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Editorial on the Research Topic 


Monogenic diabetes: from genetics and cell biology to clinical practice


Monogenic diabetes mellitus (MDM) is a special type of diabetes caused by a single gene mutation. MDM accounts for approximately 1-5% of all causes of diabetes. MDM can be classified as neonatal diabetes mellitus (NDM), maturity-onset diabetes of the young (MODY), mitochondrial diabetes, and some rare genetic syndromes associated with diabetes. To date, mutations in more than 60 genes have been reported to cause MDM. Most of the genes are critical for pancreatic beta cell function, development, and survival. Pathogenetic mutations in the genes involved in insulin action can also cause MDM. Over the past decades, significant advances have been made in MDM awareness, diagnosis, and management. However, patients with MDM are easily misdiagnosed as type 1 diabetes or type 2 diabetes, and may not receive appropriate management. There are significant unmet medical needs for improving recognition, appropriate clinical/genetic testing/diagnosis and management, as well as better understanding of the underlying mechanisms of MDM. In this special issue, we have come together an array of reports encompassing disease spectrum and clinical characteristics of monogenic diabetes, as well as novel techniques for functional analysis of variants.

A series of studies in this Research Topic expanded our knowledge regarding genetic etiology and pathogenesis of monogenic diabetes. Yang et al. identified a novel, heterozygous INS nonsense mutation, preproinsulin R46X in two unrelated patients with early onset diabetes. Mechanistically, despite with an intact signal peptide, R46X failed to be efficiently translocated into the ER, highlighting that proinsulin domain downstream of signal peptide plays an important unrecognized role in preproinsulin translocation. Given the fact that some family members carrying R46X do not develop diabetes, further studies are warranted to determine additional genetic and/or environmental factors contributing to the development and progression of diabetes in the patients carrying R46X. In an intriguing case report, Zhou et al. described a Chinese family of Woodhouse-Sakati syndrome presented with diabetes mellitus, hypogonadotropic hypogonadism, central hypothyroidism, alopecia, and intellectual disability, caused by a novel biallelic deletion mutation of the DCAF17 gene. Jiang et al. identified a novel missense mutation GCK p.A259T, which cosegregated with diabetes in a Chinese MODY2 pedigree. The authors conducted extensive kinetic and thermal stability analysis, and showed that the mutation impaired the affinity, catalytic capability, and cooperativity for the glucose substrate. Koneshamoorthy et al. described a novel GCK activating mutation in an adult with hypoglycemia. The variant segregated with hypoglycemia in the pedigree, and morphological changes were observed in the islet of the patient, along with accentuated glucose stimulated insulin secretion, cytosolic calcium response to glucose, and changes in single cell transcriptomics in the pancreatic islets.

Functional analysis of variants identified is vital in confirmation of disease causality and pursuit of treatment options, but can be difficult. In a two-part series, Dhayalan et al. proposed a single-chain peptide model, “DesDi”, that comprised 49 residues and a single disulfide bridge, optimized for efficiency of disulfide pairing. The platform enabled comparative biophysical studies, regarding ɑ-helix contents, thermal unfolding profiles, thermodynamic stabilities, and NMR resonance properties, of mutations that cause Mutant INS-gene Induced Diabetes of the Young (MIDY). Location and degree of structural perturbation that the MIDY variants caused, assessed by the peptide model, correlated with degree of ER stress and age of diabetes onset. Taken together, the model allows molecular dissection of phenotype-genotype relationships of MIDY variants. Guo et al. developed a scalable dual fluorescence assay in cells, that enables functional characterization of HNF‐4α missense variants, with respect to transcription activity and expression abundance, identified in exome sequencing. In combination with cloning and Sanger sequencing, the method allows quantitative and high-throughput interpretation of HNF‐4α variants.

Monogenic diabetes is under-diagnosed. Awareness of clinical presentations of monogenic diabetes is a prerequisite for recognition of the condition, and subsequent diagnosis and personalized management. In a comprehensive review, Li et al. discussed the pathogenesis and treatment of maturity-onset diabetes of the young type 3, and the association of HNF1A single nucleotide polymorphisms with type 2 diabetes and gestational diabetes. Zhao et al. reviewed the literature extensively, and investigated the clinical presentations of patients with HNF1-alpha MODY. The authors found that clinical manifestations of HNF1-alpha MODY differed by geographical regions and HNF1-alpha mutations. Ge et al. reviewed the clinical presentations and gene mutations of MODY5, in the literature, and concluded that testing for MODY5 should be prioritized in patients with early-onset diabetes, low or normal BMI, renal cysts, hypomagnesemia, and pancreatic dysplasia. Yang et al. reviewed literature, and investigated the genetic spectrum and the clinical features of maternally inherited diabetes and deafness caused by deleterious mitochondrial mutations. The authors found that the heteroplasmy levels of the m.3243A>G mutation in the peripheral blood was negatively correlated with age at the onset of diabetes, and argued that young onset of diabetes with low or normal BMI, maternal inheritance and presence of impairments of multiple systems should prompt a genetic testing for maternally inherited diabetes and deafness. Zhao et al. found that plasma lactate immediately and 30 minutes after exercise could contribute to the differential diagnosis of mitochondrial diabetes and type 1 diabetes. In longitudinal follow-up, fasting C-peptide in patients with mitochondrial diabetes declined rapidly within the first 5 years after diagnosis, and stabilized at low levels 10 years after diagnosis. Abreu et al. investigated the proportion and genetic spectrum of monogenic diabetes in a cohort of patients in Brazil, providing evidence for screening for monogenic diabetes in such a population with mixed ethnic backgrounds.

