an unrestricted 
donation from the Novo Nordisk Foundation, Denmark (www.metabol. 
ku.dk). The study was also supported by the Novo Nordisk Foundation, 
Denmark through the Challenge Program (NNF18OC0033950) and the 
Steno Collaborative Grants (NNF17OC0028328). The study also 
received funding from Innovation Fund Denmark (number 9090- 
00078B). Funding sources had no role in study design, data collection 
and analysis, decision to publish, or preparation of the manuscript. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.diabres.2022.110159. 

References 

[1] Craig ME, Hattersley A, Donaghue KC. Definition, epidemiology and classification 
of diabetes in children and adolescents. Pediatr Diabetes 2009;10(Suppl 12):3–12. 

[2] Johansen A, Ek J, Mortensen HB, Pedersen O, Hansen T. Half of clinically defined 
maturity-onset diabetes of the young patients in Denmark do not have mutations in 
HNF4A, GCK, and TCF1. The Journal of clinical endocrinology and metabolism 
2005;90(8):4607–14. 

[3] McCarthy MI, Hattersley AT. Learning from molecular genetics: novel insights 
arising from the definition of genes for monogenic and type 2 diabetes. Diabetes 
2008;57(11):2889–98. 

[4] Matschinsky FM. Regulation of pancreatic beta-cell glucokinase: from basics to 
therapeutics. Diabetes 2002;51(Suppl 3):S394–404. 

[5] Agius L. Glucokinase and molecular aspects of liver glycogen metabolism. Biochem 
J 2008;414(1):1–18. 

[6] Chakera AJ, Hurst PS, Spyer G, Ogunnowo-Bada EO, Marsh WJ, Riches CH, et al. 
Molecular reductions in glucokinase activity increase counter-regulatory responses 
to hypoglycemia in mice and humans with diabetes. Mol Metab 2018;17:17–27. 

[7] Stride A, Vaxillaire M, Tuomi T, Barbetti F, Njolstad PR, Hansen T, et al. The 
genetic abnormality in the beta cell determines the response to an oral glucose 
load. Diabetologia 2002;45(3):427–35. 

[8] Gloyn AL, van de Bunt M, Stratton IM, Lonie L, Tucker L, Ellard S, et al. Prevalence 
of GCK mutations in individuals screened for fasting hyperglycaemia. Diabetologia 
2009;52(1):172–4. 

[9] Steele AM, Shields BM, Wensley KJ, Colclough K, Ellard S, Hattersley AT. 
Prevalence of vascular complications among patients with glucokinase mutations 
and prolonged, mild hyperglycemia. JAMA 2014;311(3):279–86. 

[10] Timsit J, Saint-Martin C, Dubois-Laforgue D, Bellanne-Chantelot C. Searching for 
Maturity-Onset Diabetes of the Young (MODY): When and What for? Can J 
Diabetes 2016;40(5):455–61. 

[11] Delvecchio M, Pastore C, Giordano P. Treatment Options for MODY Patients: A 
Systematic Review of Literature. Diabetes Ther 2020;11(8):1667–85. 

[12] Bansal V, Gassenhuber J, Phillips T, Oliveira G, Harbaugh R, Villarasa N, et al. 
Spectrum of mutations in monogenic diabetes genes identified from high- 
throughput DNA sequencing of 6888 individuals. BMC Med 2017;15(1):213. 

[13] Bonnefond A, Boissel M, Bolze A, Durand E, Toussaint B, Vaillant E, et al. 
Pathogenic variants in actionable MODY genes are associated with type 2 diabetes. 
Nat Metab 2020;2(10):1126–34. 

[14] Jorgensen T, Borch-Johnsen K, Thomsen TF, Ibsen H, Glumer C, Pisinger C. 
A randomized non-pharmacological intervention study for prevention of ischaemic 
heart disease: baseline results Inter99. European journal of cardiovascular 
prevention and rehabilitation : official journal of the European Society of 
Cardiology, Working Groups on Epidemiology & Prevention and Cardiac 
Rehabilitation and Exercise Physiology 2003;10(5):377–86. 

