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Objective: Glucokinase-maturity-onset diabetes of the young (GCK-MODY; MODY2) is a rare genetic disorder caused by mutations in the glucokinase (GCK) gene. It is often under- or misdiagnosed in clinical practice, but correct diagnosis can be facilitated by genetic testing. In this study, we examined the genes of three patients diagnosed with GCK-MODY and tested their biochemical properties, such as protein stability and half-life, to explore the function of the mutant proteins and identify the pathogenic mechanism of GCK-MODY.
Methods: Three patients with increased blood glucose levels were diagnosed with MODY2 according to the diagnostic guidelines of GCK-MODY proposed by the International Society for Pediatric and Adolescent Diabetes (ISPAD) in 2018. Next-generation sequencing (whole exome detection) was performed to detect gene mutations. The GCK gene and its mutations were introduced into the pCDNA3.0 and pGEX-4T-1 vectors. Following protein purification, enzyme activity assay, and protein immunoblotting, the enzyme activity of GCK was determined, along with the ubiquitination level of the mutant GCK protein.
Results: Genetic testing revealed three mutations in the GCK gene of the three patients, including c.574C>T (p.R192W), c.758G>A (p.C253Y), and c.794G>A (p.G265D). The biochemical characteristics of the protein encoded by wild-type GCK and mutant GCK were different, compared to wild-type GCK, the enzyme activity encoded by the mutant GCK was reduced, suggesting thermal instability of the mutant GST-GCK. The protein stability and expression levels of the mutant GCK were reduced, and the enzyme activity of GCK was negatively correlated with the levels of fasting blood glucose and HbA1c. In addition, ubiquitination of the mutant GCK protein was higher than that of the wild-type, suggesting a higher degradation rate of mutant GCK than WT-GCK.
Conclusion: GCK mutations lead to changes in the biochemical characteristics of its encoded proteins. The enzyme activities, protein expression, and protein stability of GCK may be reduced in patients with GCK gene mutations, which further causes glucose metabolism disorders and induces MODY2.
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1 INTRODUCTION
Maturity-onset diabetes of the young (MODY) is a genetically heterogeneous group of monogenic endocrine disorders characterized by autosomal dominant inheritance and pancreatic beta cell dysfunction, accounting for 1%-2% of all diabetes patients (Ledermann, 1995). To date, 14 subtypes of MODY have been identified (Mccarthy and Hattersley, 2008), of which the subtype caused by glucokinase (GCK) is called GCK-MODY (MODY2) and accounts for 10%–60% of all MODY patients (Bishay and Greenfield, 2016). Most patients with GCK-MODY require only diet and exercise interventions, with no need for long-term follow-up and glucose-lowering therapy. Therefore, a correct diagnosis is important for the genetic counseling, treatment, and prognosis of patients with GCK-MODY.
However, GCK-MODY patients do not present the typical clinical symptoms of diabetes, rather only mild elevations in the levels of blood glucose and HbA1c (Steele et al., 2014; Chakera et al., 2015). According to the International Society for Child and Adolescent Diabetes (ISPAD) Clinical Practice Consensus Guidelines 2018 (Hattersley et al., 2018), the diagnosis of GCK-MODY should be suspected in cases with: 1) mild fasting hyperglycemia [fasting blood glucose (FBG) 5.5–8.0 mmol/L]; 2) mild elevation of HbA1c, but usually below 7.5%; 3) a small increment in blood glucose during an oral glucose tolerance test (OGTT; <3.5 mmol/L); 4) mild elevation of FBG in one of the parents, ranging from 5.5 to 8.5 mmol/L; 5) lack the characteristics of type 1 diabetes (no islet autoantibodies); 6) lack the characteristics of type 2 diabetes (marked obesity, acanthosis nigricans). In order to confirm the diagnosis, such cases should be tested for glucokinase gene mutations (GCK-MODY), which is the commonest cause of persistent, incidental hyperglycemia in the pediatric population.
GCK-MODY has an insidious onset, and most patients with GCK-MODY are diagnosed by chance. In addition, the clinical overlap between MODY and type 1 (T1D) or type 2 (T2D) diabetes makes accurate and timely diagnosis difficult. It is estimated that approximately 36% of GCK-MODY cases are misdiagnosed as T1D, and 51% are misdiagnosed as T2D, contributing to the incorrect treatment and management of GCK-MODY (Pihoker et al., 2013). Therefore, genetic testing is urgently required for the accurate diagnosis of GCK-MODY. A total of 620 mutations in the GCK gene have been described in 1,441 families (Osbak et al., 2009), which are relatively common in Caucasians but rare in Asians, with only 1% in the Hong Kong Chinese (Xu et al., 2005), 1% in the Japanese (Eto et al., 1993), and 2.5% in the Korean population (Hwang et al., 2006). However, the prevalence of GCK-MODY in Asians may be underestimated due to under- and misdiagnosis, and there are currently no available data for the Chinese Han population. In this study, three mutations in the GCK gene were identified in three proband patients with GCK-MODY from the Chinese Han population: c.574C>T (p.R192W), c.758G>A (p.C253Y), and c.794G>A (p.G265D). The biochemical properties of GCK, such as protein stability and half-life, were evaluated to explore the functions of the mutations, identify the pathogenic mechanisms of GCK-MODY, and analyze the correlation between the functional characteristics and clinical phenotypes of the three mutations.