The field of monogenic diabetes is rapidly evolving. We hope this Research Topic will motivate doctors/researchers in promoting wider recognition, timely diagnosis, and proper management of monogenic diabetes.
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Aims

To investigate the clinical features and mitochondrial mutations for maternally inherited diabetes and deafness.



Methods

PubMed, Embase, Medline, Web of Science, the China National Knowledge Infrastructure, and Wanfang were searched with the following search terms: “Maternally inherited diabetes and deafness” OR “MIDD” OR “Mitochondrial diabetes”. The mutations and clinical features were analyzed. Correlation between the heteroplasmy levels of the m.3243A>G mutation in the peripheral blood and age at the onset of diabetes was conducted by Spearman test. The significance level was set as p < 0.05. Statistical analysis was performed using the Statistical Package for the Social Sciences version 26 for Windows.



Results

Totally 161 patients with 21 different mitochondrial mutations were enrolled. The most common mutation was the m.3243A>G mutation in 136 cases. Of 142 patients, 120 (84.51%) had family histories of diabetes or hearing loss. Hearing loss presented in 85.71% of the patients with mitochondrial mutations. Central nervous system diseases were found in 29.19%, myopathy in 22.98%, oculopathy in 23.60%, cardiac disease in 23.60%, and nephropathy in 13.66% of the patients. Forty-two of 101 (41.58%) patients were underweight. A significant negative correlation was found between the heteroplasmy levels of the m.3243A>G mutation in the peripheral blood and age at the onset of diabetes.



Conclusions

The young onset of diabetes with low or normal BMI, maternal inheritance, and presence of impairments of multiple systems should prompt a genetic testing in order to differentiate MIDD from other types of diabetes earlier.





Keywords: treatment, diagnosis, mitochondrial gene mutations, heteroplasmy, maternally inherited diabetes and deafness



Introduction

Diabetes mellitus is one of the most important chronic non-communicable disease, which has been a significant global public health problem. The incidence of monogenic diabetes mellitus has increased in recent years due to greater awareness and wider availability of genetic testing. Monogenic diabetes mellitus comprises a heterogeneous group of diabetes which are caused by a single gene defect (1). A subtype of monogenic diabetes associated with mutations in the mitochondrial DNA is referred to as maternally inherited diabetes and deafness (MIDD), which was first described in 1992 by Van den Ouveland et al. (2). The abnormality of glucose metabolism in MIDD is associated with a gradual decrease in insulin secretion due to reduced ATP production in pancreatic β-cells with abnormal mitochondria (3). The diagnosis and differentiation of MIDD from type 1 and type 2 diabetes are important in view of the implications for treatment and prognosis as well as for identification of family members at risk of diabetes (2). However, the clinical features of MIDD are variable, and MIDD is frequently misdiagnosed as other types of diabetes. Thus, it is extremely essential to recognize MIDD among the diabetic patients. It is a pity that there is no systematic summary about the disease up to now. Our study summarized the clinical features and mutations in reported MIDD to help the doctors better diagnose and manage these patients.



Subjects and Methods

PubMed, Embase, Medline, Web of Science, the China National Knowledge Infrastructure (CNKI), and Wanfang were searched from the date of their inception to February 10, 2021, without language restrictions. The key words used were “Maternally inherited diabetes and deafness” OR “MIDD” OR “Maternally inherited diabetes” OR “Mitochondrial diabetes.” Eligible studies met the following criteria: (1) Mitochondrial mutations were confirmed by genetic testing, and detection of the mutation was based on polymerase chain reaction (PCR) amplification. (2) The mutation sites were described. (3) The main clinical data of patients were described. The flow chart (Supplementary Data Figure S1) showed the reasons for identification of eligible studies.

From the eligible studies, the following data were extracted: (1) country, (2) gender, (3) age at onset of diabetes and hearing loss, (4) family history, (5) therapies, (6) BMI, (7) fasting C-peptide, (8) mutation sites, (9) antibodies, (10) the heteroplasmy levels in tissues.


Statistical Analyses

Correlation between the heteroplasmy levels of the m.3243A>G mutation in the peripheral blood and age at the onset of diabetes was conducted by Spearman test. The significance level was set as p < 0.05. Statistical analysis was performed using the Statistical Package for the Social Sciences version 26 for Windows (SPSS).




