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We present a case of an obese 22-year-old man with activating GCK variant who had neonatal hypoglycemia, re-emerging with hypoglycemia later in life. We investigated him for asymptomatic hypoglycemia with a family history of hypoglycemia. Genetic testing yielded a novel GCK missense class 3 variant that was subsequently found in his mother, sister and nephew and reclassified as a class 4 likely pathogenic variant. Glucokinase enables phosphorylation of glucose, the rate-limiting step of glycolysis in the liver and pancreatic β cells. It plays a crucial role in the regulation of insulin secretion. Inactivating variants in GCK cause hyperglycemia and activating variants cause hypoglycemia. Spleen-preserving distal pancreatectomy revealed diffuse hyperplastic islets, nuclear pleomorphism and periductular islets. Glucose stimulated insulin secretion revealed increased insulin secretion in response to glucose. Cytoplasmic calcium, which triggers exocytosis of insulin-containing granules, revealed normal basal but increased glucose-stimulated level. Unbiased gene expression analysis using 10X single cell sequencing revealed upregulated INS and CKB genes and downregulated DLK1 and NPY genes in β-cells. Further studies are required to see if alteration in expression of these genes plays a role in the metabolic and histological phenotype associated with glucokinase pathogenic variant. There were more large islets in the patient’s pancreas than in control subjects but there was no difference in the proportion of β cells in the islets. His hypoglycemia was persistent after pancreatectomy, was refractory to diazoxide and improved with pasireotide. This case highlights the variable phenotype of GCK mutations. In-depth molecular analyses in the islets have revealed possible mechanisms for hyperplastic islets and insulin hypersecretion.
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Introduction

Glucokinase (also known as hexokinase IV, encoded by the GCK gene) enables phosphorylation of glucose, the rate-limiting step of glycolysis in the liver and pancreatic β cells (1). It plays a crucial role in the regulation of insulin secretion (2). GCK is the primary glucose sensor as small fluctuations in its activity alter glucose-stimulated insulin secretion from pancreatic β cells (3). GCK’s midpoint of glucose responsiveness is 7 mM (as compared to ~0.2 mmol/L for homologous isozymes hexokinases I-III), which closely matches physiological, circulatory glucose concentrations (3). Unlike the other hexokinases, GCK is not susceptible to feedback inhibition by physiological concentrations of its product, glucose 6-phosphate (3). The importance of precise control over GCK activity is emphasized by disease phenotypes resulting from variants in the human GCK locus (3). Inactivating variants in GCK cause hyperglycemia (4) and activating variants cause hypoglycemia (5).

Here we report detailed clinical, functional, and molecular analysis of a man who presented with hypoglycemia due to an activating variant in GCK. The patient underwent spleen-preserving distal pancreatectomy with a curative intent for his hypoglycemia. Histology revealed diffuse larger islets, nuclear pleomorphism and periductular islets. Genetic testing revealed a novel activating GCK variant that was subsequently also found in his mother, sister and nephew. Islets were isolated from his pancreas and subjected to functional analysis and single cell RNA sequencing to reveal possible mechanisms for the metabolic effects of the activating glucokinase variant and associated morphological changes in islets.


Clinical Case

A 22-year-old man was referred for evaluation of asymptomatic hypoglycemia (plasma glucose 2.4 mmol/L) which was found incidentally during investigation for obesity (BMI 49.1 kg/m2). He has no history of bariatric surgery, liver or kidney disease or excess alcohol consumption. His mother had a pancreatectomy (of unknown extent) at age 6 for hypoglycemic seizures. She developed diabetes mellitus in her fifth decade and she is on insulin. There was no history of glucose homeostasis related issues in his father. His sister was asymptomatic when the patient was first evaluated, but she had hypoglycemia when she was monitoring her glucose after diagnosis of gestational diabetes mellitus (described in detail later).