2 MATERIALS AND METHODS
2.1 Patients
A total of three proband patients (one male and two females, aged 8–13 years) were included in this study. In the pedigree of the family in this study, elevated blood glucose levels were identified in at least two generations. The mother of patient 1 was in the diabetic stage, whereas the fathers of proband 2 and proband 3 were both in a state of pre-diabetes. The elevated blood glucose of the three patients was discovered by accident, and the patients presented with no typical symptoms of diabetes. No acute complications of diabetes, such as ketoacidosis, were reported. Laboratory tests showed that two patients (probands 1 and 2) were in the diabetic stage, whereas one patient (proband 3) only had impaired FBG, with a normal basal C-peptide level (normal range: 1.1–4.41 μg/L), a slightly higher HbA1c level (normal range: 6.4%–6.7%), as well as negative results for anti-glutamic acid decarboxylase autoantibodies (GADA), islet cell antibodies (ICA), and insulin autoantibodies (IAA; Table 1).
TABLE 1 | Clinical characteristics of MODY2 probands in this study.
[image: Table 1]Based on the clinical characteristics and results of ancillary examinations, the diagnoses of T1D or T2D were excluded. These patients were initially diagnosed with MODY. According to the diagnostic guidelines of GCK-MODY by the ISPAD in 2018, the three patients were suspected of having GCK-MODY. Genetic testing was performed on the three patients and their parents to achieve an accurate diagnosis. This study was approved by the Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University, and written informed consent was obtained prior to the study.
2.2 Mutation screening
Blood samples were collected from the probands and their parents. Genomic DNA was extracted using a blood genomic DNA extraction kit according to the manufacturer’s instructions (Tiangen Biochemical Science and Technology, Beijing, China). Library preparation and exome capture were performed using the Hieff NGS® OnePot DNA Library Prep Kit for Illumina® (Yeasen Biotechnology, Shanghai, China) and a capture probe from the Twist Custom Panel (Twist Bioscience, CA, United States). High-throughput sequencing (HTS) of the libraries was performed in PE100 mode on the DNBSEQ-T7 platform (UWIC). Sequence data were quality checked using FASTQC software (v0.11.8). The reads were then aligned to the reference genome (GRCh37/hg19) using the BWA software. Finally, mutations were confirmed by Sanger sequencing (Weyhams Bio; forward primer: GGC​ATC​CTT​ACA​GCT​GCT​GA, reverse primer: TGC​CAG​AAA​ACA​AGG​GTC​GT). The pathogenicity of the mutations was assessed according to the American College of Medical Genetics and Genomics (ACMG) (Tavtigian et al., 2020).
2.3 Plasmid construction
The cDNA containing GCK, purchased from Sino Biological (HG29715-UT, Beijing, China), was used as a template and inserted into the 5′flag-tagged pCDNA3.0 and pGEX-4T-1 vectors. Mutations in GCK were introduced using targeted mutagenesis. The primers used are listed in Table 2. Positive clones were selected and sequenced to confirm the targeted mutations.
TABLE 2 | Sequences of the primers used to construct the plasmids in this study.
[image: Table 2]2.4 Cell culture and transfection
The human HEK293T cell line was kindly provided by Prof. Ronggui Hu (Chinese Academy of Sciences, Shanghai, China) and cultured in Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin (both from Gibco, Layola) at 37°C in a humidified atmosphere containing 5% CO2. The plasmids were transfected into HEK293T cells using Lipofectamine 8,000 (Life Technologies, Carlsbad, CA, United States) according to the manufacturer’s instructions.
2.5 Immunoblotting
Cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad). Blots were incubated with antibodies against glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:5000, 60,004-1-Ig, Proteintech, China), Flag (1:1000, 20543-1-AP, Proteintech Group, Chicago, United States), and ubiquitin (UB; 1:2000, 3936, Cell Signaling Technology, Danvers, MA). Secondary antibodies were labeled with horseradish peroxidase (HRP) and the signals were visualized using a Tanon 5,200 Imaging System (Tanon, Shanghai, China).
2.6 Induced expression of recombinant protein
An overnight culture of E. coli BL21(DE3)harboring the recombinant plasmid Pgex-4T-1/GCK was inoculated in the Luria-Bertani medium. The cultures were incubated at 37°C with shaking. When the culture reached an optical density of 0.5 at 600 nm, isopropyl-beta-D-1-thiogalactoside (IPTG) was added to induce gene expression. The bacteria were harvested and sonicated on ice in a lysis buffer. GST-GCKs were produced in E. coli and then purified from crude extracts as described (Liang et al., 1995). The purity of the recombinant protein was checked on a 10% precast SDS-PAGE gel stained with Coomassie Brilliant Blue (CBB). The protein band at 78 kDa represents the glucokinase (GCK)-GST fusion protein.