Results


Epidemiological Characteristics and Gene Mutations

One hundred and sixteen studies including 161 patients were eligible with the aforementioned search terms. Among them, Asian cases accounted for the largest part (108 cases, 67.08%), followed by European (43 cases, 26.71%), North American (5 cases, 3.11%), South American (3 cases, 1.86%), African and Oceania (1 case, 0.62%, respectively). Among the Asian, cases from China, Japan, India, Iran, and Korea accounted for 39.75, 25.47, 0.62, 0.62, and 0.62%, respectively. Totally 21 different mtDNA mutations were identified. Most of the patients (158/161, 98.14%) had one mutation, and three (3/161, 1.86%) had two mutations. The most common mutation was the m.3243A>G mutation, which accounted for 84.47% of the cases, while other mutations were quite rare. The detailed information of enrolled countries and individuals are described in Table S1 (Supplementary Materials) and Figure 1.




Figure 1 | (A) Geographical country distribution ratio among the patients (%), (B) the percentage of different mutation sites (%).





Clinical Characteristics

The clinical data at diagnosis of the patients are shown in Table S2 (Supplementary Materials) and Figures 2 and 3. Among the 161 patients, 60.25% (97/161) were female and 39.75% (64/161) were male. Family histories were mentioned in 142 patients, and among them, 59.86% (85/142) had family histories of both diabetes and hearing loss; 21.83% (31/142) had family history of diabetes; 2.82% (4/142) had family history of hearing loss. Mitochondrial mutations were detected in 3.52% (5/142) of patients’ relatives who had no hyperglycemia or hearing loss. The body-mass-index (BMI) at diagnosis were available in 101 patients. Their BMI ranged from 12.5 to 36.89 kg/m² (mean 19.41 kg/m²). The group of underweight (<18.5 kg/m2), normal weight, overweight (25~29.9 kg/m2), or obese (≥30 kg/m2) accounted for 41.58, 51.49, and 6.93%, respectively, according to WHO standard.




Figure 2 | Clinical characteristics of patients with mitochondrial mutations. (A–D) The proportion of several clinical characteristics in enrolled patients: (A) gender (N: 161), (B) family histories (N: 142), (C) treatment (N: 102), and (D) BMI (N: 101).






Figure 3 | Whisker plot for continuous clinical data of patients with mitochondrial mutations. (A–D) Continuous data for the variables of (A) Age at onset, (B) BMI, (C) Fasting C peptide, and (D) Period until insulin dependency.



Fasting C-peptide data were available in 42 patients, with a mean of 0.83 ng/ml, lower than the normal range (1.1~4.4 ng/ml). Diabetes antibodies were reported in 50 patients, and among them, only five (10.00%) patients had positive results (one case had GADA, two cases had IAA, and two cases had ICA).

The clinical manifestations of MIDD patients are shown in Table S3 (Supplementary Materials). Hearing impairment presented in 138 (85.71%) patients. Central nervous system diseases were found in 47 (29.19%) patients, including encephalatrophy (11.18%), cerebellar ataxia (6.21%), basal ganglia calcification (2.48%), migraine (4.97%), and cerebral infarction (5.59%). Peripheral neuropathy was found in 28 (17.39%) patients. Myopathy was presented in 37 (22.98%) patients manifesting muscle weakness (14.91%), myophagism (4.97%), ptosis (2.48%). Ragged red fibers on muscle biopsy were seen in 26 (16.15%) patients. Oculopathy was observed in 38 (23.60%) patients, and the prevalence of macular degeneration (9.32%) was higher than proliferative retinopathy (5.59%). Cardiac disease was present in 38 (23.60%) patients, and 19 (11.80%) patients had a manifestation of ventricular hypertrophy and 15 (9.32%) patients had a manifestation of arrhythmia. Nephropathy, defined by the presence of albuminuria and/or impairment in renal function, was found in 22 (13.66%) patients. Gastrointestinal symptoms were observed in 9 (5.95%) patients. In addition to diabetes, other endocrine disorders involving hypogonadism (1.86%) and osteoporosis (2.48%) were observed.



Treatment

The treatments of 102 patients were provided in the original articles. Seventy-nine patients (79/102, 77.45%) injected insulin, and 23 patients (23/102, 22.55%) did not. Among them, 67 patients (67/102, 65.69%) received insulin without oral hypoglycemic agent. Twenty-two patients (21/102, 20.59%) received oral hypoglycemic agents (OHA) without insulin, and 12 (12/102, 11.76%) received both insulin and OHA. Two patients (2/102, 1.96%) underwent diet therapy only. Among the patients who received insulin, 37.18% (29/78) initiated once diabetes was diagnosed. The mean time from the diagnosis of diabetes to insulin therapy was 4.15 years. Onset of the diabetes usually occurred at an early age with a mean age of 32.79 years, and the mean age of onset of hearing impairment was 30.84 years.



Heteroplasmy Levels

The heteroplasmy levels of the m.3243A>G mutation in different tissues are shown in Table 1. The blood heteroplasmy levels in 27 patients ranged from 0.102 to 58%, with a mean value of 26.97%. The mean heteroplasmy levels in urothelium, muscle, hair follicle, buccal mucosa, nail, and myocardium were 58.13, 49.53, 41.35, 48.25, 32.00, and 67.50% respectively. We used different colors representing different mutations in the scattergram, which showed a negative correlation between blood heteroplasmy levels and age at the onset of diabetes (Figure 4). A significant negative correlation was found between the blood mutation levels of the m.3243A>G mutation and age at the onset of diabetes (P<0.01) (Table 2).