His initial investigation is shown in Table 1. A prolonged fast demonstrated endogenous hyperinsulinemic hypoglycemia (Table 2). The test was terminated at 10 hours of fasting when the patient’s blood glucose was < 2.5mM. Imaging of the pancreas with triple phase computed tomography (CT), magnetic resonance imaging (MRI), endoscopic ultrasound, 68Ga-DOTA-octreotate PET/CT (Dotatate scan, targeting somatostatin receptor subtype 2) and 68Ga-DOTA-exendin-4 PET/CT (GLP-1R scan, targeting glucagon-like peptide-1 receptor) did not reveal a pancreatic lesion (not shown). A selective arterial calcium stimulation test suggested focal abnormal insulin production in the body and tail region (distal splenic artery territory) of the pancreas (Figure 1A). Hence he underwent spleen-preserving distal pancreatectomy with resection of the body and tail of the pancreas to the left of the superior mesenteric vein–portal vein confluence with a curative intent for his hypoglycemia. At the time of surgery, we were unaware of the genetic cause for hypoglycemia in the patient. An intraoperative ultrasound did not reveal any pancreatic lesions. Histopathology revealed mildly hyperplastic islets, nuclear pleomorphism and periductular islets (Figures 1B, C). There was no increase in Ki67 expressing islet cells in the patient as compared to control islets (Figure 1C). The distal pancreatectomy, however, did not correct hypoglycemia, as demonstrated with continuous glucose monitoring (CGM). During the diagnostic evaluation and postoperatively, he had no improvement in his hypoglycemia with continuous glucose monitoring revealing about 50-70% of time below 3.9 mm, with verapamil (80 mg oral, twice daily), a calcium channel blocker, and diazoxide (100 mg oral, three times a day, he could not tolerate a higher dose as he gained 14 kg of weight in 6 weeks with diazoxide), which inhibits insulin release by opening β-cell ATP-sensitive potassium channels. Similarly, octreotide (200 mcg sc three times a day), a somatostatin analogue which inhibits insulin release by activating somatostatin receptors 2 and 5 did not improve his hypoglycemia. There was improvement in hypoglycemia with pasireotide (900 mcg sc twice a day), another somatostatin analogue that activates somatostatin receptors 1, 2, 3 and 5 and has much higher binding affinity for somatostatin receptors 1, 3 and 5 than octreotide. While there was decrease in time below 3.9 mM to 20%, the time above 7.8 mM increased to about 30% with pasereotide (Supplementary Figures 1, 2). There was little change in his insulin or c-peptide values after the surgery. His weight decreased from 141.0 kg before surgery to 123 kg after surgery. His plasma triglyceride was normal (1.9 mM).


Table 1 | Initial biochemical parameters*.




Table 2 | Prolonged fasting test.






Figure 1 | (A) Selective arterial calcium stimulation test: Insulin level obtained during a selective arterial calcium stimulation test. Increased hepatic vein insulin when calcium gluconate (0.025 mEq Ca2+/kg diluted to a 5-mL in normal saline, given as rapid bolus) was injected into the distal splenic artery suggested a focal abnormal insulin production in the region the body and tail of the pancreas. PSA, proximal splenic artery; DSA, distal splenic artery; CHA, common hepatic artery; GDA, gastro duodenal artery; SMA, superior mesenteric artery; IPDA, inferior pancreatico duodenal artery. (B) Hematoxylin and eosin high power (x200) - variation in size of islet cell nuclei. (C) Representative histology of patient (top panels) and control (bottom panels) pancreas sections stained with antibodies recognizing insulin, glucagon and Ki67. (D) Pedigree of patient. Black represents individuals with confirmed GCK mutation.



The index case’s pediatrician was later identified during the discussion on management of his nephew. Discussion with his pediatrician revealed that the index case’s birth weight was 4.2 kg. He had a history of severe, recurrent, neonatal hyperinsulinemic hypoglycemia, treated effectively with diazoxide. His hypoglycemia improved and he was weaned off diazoxide by the age of 3 years. He developed obesity within the first 2 years of life. He was lost to follow up after 3 years.



Family Pedigree

The patient’s sister developed gestational diabetes based on oral glucose tolerance test with 75 g of glucose during the second trimester. During the pregnancy, home glucose monitoring showed fasting glucose levels between 3.5 and 4.5 mmol/L along with post-prandial hypoglycemia despite not being on insulin. She delivered a male baby with birth weight of 3026g (25th percentile). He developed hypoglycemia with plasma glucose of 1.3 mmol/L at 6 hours of life. The infant had recurrent hypoglycemia, requiring intravenous dextrose and glucagon. He was responsive to diazoxide and was discharged from hospital at 5 weeks of age with regular feeding intervals and a diazoxide regimen of 12mg/kg/day. The family pedigree is shown in Figure 1D.




Results


Genetic Analysis Reveals an Activating Glucokinase Variant

Genetic testing by analysis of the genes known to cause hypoglycemia by targeted next generation sequencing was performed in the patient and his mother (Exeter laboratory). This revealed a novel heterozygous glucokinase (GCK) variant (c.269A>C p.(Lys90Thr), which was predicted to be a pathological mutation using tools including Sorting Intolerant From Tolerant (SIFT), Grantham Variation and Grantham Deviation (Align-GVGD) and Polymorphism Phenotyping v2 (PolyPhen-2). Based on international ACMG guidelines, this variant was originally classified as a class 3 variant of uncertain significance. Segregation analysis for the variant in the index case’s sister and her son revealed the same GCK c.269A>C p.(Lys90Thr) variant and the variant was re-classified as a class 4 likely pathogenic variant. This case report highlights the importance of awareness of the possibility of genetic forms of hyperinsulinism in adults with hypoglycemia especially when imaging is uninformative and the need to search for clues in the past medical and family histories.