[15] Sorensen HT, Friborg S, Rungby J, Christensen JS, Vaag A, Beck-Nielsen H. The 
Danish national type 2 diabetes cohort - the DD2 study. Clinical epidemiology 
2012;4(Suppl 1):1–5. 

[16] Christensen DH, Nicolaisen SK, Berencsi K, Beck-Nielsen H, Rungby J, Friborg S, 
et al. Danish Centre for Strategic Research in Type 2 Diabetes (DD2) project cohort 
of newly diagnosed patients with type 2 diabetes: a cohort profile. BMJ Open 2018; 
8(4):e017273. 

[17] Glumer C, Jorgensen T, Borch-Johnsen K. Inter s. Prevalences of diabetes and 
impaired glucose regulation in a Danish population: the Inter99 study. Diabetes 
Care 2003;26(8):2335–40. 

[18] Schmidt M, Schmidt SAJ, Adelborg K, Sundboll J, Laugesen K, Ehrenstein V, et al. 
The Danish health care system and epidemiological research: from health care 
contacts to database records. Clinical epidemiology 2019;11:563–91. 

A.P. Gjesing et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.diabres.2022.110159
https://doi.org/10.1016/j.diabres.2022.110159
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0005
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0005
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0010
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0010
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0010
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0010
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0015
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0015
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0015
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0020
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0020
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0025
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0025
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0030
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0030
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0030
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0035
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0035
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0035
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0040
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0040
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0040
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0045
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0045
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0045
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0050
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0050
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0050
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0055
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0055
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0060
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0060
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0060
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0065
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0065
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0065
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0070
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0070
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0070
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0070
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0070
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0070
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0075
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0075
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0075
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0080
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0080
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0080
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0080
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0085
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0085
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0085
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0090
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0090
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0090


Diabetes Research and Clinical Practice 194 (2022) 110159

9

[19] Schmidt M, Schmidt SA, Sandegaard JL, Ehrenstein V, Pedersen L, Sorensen HT. 
The Danish National Patient Registry: a review of content, data quality, and 
research potential. Clinical epidemiology 2015;7:449–90. 

[20] Gedebjerg A, Almdal TP, Berencsi K, Rungby J, Nielsen JS, Witte DR, et al. 
Prevalence of micro- and macrovascular diabetes complications at time of type 2 
diabetes diagnosis and associated clinical characteristics: A cross-sectional baseline 
study of 6958 patients in the Danish DD2 cohort. J Diabetes Complications 2018; 
32(1):34–40. 

[21] Gedebjerg A, Bjerre M, Kjaergaard AD, Steffensen R, Nielsen JS, Rungby J, et al. 
Mannose-Binding Lectin and Risk of Cardiovascular Events and Mortality in Type 2 
Diabetes: A Danish Cohort Study. Diabetes Care 2020;43(9):2190–8. 

[22] Gao R, Liu Y, Gjesing AP, Hollensted M, Wan X, He S, et al. Evaluation of a target 
region capture sequencing platform using monogenic diabetes as a study-model. 
BMC Genet 2014;15:13. 

[23] 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. Genetics in medicine : official journal of 
the American College of Medical Genetics 2015;17(5):405–24. 

[24] Landrum MJ, Lee JM, Benson M, Brown GR, Chao C, Chitipiralla S, et al. ClinVar: 
improving access to variant interpretations and supporting evidence. Nucleic Acids 
Res 2018;46(D1):D1062–7. 

[25] Sarah Gersing MC, Gebbia M, Gjesing AP, Seesankar G, Stein A, Gloyn AL, et al. 
A multiplexed assay of human glucokinase reveals thousands of potential disease 
variants with both decreased and increased activity. BioRXiv 2022. https://doi. 
org/10.1101/2022.05.04.490571. 