Table 1 | The heteroplasmy levels of the m.3243A>G mutation in different tissues.






Figure 4 | Correlation between blood heteroplasmy levels and age at the onset of diabetes.




Table 2 | Correlation between blood heteroplasmy levels of the m.3243A>G mutation and age at the onset of diabetes.






Discussion

Since MIDD was first described, there have been some reports about this disease. However, most studies about MIDD involved only a small series of patients. Unlike previous studies, we summarized the clinical features and mutations of 161 patients with mitochondrial mutations. Our study demonstrated the MIDD patients with most mutations had the following clinical characteristics: (1) high incidence of progressive neurosensory deafness (85.71%); (2) early onset of diabetes and deafness; (3) high incidence of maternal inheritance (84.51%); (4) thin and short stature (41.58%); (5) absence of diabetes antibodies (90.00%); (6) progressive insulin secretory defect.

But not all patients with mitochondrial mutations met the above characteristics. The m.3426 A>G and m.16189T>C mutation were considered as susceptibility factors for insulin resistance and T2DM, which were also maternal inherited (4–6). The patients with m.3426 A>G mutation did not have deafness and had late onset age of diabetes (mean 42.14 years) with the BMI above the normal range (mean 27.14 kg/m²) and usually had no complications (4). In addition, the laboratory characteristics of patients with m.3426A>G mutation was that they had normal levels of fasting C-peptide and usually took oral hypoglycemic agents for treatment (4, 6). The patients with m.16189T>C mutation were also usually overweight (mean BMI 28.12 kg/m²) and had high HOMA-IR (5). The reason for the above differences is not clear yet. Previous studies have demonstrated the m.3243A>G mutation is associated with both insulin deficiency and reduced insulin sensitivity in patients with MIDD (7). Sequential follow-up of patients with the 3243 mutation documented decreased sensitivity to insulin prior to the development of insulin deficiency (7). A presumable supposition is that reduced sensitivity to insulin could be a consequence of minor mitochondrial dysfunction, and deficiency only occurred with a severe defect. The mutations 3426A>G and 16189T>C have less impact on mitochondrial function than 3243A>G.

MtDNA is passed from the mother to offspring; therefore, it is generally accepted mitochondrial diabetes is also maternally inherited (8, 9). However, in our study, 22 patients were sporadic cases without family histories of diabetes and hearing loss. Among the 22 patients, mitochondrial mutations were detected in five patients’ relatives who had no hyperglycemia or hearing loss. One possible reason for this seems to be that mitochondrial inheritance is characterized by heteroplasmy and threshold (10). The percentage of affected mitochondria is variable among different tissues and among cells within a given tissue, which is called heteroplasmy (11). Typically, the carrier exhibits clinical phenotypes when the mutant mtDNA reaches more than 60%, which is the threshold (12). The other reason is that the patient was the propositus and had the first mutation in his family (13).

In addition to diabetes mellitus and hearing loss, other clinical phenotypes may present differently since there are variabilities in heteroplasmy in different tissues (14, 15). Mitochondria are presented in every cell of the human body except red blood cells, so the organs depending on energy metabolism are subjected to be affected in patients with MIDD, such as central nervous system, retina, skeletal muscle, heart, kidney, and endocrine. We found some complications involving other systems are characteristic, which might help to identify MIDD from other types of diabetes.

The prevalence of macular dystrophy (9.32%) was higher than proliferative retinopathy (5.59%), which was consistent with a previous study (16). Macular pattern dystrophy might protect against the development of diabetic retinopathy through a reduction in retinal metabolism and a decrease in oxygen consumption in the retina (17). Macular dystrophy is thought be used as a marker to select the MIDD patients (17). This typical retinal dystrophy should raise suspicion as to the diagnosis for MIDD. Therefore, it is of clinical importance for diabetes to perform specific examinations by a trained ophthalmologist.

Our results also suggested a high frequency of myopathy, especially muscle weakness and myophagism. Skeletal muscle requires a great deal of ATP to function, and when patients increase the demand on the muscles, the dysfunctional mitochondria are unable to meet the demand and develop muscular symptoms (18). Further, ragged red fibers on muscle biopsy are typically seen in MIDD, which indicate damaged muscles and are thought to be pathognomonic of mitochondrial disease (19). Muscle biopsy may show ragged-red fibers that are characteristic of mitochondrial disorders and contribute to the diagnosis of MIDD (20).