2.7 Analysis of mutant and wild-type GST-GCK fusion protein enzymatic activity
The mutant and wild-type (WT) GST-GCK fusion proteins levels were measured and adjusted to the same concentration using a BCA protein concentration kit (P0010S, Beyotime, China), and were further confirmed by the Bradford method. The GCK activity of GST protein and mutant and WT GST-GCK fusion proteins was assayed spectrophotometrically using the hexokinase activity assay kit (AKSU061M, boxbio, China) after incubation in a water bath at 25°C, 37°C, 42°C and 50°C for 30 min (Kesavan et al., 1997), respectively, where the GST protein was used as a negative control.
2.8 Analysis of protein stability
HEK293T cells were inoculated into 6-well plates (1.2 × 106 cells/well) and cultured overnight. Then, empty and recombinant plasmids constructed with the pCDNA3.0 vector (mutant and WT GCK) were transiently transfected into the HEK293T cells. Each experiment was repeated three times. After 24 h of transfection, the solution was replaced with fresh and complete medium, and Cycloheximide (CHX) was added, followed by incubation for 0, 2 and 4 h, respectively. Finally, the cells were harvested and lysed with 6×SDS to determine the degradation rate of GCK and its mutants using immunoblotting.
2.9 Detection of ubiquitination
In vivo ubiquitination assays were performed as previously described (Liu et al., 2014). HEK293T cells were transfected with the indicated plasmids for 48 h and immunoprecipitated with anti-FLAG beads. After rotational incubation, cells were lysed with ristocetin-induced platelet aggregation (RIPA) lysis buffer [50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% (v/v) Triton X-100, 0.5% sodium pyrophosphate, 0.1% SDS, and protease inhibitor cocktail (Bimake, B14001, Houston, TX, United States)] and boiled for 10 min in SDS-PAGE sample buffer, followed by immunoblotting with the indicated UB antibodies (1:2000, 3936, Cell Signaling Technology, Danvers, MA).
2.10 Statistical analysis
Results are presented as the mean ± standard deviation (SD). GraphPad Prism 8.0 (San Diego, CA, United States) and one-way analysis of variance (ANOVA) were used to analyze the statistical differences between groups. Statistical significance was set at p < 0.05.
3 RESULTS
3.1 Results of genetic testing
GCK gene mutations were discovered in all three proband patients, namely c.758G > A (p.C253Y), c.574C > T (p.R192W), and c.794G > A (p.G265D), all of which were heterozygous mutations, with two (proband 2 and 3) derived from the father and one (proband 1) from the mother. According to the ACMG guidelines, the variants of probands 1 and 2 were classified as “P”-pathogenic, and proband 3 as “LP”- likely pathogenic. The mutation in proband 3 has not been previously reported. The GCK gene mutations and classification based on the ACMG guidelines are shown in Table 3 and the specific classification reasons can be seen in Supplementary Tables S1–S3. The pedigree of the MODY2 family, Sanger sequencing, structural domains of GCK, and mutation sites are shown in Figure 1. A literature review found no reports on the functional characteristics of the three mutations. To investigate the relevant pathogenic mechanisms, we conducted a functional study of the three mutations in the GCK gene.
TABLE 3 | Genotype and variant classification of the patients in this study.
[image: Table 3][image: Figure 1]FIGURE 1 | Pedigree of MODY2 family in this study and mutations carried by proband. (A). GCKc.758G > A (p. C253Y) carried by proband 1 confirmed by Sanger sequencing. The normal site was only the base G, whereas the same site in proband 1 was G and A. (B). GCK c.574C > T (p. R192W) carried by proband 2 was confirmed by Sanger sequencing. The normal site was only base C, whereas the same site in proband 2 was C and T. (C). GCK c.794G > A (p. G265D) carried by proband 3 was confirmed by Sanger sequencing. The normal site was only base G, whereas the same site in proband 3 was G and A. (D–F). Squares represent males and circles represent females. Filled black symbols indicate members carrying mutations and having clinical symptoms, and empty symbols indicate family members without mutations. The proband is marked with a black arrow. (G–H). Schematic view of human GCK protein and gene showing the location of the three variants involved in our study. GCK is a 465-residue, 52-kDa enzyme comprising two domains, hereafter referred to as the large domain (green) and the small domain (blue). The overall structure of the protein was comprised of a large and a small globular domain connected by a hinge made up of three flexible loops. The binding site for the activator was localized in the hinge region. The mutations identified in this study were located in two regions. GCK contains 10 exons, and the three mutations detected in this study were located in exons 5 and 7.
3.2 Production of recombinant mutant and WT GST-GCK
To investigate the activities of GCK, the WT and mutant GCK were expressed as GST-GCK fusion proteins in a bacterial expression system (Shen et al., 2011). The protein was separated by SDS-PAGE and a single 78 kDa band was obtained (GCK protein, 52 kDa; GST protein, 26 kDa). The protein concentration was determined by the BCA method (Figure 2A), and the results showed that the concentrations of WT protein, R192W, C253Y, and G265D were 56 g/L, 48 g/L, 43 g/L and 42 g/L respectively. The production of the mutant fusion protein was lower than that of the WT. The production of the mutant fusion proteins varied as follows: R129W > C253Y > G265D.