Pancreatic Islet Analysis


Increased Intracellular Calcium in Response to Glucose

Islets were isolated from a part of the removed pancreas for functional studies. Glucose stimulated insulin secretion (GSIS) was higher in patient’s islets as compared to control islets (Figure 2A). Cytoplasmic calcium ([Ca2+]c), which triggers exocytosis of insulin-containing granules and insulin secretion, was measured in islets from the patient, and control islets from a normal donor by Fura-2 live-cell calcium imaging. Basal [Ca2+]c (0–180 s) did not significantly differ between patient and control islets (Figures 2B, C). [Ca2+]c was significantly elevated in the patient’s islets in response to 15 mM glucose (181–2700 s), compared to the control (Figures 2B, D). In normal islets, intracellular concentrations of calcium are maintained at approximately 100 nM in unstimulated islets and increase to approximately 500 nM following stimulation with secretagogues (6). It is possible that the high cytosolic calcium in response to glucose could be due to the patient’s obesity.




Figure 2 | Increased insulin secretion by the islets. (A) In vitro glucose stimulated insulin secretion of isolated islets cells. Data show mean ± SD of 3 replicates. (B) Increase in cytoplasmic calcium level (which triggers degranulation of insulin granules) in response to 15 mM glucose in patient’s islets (red) as compared to control islets (blue). (C, D) Area under the curve (expressed as nM x seconds) of cytoplasmic calcium in islets in the basal state (C) and during stimulation with 15 mM of glucose (D). Data show mean ± SD of 3 replicates. *p=0.0289, 2 tailed unpaired t test. (E) Proportion of different cell types in the islets from the patient as compared to a single control using 10X single cell sequencing. (F) Volcano plot showing differentially expressed genes in the β cells of patient’s islets as compared to control islets.





Single Cell Transcriptomics Reveals Increased INS Expression and Downregulation of Genes That Control β-Cell Maturation

To investigate the molecular basis for the altered metabolism and larger islet noted in histology, we examined whole transcriptome gene expression changes using 10X single cell sequencing from the patient’s islets compared with control islets. There were 1,191 genes significantly upregulated and 1,636 genes significantly downregulated in the patient’s b cells compared with the control b cells (FDR < 0.01 using edgeR’s quasi-likelihood F-test). There was no difference in the proportion of islet cell types, including β cells, in the islets from the patient as compared to control islets (Figure 2E). There were more islets per gram of pancreatic tissue in the patient. We isolated 13,292 islet equivalent (IEQ) per gram of digested pancreas from the patient’s pancreas as compared to 5,209 IEQ ± 2,125 IEQ in controls (mean ± SD of 20 donors aged between 18-26 years of age). The islets were also larger; large islets (>250µm) from the patient contributed 52% of the total islet mass compared to mean ± SD of 29.43 ± 10.53% (range 15-46.3%) from 10 nondiabetic donors between 18 and 26 years of age. The control subjects were matched to the patient for age but the average BMI of the control donors was 27 ± 4.8 kg/m2. If we only consider control subjects with BMI>27 (n=5), the mean contribution to IEQ by islet >250 µm is 29.48 ± 11.89%. While large islets in patients with activating glucokinase mutation have been described previously (7), it is likely that the patient’s obesity contributed to the greater islet size. Single cell RNA sequencing revealed that the patient’s β cells expressed significantly more INS (insulin) than the control β cells. Creatine kinase B (CKB) reversibly catalyzes the transfer of phosphate between ATP and creatine or between phospho-creatine and ADP. CKB was highly expressed in the patient’s β cells (Figure 2F).

To investigate the underlying mechanisms for larger islets in the patient, we checked if the islets are maintained in a more proliferative stage, similar to neonatal islets. DLK1 and NPY are highly expressed in neonatal islets and both function in β cells to inhibit the switch from immature proliferating cells to a mature differentiated state (8, 9). We found both DLK1 and NPY to be significantly downregulated in the patient’s β cells (Figure 2F). In addition, expression of genes involved in glycolysis, cell cycle determination or β cell differentiation was not different in the patient’s β cells as compared to control β cells (data not shown). As there was increased insulin expression in the patient, we checked if autocrine insulin receptor (IR) signalling in β cells or the high local insulin concentration in islets could bind to IGF-1 to induce β cell proliferation (10–13). We did not find a difference in IR, IGF-1R, the downstream IRS-1 and IRS-2 or the negative regulator KIAA1324 (Inceptor) gene expression (14) in the patient’s β cells as compared to the control β cells. The level of hexokinase subtypes was low in the β cells in patient and control sample and there was no difference in expression levels between the patient and control β cells.