In the UK MRC Mitochondrial Disease Patient Cohort Study involving 129 patients with the m.3243A>G mutation, the patients were associated with other clinical syndromes involving the nervous and muscular systems including mitochondrial encephalopathy lactic acidosis and stroke-like episodes (MELAS) and chronic progressive external ophthalmoplegia (CPEO). Thirty percent had MIDD, 6% MELAS/MIDD, and 5% MIDD/CPEO overlap syndromes (21). Our study also showed high prevalence of central nervous system involvement (29.19%) and myopathy (22.98%) in MIDD patients. Brain and skeletal muscle are susceptible to be affected due to a great demand for ATP (3). Basal ganglia high signal lesions (2.48%) or encephalatrophy (11.18%) on the brain computerized tomography (CT) are specific manifestations, which might have implications for the diagnosis.

Cardiac abnormalities in MIDD mainly manifested as cardiomyopathy or arrhythmias. The decrease in ATP leads to a decrease in contractility and subsequently results in decreased stroke volume. The increase in end diastolic volume and pressure in the left ventricle causes further left ventricular remodeling, most often, left ventricular hypertrophy (22). Cardiac conductance disorders might occur by a rearrangement of the cardiac conductance system induced by the mitochondrial dysfunction. Common cardiac conduction abnormalities seen in MIDD include Wolff Parkinson White syndrome, frequent ventricular extrasystoles, and atrial fibrillation (20, 22). Cardiac conductance disorders might contribute to sudden deaths; therefore, patients diagnosed with MIDD should undergo a comprehensive cardiac examination to avoid adverse outcomes (15).

Although the prevalence of nephropathy (13.66%) and gastrointestinal symptoms (5.59%) was relatively lower, it was not insignificant. Renal biopsy of MIDD often shows focal glomerulosclerosis (FSGS), not typical diabetic nephropathy, and is the most prevalent finding (23). The main gastrointestinal symptoms were usually mild and presented as constipation, diarrhea, or succession of both. Intestinal pseudo-obstruction is a rare but serious complication of mitochondrial disease of alimentary localization with a mortality rate of approximately 50% (24). In addition, there have also been rare reports of pancreatitis, which may be related to MIDD (25, 26). Apart from diabetes, the most common endocrine manifestation of MIDD was short stature. Hypothyroidism and hypogonadism were also observed in MIDD (27–29). For MIDD patients, in addition to glycemic control, other endocrine function should be cared.

In clinical practice, testing for mutations in mitochondrial DNA is routinely done in DNA isolated from blood; however, the level of mutation may be low and even undetectable in blood. Our study indicated that mutational loads of m.3243A>G varied widely among different tissues. The mean mutation levels of m.3243A>G in urothelium, muscle, hair follicle, buccal mucosa, nail, and myocardium were 58.13, 49.53, 41.35, 48.25, 32.00, and 67.50%. DNA from urothelium, myocardium, and buccal mucosa had the higher while blood had the lowest proportion of mutant genomes. These results are consistent with a previous research (20). Each time a somatic cell undergoes mitosis, mtDNA will be randomly distributed to the progeny cells along with mitochondria. Therefore, the mutation load of mtDNA in the tissue will change with the division of the tissue cells (30, 31). The above results indicate that buccal mucosa and urinary sediment are tissues of choice for the diagnosis of mtDNA mutations, as they are easy to obtain and their mutation loads are greater than blood.

Five patients were positive for diabetes antibodies. The patient with GADA positive was diagnosed as MIDD combined with latent autoimmune diabetes in adults (LADA) (32). The two patients with ICA positive were diagnosed as MIDD. The original literatures considered that metabolic damage to beta cells could possibly trigger an autoimmune response and ICA might be a secondary phenomenon in mitochondrial diseases (33, 34). As for two patients with IAA positive, one was diagnosed as MIDD (32). The other patient repeated antibody tests, and the results were negative for all antibodies in the first test and positive for IAA in the second test. Since the patient had high HOMA-IR, the patient was diagnosed as T2DM combined with mitochondrial gene mutation (35). Actually, the three diabetes antibodies all have false-positive rates, which can be positive in some patients without diabetes, and some drugs such as methimazole could result in positive antibodies (36, 37).

We investigated the correlation between the heteroplasmy levels in the peripheral blood and age at the onset of diabetes. The scattergram showed an overall trend that the age at onset of diabetes was negatively correlated with the heteroplasmies in the peripheral blood. Especially the age at onset of m.3243A>G was significantly negatively correlated with the heteroplasmies in the peripheral blood, which was consistent with previous studies (38). The heteroplasmy load of the m.3243A>G mutation declines with age in blood leukocytes at a mean rate of 1.4% per year (39). Moreover, as the patient’s age increased, all tissue showed a declining proportion of mutant mtDNA (40), which might indicate that early genetic testing is easier to detect mutations, and the positive rate of detection decreases with age. And one previous study suggested age-adjusted blood m.3243A>G mutation load might be an indicator of disease burden (41).