[image: Figure 2]FIGURE 2 | Mutation of the GCK gene reduces enzyme activity and protein expression. (A). Protein content was detected using the Coomassie Brilliant Blue method. The same volume (10 μL) of protein solution was added to each loading well, and the same band width indicated the same protein concentration. The GST protein (23 kDa) was used as a control. (B). The enzyme activity was detected after the protein was heated in a water bath at 37°C, 42°C, and 50°C for 30 min. The graph shows that the enzyme activity of the wild-type protein was much higher than that of the mutant protein at the same temperature. At 42°C, the wild-type protein still contained at least 50% enzyme activity, whereas the mutant protein lost its activity. (C). Detection of protein levels in WT GCK and its mutants by immunoblotting. Empty vector or FLAG-tagged wild-type GCK/GCK (c.758G>A)/GCK (c.794G>A)/GCK (c.574C>T) were transfected into HEK293T cells, and the protein levels of FLAG-tagged protein and GAPDH were detected by immunoblotting. The expression of the wild-type protein was higher than that of the mutant protein. We detected the gray scale of the bands by ImageJ and used ANOVA test to verify whether there were differences in protein expression. P‹0.05, significant different.
3.3 Enzyme activity and thermal stability of recombinant WT and mutant GST-GCK
The enzyme activities of WT and mutant GST-GCK were tested at different temperatures (Figure 2B), and the results showed that the enzyme activity of WT GST-GCK was higher than that of the mutant GST-GCK at any temperature. The mutant GST-GCK enzyme activities were ranked as follows: c.574C>T (p.R192W) > c.758G>A (p.C253Y) > c.794G>A (p.G265D). After incubation at 40°C for 30 min, the enzyme activity of WT GST-GCK remained high, whereas the mutant GST-GCK was inactivated, suggesting the thermal instability of the mutant GST-GCK.
3.4 Expression of recombinant mutant and WT GCK in vivo
To investigate the expression of mutant and WT GCK in vivo, empty vector or FLAG-tagged WT GCK/GCK (c.758G>A)/GCK (c.794G>A)/GCK (c.574C>T) was transfected into HEK293T cells. The protein levels of FLAG-tagged protein and GAPDH were detected by immunoblotting, and the results showed that the expression level of WT GCK was significantly higher than that of the mutant GCK (Figure 2C).
3.5 Protein stability and ubiquitination levels of recombinant mutant and WT GCK
CHX prevents the translocation of tRNA during translation by binding to the 80S ribosome, thereby inhibiting the synthesis of new proteins (Nakashima et al., 1981; Koga et al., 2021). The stability of the synthesized proteins was determined based on the protein levels of FLAG-tagged proteins and GAPDH using western blotting, and the results showed that the protein content of WT GCK in vitro was higher than that of the mutant GCK after incubation with CHX for 4 h, indicating that the half-life of WT GCK was longer than that of mutant GCK; thus, the protein stability of the wild-type GCK was higher than that of the mutant GCK (Figures 3A, B). In this study, GCK and its mutant proteins were used as substrates for ubiquitination to explore the differences between WT and mutant GCK. The results showed that the ubiquitination level of mutant GCK was higher than that of WT GCK, suggesting a higher degradation rate in mutant GCK than in WT GCK (Figures 3C, D).
[image: Figure 3]FIGURE 3 | Analysis of the protein stability of wild type and mutant GCK in mammalian cells. (A). HEK293T cells transfected with plasmids containing GCK-WT or its mutants were treated with CHX (1 μg/μL) for 0, 2 and 4 h. Total cell lysates were analyzed for GCK protein levels using western blotting. (B). ImageJ was used to detect the gray levels of wild-type and mutant GCK proteins at 0 h and to homogenize them to better compare the degradation rates of proteins. The results were calculated from three independent experiments. Each bar represents the mean ± SD. (C-D). The ubiquitination level of FLAG-GCK with the C253Y/G265D/R192W mutation was higher than that of the WT FLAG-tagged protein. Ubiquitination of the wild-type GCK protein was less than that of the mutants. FLAG-tagged wild-type or mutant GCK were expressed in HEK293T cells and immunoprecipitated using anti-FLAG beads, followed by immunoblotting with anti-Ub to detect ubiquitination signals.
4 DISCUSSION
GCK-MODY is a specific type of diabetes mellitus characterized by autosomal dominant inheritance, which usually occurs before 25 years of age and exhibits a defect in glucose-stimulated insulin secretion. GCK-MODY does not require specific treatment, except in pregnant women (American Diabetes Association, 2020). However, it is often misdiagnosed as T1DM or T2DM in clinical practice, and genetic testing can facilitate accurate diagnosis and reduce unnecessary treatments. Our study focused on the correlation between pathogenic mechanisms, functional characteristics, and clinical phenotypes in three patients with GCK-MODY.
The clinical manifestations of the patients in this study met the diagnostic guidelines for GCK-MODY proposed by the ISPAD in 2018. Three mutations were identified in these patients and their families through genetic testing: c.574C>T (p.R192W), c.758G>A (p.C253Y), and c.794G>A (p.G265). The c.574C>T (p.R192W) mutation was located in exon 5 and the other two were located in exon 7. Exons 5 and 7 were common mutation sites in 110 Asian patients with GCK-MODY based on a literature search in PubMed, Embase, MEDLINE, Web of Science, CNKI, and Wanfang (Zhou et al., 2020), suggesting that the hotspot mutation sites of GCK in Asian patients might be located in exons 5 and 7, whereas the hotspot mutation sites of GCK in Europe patients might be located in exons 7 and 10 (Pruhova et al., 2010).