[26] Steinegger M, Meier M, Mirdita M, Vohringer H, Haunsberger SJ, Soding J. HH- 
suite3 for fast remote homology detection and deep protein annotation. BMC Bioinf 
2019;20(1):473. 

[27] Laine E, Karami Y, Carbone A. GEMME: a simple and fast global epistatic model 
predicting mutational effects. Mol Biol Evol 2019. 

[28] Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alfoldi J, Wang Q, et al. The 
mutational constraint spectrum quantified from variation in 141,456 humans. 
Nature 2020;581(7809):434–43. 

[29] Osbak KK, Colclough K, Saint-Martin C, Beer NL, Bellanne-Chantelot C, Ellard S, 
et al. Update on mutations in glucokinase (GCK), which cause maturity-onset 
diabetes of the young, permanent neonatal diabetes, and hyperinsulinemic 
hypoglycemia. Hum Mutat 2009;30(11):1512–26. 

[30] Shoemaker AH, Zienkiewicz J, Moore DJ. Clinical assessment of HNF1A and GCK 
variants and identification of a novel mutation causing MODY2. Diabetes Res Clin 
Pract 2012;96(2):e36–9. 

[31] Grimm DG, Azencott CA, Aicheler F, Gieraths U, MacArthur DG, Samocha KE, et al. 
The evaluation of tools used to predict the impact of missense variants is hindered 
by two types of circularity. Hum Mutat 2015;36(5):513–23. 

[33] Rudland VL. Diagnosis and management of glucokinase monogenic diabetes in 
pregnancy: current perspectives. Diabetes, metabolic syndrome and obesity : 
targets and therapy 2019;12:1081–9. 

[34] Stride A, Shields B, Gill-Carey O, Chakera AJ, Colclough K, Ellard S, et al. Cross- 
sectional and longitudinal studies suggest pharmacological treatment used in 
patients with glucokinase mutations does not alter glycaemia. Diabetologia 2014; 
57(1):54–6. 

[35] Sortso C, Green A, Jensen PB, Emneus M. Societal costs of diabetes mellitus in 
Denmark. Diabetic medicine : a journal of the British Diabetic Association 2016;33 
(7):877–85. 

[36] Jorgensen ME, Kristensen JK, Reventlov Husted G, Cerqueira C, Rossing P. The 
Danish Adult Diabetes Registry. Clinical epidemiology 2016;8:429–34. 

A.P. Gjesing et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0168-8227(22)00973-1/h0095
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0095
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0095
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0100
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0100
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0100
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0100
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0100
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0105
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0105
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0105
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0110
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0110
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0110
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0115
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0115
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0115
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0115
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0115
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0120
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0120
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0120
https://doi.org/10.1101/2022.05.04.490571
https://doi.org/10.1101/2022.05.04.490571
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0130
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0130
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0130
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0135
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0135
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0140
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0140
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0140
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0145
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0145
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0145
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0145
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0150
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0150
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0150
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0155
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0155
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0155
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0165
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0165
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0165
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0170
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0170
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0170
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0170
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0175
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0175
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0175
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0180
http://refhub.elsevier.com/S0168-8227(22)00973-1/h0180

	14-fold increased prevalence of rare glucokinase gene variant carriers in unselected Danish patients with newly diagnosed t ...
	1 Introduction
	2 Methods and materials
	2.1 Subjects
	2.2 Anthropometrics and biochemistry
	2.3 Targeted resequencing platform
	2.4 Pathogenicity of variants
	2.5 Functionality score
	2.6 Statistical analyses

	3 Results
	3.1 Prevalence of variants
	3.2 Pathogenicity classification of variants
	3.3 Variants associated with diabetes
	3.4 Phenotypic characteristics of patients with newly diagnosed type 2 diabetes carrying GCK variants.
	3.5 Micro- and macrovascular disease
	3.6 Treatment

	4 Discussion
	4.1 Conclusion

	Declaration of Competing Interest
	Acknowledgements
	Author contributions
	Funding
	Appendix A Supplementary data
	References