For MIDD patients, the clinical management is also a complicated issue to be discussed. Our study showed that most of the MIDD patients (79/102,77.45%) received insulin therapy, 37.18% (29/78) initiated insulin once diabetes was diagnosed, and less than one-fourth (24/102,23.53%) did not use insulin. The mean time from the diagnosis of diabetes to insulin therapy was 4.15 years. Our results might indicate that only minority of MIDD patients did not need insulin injection as they were diagnosed. As islet function declines, insulin is usually required. There is a research suggesting a cocktail therapy combining CoQ10, lipoic acid, L-carnitine, and thiamine (42). CoQ10 is an antioxidant and mitochondrial cofactor that plays an important role in the mitochondrial respiratory chain, which may enhance insulin secretion, slow hearing loss, improve symptoms of myopathy and congestive heart failure in the setting of mitochondrial disease (43–45). Some drugs should be avoided, such as metformin as it might increase the risk of lactic acidosis (46). Additionally, some antibiotics such as tetracycline (47) and chloramphenicol (48), antiepileptic drugs such as sodium valproate phenytoin and phenobarbital (49), antiretroviral drugs (50), and statins (51) should be taken carefully due to their mitochondrial toxicity, which may exacerbate mitochondrial damage. For hearing impairment, cochlear implantation could improve listening in patients of all ages, provided there are intact neural components to function (52).

Our study has several limitations. First, to analyze the characteristics of patients with MIDD, studies with insufficient information were excluded, so that we were unable to analyze the characteristics of some rare mutations. Second, this study might have selective bias, because typical or more severe patients tend to be reported. Additionally, the mechanism of different mutations leading to various clinical features still remains unclear. Further studies are needed for the purpose of explaining the more precise molecular mechanism of MIDD.



Conclusions

In summary, our study shows that MIDD is a heterogeneous disease which is various in clinical features and treatment. The age of onset of diabetes is negatively correlated with the heteroplasmies in the peripheral blood. These patients who present with low body mass index, young onset of diabetes but without positive antibodies, multiple systems involved especially hearing loss should prompt an investigation for MIDD and genetic counseling as soon as possible.
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Background

Glucokinase (GCK) plays a central role in glucose regulation. The heterozygous mutations of GCK can cause a monogenic form of diabetes, maturity-onset diabetes of the young (MODY) directly. In our study, we aimed to explore the mechanism of the novel mutation GCK p.Ala259Thr leading to glucokinase deficiency and hyperglycemia.



Methods

Thirty early-onset diabetes pedigrees were referred to whole exome sequencing for novel mutations identification. Purified wild-type and mutant GCK proteins were obtained from E.coli systems and then subjected to the kinetic and thermal stability analysis to test the effects on GCK activity.



Results

One novel missense mutation GCK p.Ala259Thr was identified and co-segregated with diabetes in a Chinese MODY2 pedigree. The kinetic analysis showed that this mutation result in a decreased affinity and catalytic capability for glucose. The thermal stability analysis also indicated that the mutant protein presented dramatically decreased activity at the same temperature.



Conclusion

Our study firstly identified a novel MODY2 mutation p.Ala259Thr in Chinese diabetes pedigrees. The kinetic and thermal stability analysis confirmed that this mutation caused hyperglycemia through severely damaging the enzyme activities and protein stability.





Keywords: glucokinase, MODY, mutation, A259T, mechanism



Introduction

Maturity Onset Diabetes of the Young (MODY) is a heritable and heterogeneous group of monogenic diabetes mellitus that are characterized by autosomal dominant inheritance, early onset and beta cell dysfunction. Mutations in at least 14 different genes (HNF4A, GCK, HNF1A, PDX1, HNF1B, NEUROD1, KLF11, CEL, PAX4, INS, BLK, ABCC8, KCNJ11 and APPL1) have been shown to cause MODY subtypes 1–14 (1–3).

The GCK gene (7p15.3–p15.1) encodes the glucokinase (GCK) enzyme, which is a rate-limiting enzyme of glycolysis that is responsible for phosphorylating glucose to glucose-6-phosphate. GCK has unique kinetic characteristics, including a low affinity for glucose (S0.5 = 5-8 mmol/L) (4), cooperativity with its glucose substrate (Hill coefficient, h=1.7), and a lack of inhibition by its product glucose-6-phosphate (G-6-P). In pancreatic β cells, GCK maintains glucose homeostasis through regulating glucose-stimulated insulin secretion in response to the intracellular glucose concentration (5–7). In the liver, GCK stimulates glucose disposal and glycogen storage (8). In addition, the crystal structures of human GCK present both active and inactive forms according to the glucose levels. Katama and colleagues revealed that GCK had a small and large domain that were separated by a deep cleft; these domains undergo a large conformational change through rotation of the small domain, which is induced by binding to glucose (9, 10).

Given its central role in glucose regulation, mutations in the gene encoding glucokinase can cause both hyper- and hypoglycaemia. Heterozygous activating GCK mutations can cause persistent hyperinsulinaemic hypoglycaemia of infancy (PHHI) (11). Furthermore, homozygous inactivating GCK mutations leading to complete GCK deficiency present as permanent neonatal diabetes mellitus (12), whereas heterozygous inactivating mutations are the underlying causes of MODY2 (13).