GCK is a glycolytic enzyme mainly found in pancreatic β-cells and hepatocytes (Rexford et al., 2017). It catalyzes the ATP-dependent phosphorylation of glucose to produce glucose-6-phosphate, which is the first step in glucose metabolism. GCK plays a critical role in the release of insulin as a key regulatory enzyme and glucose sensor in pancreatic β-cells (Kim et al., 2008). When the blood glucose level increases, GCK activity in pancreatic β-cells is enhanced to promote glucose metabolism, thereby lowering the blood glucose level. In early studies, Byrne pointed out that in patients with GCK-MODY, the glucose sensitivity of pancreatic β-cells was reduced, and the threshold for insulin secretion was increased due to the decrease in GCK activity induced by heterozygous mutations in the GCK gene; thus, patients with GCK-MODY showed a higher level of FBG compared to the controls (Byrne et al., 1994).
The regulatory mechanism of GCK activity related to GCK gene mutations has been investigated, and studies have shown that thermal instability, which is inversely proportional to the level of environmental glucose, can affect GCK activity in vivo (Kesavan et al., 1997; Miller et al., 1999; García-Herrero et al., 2007). In our study, the mutant GCK lost its activity above 40°C, whereas the WT GCK maintained its activity at 50°C. It seems that the mutant GCK cannot tolerate high temperatures, which may show the thermal instability. In addition, our results demonstrated that the activity of mutant GCK was lower than that of WT GCK regardless of the temperature, indicating that the mutations might directly result in a decrease in GCK activity. In our study, GCK activity at the same temperature ranked as follows: GCK-R192W > GCK- G265D > GCK- C253Y, which was consistent with the results of blood glucose monitoring in clinical practice; meanwhile, the levels of blood glucose and HbA1C in the three patients were as follows: proband 2 (GCK-R192W) < proband 3 (GCK-G265D) < proband 1 (GCK- C253Y). Based on the above findings, it can be inferred that GCK activity may be correlated with FBG and HbA1C levels. Notably, after incubating the WT and mutant GCK in a 37°C water bath (simulating normal body temperature in humans) for 30 min, the activity of mutant GCK was found to be much lower than that of WT GCK, suggesting that a decrease in GCK activity in vivo might result in the disruption of the phosphorylation of glucose to glucose 6-phosphate process, and may result in glucose metabolism disorders.
In addition to thermal instability of GCK mutants, GCK activity may also be influenced by other mechanisms. Some studies have suggested that GCK mutations downregulate the production of GCK in vitro (Sagen et al., 2006), and one study found that the production of GCK mutants, such as G72R, A208T, and M210K, was significantly lower than that of WT GCK. In the present study, the c.574C>T (p.R192W), c.758G>A (p.C253Y), and c.794G>A (p.G265D) GCK mutants showed lower production in vitro than WT GCK. Simultaneously, cells transfected with the WT and mutant plasmids were incubated with CHX for 0, 2, and 4 h, and the results showed that the protein stability of the mutant GCK was lower than that of the WT GCK, and the ubiquitination levels of mutant GCK were higher than those of the WT GCK. Ubiquitination is an enzymatic process that involves the bonding of a Ub protein to a substrate protein and has the potential to regulate protein stability, function, and protein-protein interactions (Hoeller and Dikic, 2009). The ubiquitin-proteasome (UP) pathway is a common pathway of endogenous protein degradation, in which proteins are degraded by the proteasome after modification by ubiquitination. All the above findings indicate that compared to the WT GCK, the mutant GCK had a weaker protein stability and was more susceptible to degradation, thus presenting a shorter half-life. Therefore, it can be concluded that lower expression and faster degradation of the mutant GCK also contribute to elevated blood glucose levels in patients with GCK mutations. Notably, despite the longer half-life and higher expression level of C253Y compared to G265D, the levels of blood glucose and HbA1C were found to be higher in proband 1 (GCK- C253Y) than in proband 3 (GCK-G265D), suggesting that the activity of mutant GCK may play a more significant role in glucose metabolism than the production of mutant GCK.
Several other mechanisms may also be involved in the regulation of GCK activity. Studies have revealed that GCK consists of both large and small globular structural domains, connected by a hinge composed of three flexible loops. In the presence of glucose and activators, the space between the two structural domains resembles a narrow, deep cleft containing a glucose-binding pocket. The binding site for the activators is located in the hinge and not in the glucose-binding pocket (Kamata et al., 2004). GCK has two conformations, among which the super-open conformation represents a low glucose-affinity, non-catalytically active form of GCK, whereas the closed conformation corresponds to a high glucose-affinity form of GCK, and glucose and ATP are bound at the active site during catalysis. Glucose exerts its role by binding to the glucose-binding pocket and inducing a change in the conformation of GCK from the super-open form to the closed form, which is an extremely rapid and reversible process. In this study, all the mutations in the three patients were located in the two structural domains, with one in the small domain and two in the large domain. In this study, R192W, C253Y and G265D are located in close proximity to the glucose binding site, resulting in obstruction of the glucose binding pocket (Valentínová et al., 2012). We believe that enzyme activity of the mutant GCKs is reduced because they do not bind to glucose as effectively as WT-GCK, resulting in an increase in the patients’ blood glucose (Zelent et al., 2008). Thus, X-ray diffraction (XRD) analysis is necessary in future studies to investigate impact of these mutations on the structure of GCK.