Discussion

We report a family with hyperinsulinemic hypoglycemia due to a novel activating GCK variant. The metabolic effects of activating glucokinase are due to changes in the threshold for insulin release. In-depth molecular analysis of β cells revealed genes that possibly contribute to the process of lowering the threshold for insulin release and associated morphological changes in pancreatic islets in activating glucokinase variant. His massive obesity may also have contributed to the morphological changes in the islets and increased calcium responses to glucose. We noted increased glucose stimulated insulin secretion in the patient’s β cells. INS and CKB were highly expressed while DLK1 and NPY were prominently downregulated in the patient’s β cells.

GCK has been detected in the pancreas, liver, gut, and brain and is shown to play a key role in the regulation of carbohydrate metabolism. It acts as a glucose sensor in pancreatic β cells and promotes the synthesis of glycogen and triglycerides in the liver (15, 16). A patient with GCK c.269A>G, p.(Lys90Arg) variant, which is similar to the variant in our patient was described recently (17). Adults who are identified with activating GCK variants are usually diagnosed with hyperinsulinemic hypoglycemia as part of family screening following an identified neonate (18). Despite carrying the same GCK variant, the clinical presentation in this family varied significantly between affected relatives. Several studies have noted variation in clinical presentation within families with activating glucokinase variants (5, 19). Although speculative, one possible explanation for this phenomenon is individual differences in the way liver-specific glucokinase regulatory protein (GKRP), the regulator of GCK activity in the liver, mediates GCK inhibition in individuals.

Functional and transcriptomic analysis of islets isolated from the patient and a control pancreas suggested an increase in β-cell function rather than increased β-cell proliferation. While the number of islets per gram of pancreatic tissue was more in the patient than in control subjects, single cell analysis showed no difference in the proportion of β cells in the patient compared to control islets. However, in addition to the larger islets, many single chromogranin A positive cells were seen throughout the pancreas (data not shown), a phenomenon not usual in normal adult human pancreas. Thus, while the proportion of β cells was not different in the isolated islets, overall, the number of β cells in the patient’s pancreas was likely higher because these single β cells would have been lost during islet isolation.

Glucose stimulated insulin secretion (GSIS) was increased in the patient’s islets. CKB and INS were highly expressed in the patient’s β cells and intracellular Ca2+ levels were increased. CKB is important for regeneration of ATP and thus for GSIS. Insulin potentiates GSIS in vivo in healthy humans (20). In vitro stimulation of β cells with insulin leads to an increase in intracellular Ca2+ levels and insulin secretion (21) (22),. While glucose is the predominant insulin secretagogue, insulin mediated increase in intracellular Ca2+ may also amplify insulin secretion (21, 22),. Increased GSIS by the patient’s β cells may also be explained by low expression of NPY. NPY regulates insulin release from β cells by reducing cAMP levels. Knockdown of Npy expression in neonatal mouse islets enhances insulin secretion in response to high glucose (8). Thus, increased expression of INS and CKB and decreased expression of NPY potentially contribute to the lower threshold for glucose stimulated insulin release.

DLK1 was reduced in the patient’s β cells. DLK1 is highly expressed in normal β cells and may regulate local insulin action (23, 24), by inhibiting insulin signaling (25). Dlk1 knockout mice are insulin sensitive and have increased β cell mass, while transgenic mice overexpressing DLK1 under control of the collagen promoter have impaired insulin sensitivity (25). Decreased DLK1 may allow unrestrained insulin signaling leading to β-cell hypertrophy. However, mice with β-cell specific DKL1 deficiency do not have larger islets (26). Interestingly, DLK1 mutation has been linked to central precocious puberty and obesity in humans (27). Accelerated weight gain was also noted in Dlk1 null mice (28). It is not clear how a gain of function in glucokinase modulates the expression of DLK1.



Conclusion

Our study highlights that genetic hyperinsulinemic hypoglycemia should be considered as a differential diagnosis in adults with hypoglycemia, especially when imaging is uninformative. Single cell transcriptome analysis revealed changes in gene expression in the islets with activating glucokinase variant. Further studies are required to see if alteration in gene expression plays a role in the metabolic and histological phenotype associated with the pathogenic glucokinase variant.