MODY is the most common type of monogenic diabetes, accounting for 2% to 5% of all diabetes cases in Europe (14). Previous studies indicate that GCK-MODY2, HNF1A-MODY3, HNF4A-MODY1 and HNF1B-MODY5 account for more than 95% cases of MODY in Caucasians, but only account for just 10–20% of MODY cases in Asia (including China, Japan and Korea) (15). An epidemiological investigation in Chinese hyperglycemia pedigrees that fulfilling the clinical diagnostic criteria for MODY show that the MODY subtype detection rate was 18.42% for GCK (16). Heterozygous mutations in GCK lead to decreased glucokinase activity and thus deficient sensitivity to glucose in β cells and impaired glycogen synthesis in the liver (17). GCK/MODY2 occurs with a mild non-progressive hyperglycaemia, which generally is asymptomatic and develops without an increased risk of late complications, such as diabetic retinopathy or nephropathy (18, 19). Due to the unapparent symptoms, MODY2 is often misdiagnosed and treated inappropriately. However, a molecular genetic diagnosis can change the management, since patients with GCK mutations rarely require pharmacological treatment. Thus, a correct genetic diagnosis is important for guidance of the prediction of asymptomatic relatives and personalized treatment for those with diabetes. To date, although more than 600 different GCK/MODY2 mutations have been reported, including nonsense, missense, and frameshift mutations, less than 20% of these mutations have been functionally characterized (20–22). Pathophysiological studies on naturally occurring GCK missense mutations will provide further clues to help elucidate the mechanisms of glycaemic disorders and investigate the biological characteristics of this enzyme.

In this study, we report the novel GCK missense mutation Ala259Thr, which co-segregates with diabetes in Chinese MODY families for the first time. This mutation, which alters alanine to threonine at the 259th amino acid, is located proximal to the glucose-binding site but has not been investigated biochemically. Herein, we discovered that the Ala259Thr mutation exerted effects on the catalytic activity and protein thermostability of glucokinase.



Materials and Methods


Subjects

The retrospective study included 30 early-onset diabetes pedigrees referred for genetic testing. All pedigrees were clinically diagnosed with MODY according to the following classic criteria (23, 24): a family history diabetes for at least two consecutive generations, early-onset of diabetes before the age of 25 years, no need for insulin therapy, and negative for type 1 diabetes antibodies. The diagnosis was made based on an oral glucose tolerance test (OGTT). The fasting blood glucose (FPG), 2h blood glucose (2h PG), fasting insulin (FINS), 2h insulin (2h-INS) and glycated hemoglobin (HbA1c) levels were measured in all family members available for testing.

The study was performed according to the Declaration of Helsinki and was approved by our institutional review boards. Informed consent was obtained from all family members.



Identification of Glucokinase Gene Mutations by Whole Exome Sequencing

Genomic DNA was extracted from peripheral lymphocytes using a Qiagen DNA extraction kit (Qiagen, Frankfurt, Germany). Whole exome sequencing was performed to explore novel mutation and direct sequencing was used to validate the positive mutation. The coding regions of exons 1a-10 and the intron-exon boundaries of the GCK gene were amplified by PCR using self-designed primers (Table 1). PCR products were purified using QIAquick PCR purification columns (Qiagen, Frankfurt, Germany), and both strands were sequenced using the BigDye Terminator Cycle Sequencing Kit (Applied Biosystems, CA, UK) according to the manufacturer’s recommendations.


Table 1 | Amplification and sequencing primers for the GCK exons.





Production and Purification of Recombinant Wild-Type and Mutant Glucokinase

Recombinant human wild-type liver GCK was constructed with a His tag at the NH2 terminal and ligated into the pET-28a(+) vector. The Ala259Thr mutation was generated based on the His-GCK construct by PCR using a kit (QuikChange II Site-Directed Mutagenesis Kit, Stratagene, CA, USA). The following oligonucleotide was used to generate the Ala259Thr mutation: forward primer (5’ CGAGTGGGGCACCTTCGGGGACTCCGGCGAGCTGGACGAGTT 3’) and reverse primer (TCCCCGAAGGTGCCCCACTCGGTATTGACGCACATGCGGCCCT). The wild-type and mutant GCK sequences were verified using the ABI 3500xl DNA sequencer (Applied Biosystems, USA). The wild-type and mutant GCKs with His tags were transformed into E. coli (BL21-CodonPlus (DE3)-RIPL chemically competent cells) and then purified from 30-g cell pellet. Two-step affinity chromatography was used with Ni-NTA beads to bind the fusion protein, which was eluted with Ni-NTA and loaded onto the Superdex™ 200 16/60 column. Both the wild-type and mutant His-GCK purified proteins showed a single band on SDS-PAGE gels. The purified proteins were quantified using the Bradford method (Bradford Protein Assays, Thermo Fisher Scientific, USA) using standard methods and stored at -80°C in 30% glycerol, 5 mmol/L glutathione, 5 mmol/L dithiothreitol (DTT), 200 mmol/L KCl, and 50 mmol/L Tris buffer (pH 7.4).