There are still some limitations in this study. We mainly studied the biochemical signature of proteins in vitro, while the human body is a dynamic environment in which many pathways and cells are in constant exchange and communication. Therefore, the difference between the biochemical functions of mutant protein and wild-type protein in vivo still needs to be further studied. In order to make the link between genetic mutations and the clinical phenotype of diabetes more accurate, the participation of genetically mutated mice may be required. Moreover, we tried to use the result that the mutant GST-GCK cannot tolerate high temperature to represent their poor thermal stability. In order to verify the thermal stability of the mutant and WT GCK, the melting temperature should be test. In conclusion, we investigated the changes in the functional characteristics of three GCK mutants, c.574C>T (p.R192W), c.758G>A (p.C253Y), and c.794G>A (p.G265D), and explored the correlation between functional characteristics and clinical phenotypes. The results showed that reduced activity, decreased production, and protein instability resulting from GCK gene mutations may be the main causes of hyperglycemia in MODY-GCK patients.
DATA AVAILABILITY STATEMENT
The data presented in the study are deposited in the China National GeneBank (CNGB) Nucleotide Sequence Archive (CNSA: https://db.cngb.org/search/project/CNP0003798/) repository, accession number CNP0003798.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethics Review Committee of Ruijin Hospital affiliated to Shanghai Jiao Tong University School of Medicine. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
TD, YY, and JZ contributed equally to this work; Conceptualization, TD, YY, JZ, and ZD; Data curation, TD, LC, and XM; Formal analysis, TD, SL, and CZ; Methodology, TD, RT, and LL; Project administration, TD; Resources, YY, NZ, YX, CL, and ZD; Supervision, YX; Validation, TD, WL; Writing—original draft, TD and YY; Writing—review and editing, RH, YX, and ZD.
ACKNOWLEDGMENTS
We are grateful to all patients and their families for participating in this study. We also express our gratitude to all pediatricians for providing the patients’ clinical data.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1120153/full#supplementary-material
REFERENCES
 American Diabetes Association (2020). 2. Classification and diagnosis of diabetes: Standards of medical Care in diabetes-2020. Diabetes Care 43, S14–s31. doi:10.2337/dc20-S002
 Bishay, R. H., and Greenfield, J. R. (2016). A review of maturity onset diabetes of the young (MODY) and challenges in the management of glucokinase-MODY. Med. J. Aust. 205 (10), 480–485. doi:10.5694/mja16.00458
 Byrne, M. M., Sturis, J., Clément, K., Vionnet, N., Pueyo, M. E., Stoffel, M., et al. (1994). Insulin secretory abnormalities in subjects with hyperglycemia due to glucokinase mutations. J. Clin. Invest. 93 (3), 1120–1130. doi:10.1172/JCI117064
 Chakera, A. J., Steele, A. M., Gloyn, A. L., Shepherd, M. H., Shields, B., Ellard, S., et al. (2015). Recognition and management of individuals with hyperglycemia because of a heterozygous glucokinase mutation. Diabetes Care 38 (7), 1383–1392. doi:10.2337/dc14-2769
 Eto, K., Sakura, H., Shimokawa, K., Kadowaki, H., Hagura, R., Akanuma, Y., et al. (1993). Sequence variations of the glucokinase gene in Japanese subjects with NIDDM. Diabetes 42 (8), 1133–1137. doi:10.2337/diab.42.8.1133
 García-Herrero, C. M., Galán, M., Vincent, O., Flandez, B., Gargallo, M., Delgado-Alvarez, E., et al. (2007). Functional analysis of human glucokinase gene mutations causing MODY2: Exploring the regulatory mechanisms of glucokinase activity. Diabetologia 50 (2), 325–333. doi:10.1007/s00125-006-0542-7
 Hattersley, A. T., Greeley, S. A. W., Polak, M., Rubio-Cabezas, O., Njolstad, P. R., Mlynarski, W., et al. (2018). ISPAD Clinical Practice Consensus Guidelines 2018: The diagnosis and management of monogenic diabetes in children and adolescents. Pediatr. Diabetes 19, 47–63. doi:10.1111/pedi.12772
 Hoeller, D., and Dikic, I. (2009). Targeting the ubiquitin system in cancer therapy. Nature 458 (7237), 438–444. doi:10.1038/nature07960