Materials and Methods


Human Islets Isolation and Single Cell RNA Sequencing

Pancreas following distal pancreatectomy was obtained, with informed consent, following research approval from the Human Research Ethics Committee at St. Vincent’s Hospital Melbourne (HREC-011-04). Human islets were isolated from the pancreas of the index case using standard procedures (29). We also isolated islet from a control subject whose pancreas was donated at the time we isolated the patient’s islets. We quantified the isolated islets using the standard islet equivalency (IEQ) method for islet volume measurements used in islet transplantation. One IEQ is equal to a single spherical islet of 150 μm in diameter, estimated microscopically after dithizone staining (30). Islets were dispersed with accutase then rested in Connaught Medical Research Laboratories (CMRL) 1066 medium (Invitrogen) supplemented with 4% human serum albumin, 100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM L-glutamine (complete CMRL), in a 37°C, 5% CO2 humidified incubator for 2 hours. Cells were processed for single cell RNAseq using the Chromium 10x genomics platform and sequenced using the Illumina NextSeq platform at the Australian Genome Research Facility (Melbourne, Australia).



Data Preprocessing

Patient and control subject’s single-cell libraries were multiplexed and sequenced across 4 lanes. The raw sequencing files (.BCL) were first converted into fastq files using “cellranger mkfastq” (v3.02), were then processed using “cellranger count” (3.0.2) pipeline to align sequencing reads in fastq files to reference genome GRCh38 and generate the raw gene count matrices for single cells in each sample.



Normalisation and Clustering

The cells from two samples (patient and control islets) were pooled together for clustering and cell type identification. The filtered feature matrices from two samples (output by cellranger count) were imported into R (3.6) as a Single Cell Experiment (31) object (9,673 cells in total). Normalised gene expression was obtained by applying sctransform (v0.2.0) (32). Principle Component Analysis was performed on normalised data using the top 3,000 highly variable genes selected by their residual variance from fitting sctransform and the top 10 PCs were used for clustering using the SNN-based (shared-nearest-neighbour) clustering function from scran (v1.12.1) (33). The highly expressed genes from each cluster were used as cluster markers and compared to cell type markers found from the literature (34) for cell type identification. Cell type composition plots were generated by ggplot2 (3.1.1).



Differential Gene Expression

Differential gene expression analysis was conducted within identified cell type groups contrasting the cells from case versus from control sample using edgeR(3.26.4) (35) based on a quasi-likelihood F-test (30) and including the cellular detection rate (the fraction of detected genes per cell) as a covariate (36). The genes had log10_total_counts lower than 1.5 were excluded. The significance determined using an FDR (false discovery rate) threshold of 0.01. Note that with only one patient sample and one control sample processed in separate batches, differential expression p-values should be taken as indicative only and will not be calibrated at the nominal significance level.



Glucose Stimulated Insulin Secretion

Islets (200 IEQ) were pre-incubated for 1 hour in HEPES-buffered-KREBS buffer containing 0.1% BSA and 2.8 mmol/L D-glucose in triplicate. Islets were then incubated at 37°C for another 1 hour in KREBS buffer containing either 2.8 mmol/L or 28 mmol/L D-glucose. Culture medium was collected, and insulin secretion was measured by ELISA (Mercodia, Uppsala, Sweden) and values normalized to extracted islet DNA.



Cytoplasmic Calcium Ion Response to Glucose

The [Ca2+]c in islets was determined by live cytosolic calcium imaging as previously described (37, 38).



Immununohistochemistry

Pancreatic specimens were fixed in 10% neutral buffered formalin. Antibodies for immunohistochemistry were guinea pig anti-insulin (Dako, Carpinteria, CA, USA), mouse anti-glucagon (Sigma-Aldrich, St. Louis, MO), mouse anti human Ki-67 (Dako), mouse anti human chromogranin A (AbDSerotec, Raleigh, NC), rabbit anti guinea pig HRP (Dako), rabbit anti-mouse HRP (Dako). Sections (5 µm) were stained using a Dako autostainer, detected with a peroxidase substrate containing 3,3-diaminobenzidine (brown) (Dako) and counterstained with haematoxylin.



Genetic Testing

Whole blood from the patient and his mother was sent to the Exeter Clinical Laboratory for genetic testing for analysis of the coding regions and exon/intron boundaries of the KCNJ11, ABCC8, AKT2, GLUD1, GCK, GPC3, HADH, HNF4A, INSR, KDM6A, KMT2D, SLC16A1, CACNA1D, PMM2, TRMT10A and HNF1A genes by targeted next generation sequencing (Agilent custom capture v5.3/Illumina NextSeq500).
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