 Hwang, J. S., Shin, C. H., Yang, S. W., Jung, S. Y., and Huh, N. (2006). Genetic and clinical characteristics of Korean maturity-onset diabetes of the young (MODY) patients. Diabetes Res. Clin. Pract. 74 (1), 75–81. doi:10.1016/j.diabres.2006.03.002
 Kamata, K., Mitsuya, M., Nishimura, T., Eiki, J. I., and Nagata, Y. (2004). Structural basis for allosteric regulation of the monomeric allosteric enzyme human glucokinase. J. Struct. 12 (3), 429–438. doi:10.1016/j.str.2004.02.005
 Kesavan, P., Wang, L., Davis, E., Cuesta, A., Sweet, I., Niswender, K., et al. (1997). Structural instability of mutant beta-cell glucokinase: Implications for the molecular pathogenesis of maturity-onset diabetes of the young (type-2). Biochem. J. 322, 57–63. doi:10.1042/bj3220057
 Kim, H. S., Noh, J. H., Hong, S. H., Hwang, Y. C., Yang, T. Y., Lee, M. S., et al. (2008). Rosiglitazone stimulates the release and synthesis of insulin by enhancing GLUT-2, glucokinase and BETA2/NeuroD expression. Biochem. Biophys. Res. Commun. 367 (3), 623–629. doi:10.1016/j.bbrc.2007.12.192
 Koga, Y., Hoang, E. M., Park, Y., Keszei, A. F. A., Murray, J., Shao, S., et al. (2021). Discovery of C13-aminobenzoyl Cycloheximide derivatives that potently inhibit translation elongation. J. Am. Chem. Soc. 143 (34), 13473–13477. doi:10.1021/jacs.1c05146
 Ledermann, H. M. (1995). Is maturity onset diabetes at young age (MODY) more common in Europe than previously assumed? [j]. Lancet 345 (8950), 648. doi:10.1016/s0140-6736(95)90548-0
 Liang, Y., Kesavan, P., Wang, L. Q., Niswender, K., Tanizawa, Y., Permutt, M. A., et al. (1995). Variable effects of maturity-onset-diabetes-of-youth (MODY)-associated glucokinase mutations on substrate interactions and stability of the enzyme. Biochem. J. 309, 167–173. doi:10.1042/bj3090167
 Liu, Z., Chen, P., Gao, H., Gu, Y., Yang, J., Peng, H., et al. (2014). Ubiquitylation of autophagy receptor Optineurin by HACE1 activates selective autophagy for tumor suppression. Cancer Cell 26 (1), 106–120. doi:10.1016/j.ccr.2014.05.015
 Mccarthy, M. I., and Hattersley, A. T. (2008). Learning from molecular genetics: Novel insights arising from the definition of genes for monogenic and type 2 diabetes. Diabetes 57 (11), 2889–2898. doi:10.2337/db08-0343
 Miller, S. P., Anand, G. R., Karschnia, E. J., Bell, G. I., LaPorte, D. C., and Lange, A. J. (1999). Characterization of glucokinase mutations associated with maturity-onset diabetes of the young type 2 (MODY-2): Different glucokinase defects lead to a common phenotype. Diabetes 48 (8), 1645–1651. doi:10.2337/diabetes.48.8.1645
 Nakashima, H., Perlman, J., and Feldman, J. F. (1981). Cycloheximide-induced phase shifting of circadian clock of Neurospora. Am. J. Physiol. 241 (1), R31–R35. doi:10.1152/ajpregu.1981.241.1.R31
 Osbak, K. K., Colclough, K., Saint-Martin, C., Beer, N. L., Bellanne-Chantelot, C., Ellard, S., et al. (2009). Update on mutations in glucokinase (GCK), which cause maturity-onset diabetes of the young, permanent neonatal diabetes, and hyperinsulinemic hypoglycemia. Hum. Mutat. 30 (11), 1512–1526. doi:10.1002/humu.21110
 Pihoker, C., Gilliam, L. K., Ellard, S., Dabelea, D., Davis, C., Dolan, L. M., et al. (2013). Prevalence, characteristics and clinical diagnosis of maturity onset diabetes of the young due to mutations in HNF1A, HNF4A, and glucokinase: Results from the SEARCH for diabetes in youth. J. Clin. Endocrinol. Metab. 98 (10), 4055–4062. doi:10.1210/jc.2013-1279
 Pruhova, S., Dusatkova, P., Sumnik, Z., Kolouskova, S., Pedersen, O., Hansen, T., et al. (2010). Glucokinase diabetes in 103 families from a country-based study in the Czech republic: Geographically restricted distribution of two prevalent GCK mutations. Pediatr. Diabetes 11 (8), 529–535. doi:10.1111/j.1399-5448.2010.00646.x
 Rexford, A., Zorio, D. A., and Miller, B. G. (2017). Biochemical and biophysical investigations of the interaction between human glucokinase and pro-apoptotic BAD. PLoS One 12 (2), e0171587. doi:10.1371/journal.pone.0171587
 Sagen, J. V., Odili, S., Bjørkhaug, L., Zelent, D., Buettger, C., Kwagh, J., et al. (2006). From clinicogenetic studies of maturity-onset diabetes of the young to unraveling complex mechanisms of glucokinase regulation. Diabetes 55 (6), 1713–1722. doi:10.2337/db05-1513
 Shen, Y., Cai, M., Liang, H., Wang, H., and Weng, J. (2011). Insight into the biochemical characteristics of a novel glucokinase gene mutation. Hum. Genet. 129 (3), 231–238. doi:10.1007/s00439-010-0914-4
 Steele, A. M., Shields, B. M., Wensley, K. J., Colclough, K., Ellard, S., and Hattersley, A. T. (2014). Prevalence of vascular complications among patients with glucokinase mutations and prolonged, mild hyperglycemia. Jama 311 (3), 279–286. doi:10.1001/jama.2013.283980
 Tavtigian, S. V., Harrison, S. M., Boucher, K. M., and Biesecker, L. G. (2020). Fitting a naturally scaled point system to the ACMG/AMP variant classification guidelines. Hum. Mutat. 41 (10), 1734–1737. doi:10.1002/humu.24088
 Valentínová, L., Beer, N. L., Staník, J., Tribble, N. D., van de Bunt, M., Hučkova, M., et al. (2012). Identification and functional characterisation of novel glucokinase mutations causing maturity-onset diabetes of the young in Slovakia. PLoS One 7 (4), e34541. doi:10.1371/journal.pone.0034541
 Xu, J. Y., Dan, Q. H., Chan, V., Wat, N. M. S., Tam, S., Tiu, S. C., et al. (2005). Genetic and clinical characteristics of maturity-onset diabetes of the young in Chinese patients. Eur. J. Hum. Genet. 13 (4), 422–427. doi:10.1038/sj.ejhg.5201347
 Zelent, B., Odili, S., Buettger, C., Shiota, C., Grimsby, J., Taub, R., et al. (2008). Sugar binding to recombinant wild-type and mutant glucokinase monitored by kinetic measurement and tryptophan fluorescence. Biochem. J. 413 (2), 269–280. doi:10.1042/BJ20071718
 Zhou, Y., Wang, S., Wu, J., Dong, J., and Liao, L. (2020). MODY2 in asia: Analysis of GCK mutations and clinical characteristics. Endocr. Connect. 9 (5), 471–478. doi:10.1530/EC-20-0074
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Dai, Yang, Zhang, Ma, Chen, Zhang, Lv, Li, Tang, Zhen, Lu, Li, Hu, Xiao and Dong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-14-1120153-t002.jpg
Gene n: Forward/Reverse Sequence (5'-3')

GCK(p.G265D) Forward GGGCGCCTTCGGGGACTCCGACGAGCTGGACGAGTTCCTGC
GCK(p.G265D) [ Reverse GCAGGAACTCGTCCAGCTCGTCGGAGTCCCCGAAGGCGCCC
GCK(pR192W) Forward GCTTCTGCGAGACGCTATCAAATGGAGAGGGGACTTTGAAATGGATG
GCK(pR192W) Reverse | CATCCATTTCAAAGTCOCCTCTCCATTTGATAGCGTCTCGCAGAAGE
GCK(p.C253Y) Forward GGGGGACGAGGGCCGCATGTACGTCAATACCGAGTGGGGCG
GCK(p.C253Y) Reverse (CGCCCCACTCGGTATTGACGTACATGCGGCCCTCGTCCCCC
4T-1-GCK Forward AATCGGATCTGGTTCCGCGTATGGCGATGGATGTCACAAGG
4T-1-GCK Reverse AGTCAGTCACGATGCGGCCGTCACTGGCCCAGCATACAGG






OPS/images/fgene-14-1120153-t003.jpg
Protein Genotype Origin

1 7 €758G>A p.C253Y Heterozygous Mother P/PM1+PM2+PM5+PP3
2 5 €574C>T pRI2W Heterozygous Father P/PM1+PM2+PM5+PP3+PP5
3 7 C794G>A p.G265D Heterozygous Father LP/PM1+PM5+PP3+PM2

P, pathogenic; LP, likely pathogenic. PM1: Located in a mutational hot spot and/or critical and well-established functional domain (e.g, active site of an enzyme) without benign variation. PM2:
Absent from controls (or at extremely low frequency if recessive) in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium. (Pathogenic, Moderate). PMS5: Novel
missense change at an amino acid residue where a different missense change determined to be pathogenic has been seen before. (Pathogenic, Moderate): PP3: Multiple lines of computational
evidence support a deleterious effect on the gene or gene product (conservation, evolutionary, splicing impact, etc.). PP5: Reputable source recently reports variant as pathogenic, but the
adatine i not: snililie ot ot o el i ndipendect srikiation (Paiveniic: Sovpoctiek
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diagnosis the carrier

parent
‘ 0h 0Oh 2h 0h 0h | 2h ‘
Proband1 13 14 Male 1672 ‘ 896 | 1110 1551 ‘ 1054 | 235 Negative 67 7.32 12.50‘
Proband2 8 2 Female 1755 ‘ 631 1331 1581 1225 289 Negative 64 674 | 1158 ‘
Proband3 9 10 Female 1643 ‘ 642 | 697 | 758 | 1997 134 Negative 66 658 | 742 ‘

BMI, body mass index; FBG, fasting blood glucose; ICA, islet cell antibody; IAA, insulin autoantibodies; GADA, glutamic decarboxylase autoantibody.
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