Kinetic Analysis

GCK activity was measured spectrophotometrically based on the ADP-Glo™ Kinase Assay (Promega, USA). The luminescent signal generated is proportional to the ADP concentration produced and is correlated with the kinase activity. Kinetic parameters were also determined according to the assay as follows. First, standard ATP/ADP mixtures representing different conversion percentages were prepared to generate the standard curve for conversion of ATP to ADP. Second, ten serial two-fold dilutions of glucose in the assay buffer (final concentration starting from 200 mM) in the presence of 1 mM ATP were generated to determine the optimal glucose concentration when the half maximal velocity (Vmax) of the reaction was reached. The assay buffer contained 50 mM Tris, 100 mM KCl and 10 mM MgCl2 (pH 7.5). GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA) was used to calculate the glucose-Km (S0.5), glucose-Kcat, ATP-Km, ATP-Kcat, Hill coefficient (h) and inflection point of glucose. The relative activity index and the glucose concentration at the inflection point were also calculated.



Thermal Stability Analysis

The thermal stability of the mutant and wild-type His-GCK enzymes was assessed using the ADP-Glo™ Kinase Assay with 3 mM (for the wild-type)/11 mM (for the mutant) glucokinase and 1 mM ATP. The enzymes were incubated in a water bath at 25, 30, 35, 40, 45, 50, 55, and 60°C for 30 min or 50°C for 0, 5, 10, 15, 20, 25, and 30 min. Luminescence was measured to represent the glucokinase activity as described above.



Statistical Analysis

All results are presented as the mean ± SD. Student’s two-tailed unpaired t test was used to assess differences between groups. The Mann-Whitney test was used to evaluate differences in clinical parameters between the mutants and non-mutants. The statistical analyses were performed using SAS 8.0 (SAS institute, Cary, NC, USA). A two-tailed p value less than 0.05 was considered significant.




Results


Identification of a Novel Missense Mutation in the GCK Gene

The 12 exons of the GCK gene were scanned for the validation of mutations using direct sequencing for each of the affected families. A novel heterozygous missense mutation in GCK gene exon 7 (codon 259 GCC➔ACC; Figure 1) resulting in an amino acid substitution (Ala259➔Thr) was identified in the proband. The same mutation was also identified in the proband’s father and grandfather. Conversely, this mutation was not found in the four unrelated healthy individuals used as controls.




Figure 1 | Direct sequencing of GCK exon 7. A novel heterozygous missense mutation was found in codon 259 and resulted in a substitution of alanine (GCC) to threonine (ACC).





Clinical Profiles of the Patients

The male proband (III:2) was diagnosed with diabetes at 5 years of the age and presented with fasting hyperglycemia. Biochemical studies showed elevated fasting plasma glucose (FPG) (8.0 mmol/L), 2h plasma glucose (2h PG)(12.8 mmol/L) after oral glucose tolerance test (OGTT), and glycatedhemoglobin A1c (HbA1c) (7%). In contrast, fasting insulin (FINS) and 2h insulin (2h-INS) decreased (FINS: <0.2 uU/ml, 2h-INS: 2.23 uU/ml). The proband’s father (II:3) and grandfather (I:2) were diagnosed with fasting hyperglycaemia at the ages of 33 and 47 years, respectively, during routine screening (FGP=7.8 and 9 mmol/L, respectively). The HbA1c level was elevated in proband’s grandfather (7.5%), but was normal in proband’s father (6%). Both FINS and 2h-INS were normal in proband’s father and grandfather. The proband’s paternal aunt (II:2) presented with gestational diabetes mellitus (GDM) during her first pregnancy according to the previous medical history. But it is unavailable for us to get her biochemical results. None of the diabetic patients received hypoglycemic drugs. The rest of the family were normal glucose regulation (NGT) individuals with normal blood glucose and insulin levels (Figure 2).




Figure 2 | Pedigrees for a MODY2 family showing co-segregation of the Ala259Thr GCK mutation with diagnosed diabetes. Circles represent females, and squares represent males. Black shaded shapes represent diabetic individuals. The number under each member represents the sample identifier. NN, no mutation; NM, heterozygous for Ala259Thr mutation; NA, not available for testing. The FPG and HbA1c values are shown where available.





Production of Recombinant Wild-Type and Mutant Glucokinase

The recombinant wild-type and mutant enzymes were expressed in an E. coli system (BL21(DE3)-Gold). Nine preparations of the His-fusion protein were purified with a Ni-NTA column, thrombin digestion and Superdex™ 200 column, with yields of 11.5 mg/L and 10 mg/L for the wild-type and mutant proteins, respectively. All His-GCK proteins were proven to be essentially pure based on the presence of a single band at 75 kDa on a SDS-PAGE gel.



Kinetic Analysis

Both the purified wild-type and mutant GCKs were subjected to kinetic analysis using glucose and ATP as substrates. The response curves of GCK for a series of glucose or ATP concentrations, which indicate the affinity of GCK for the substrates, are shown in Figure 3 (glucose as substrate) and Figure 4 (ATP as substrate). The kinetic parameters, including the substrate affinities (S0.5 for glucose and ATP-Km for ATP), catalytic constants (glucose-Kcat and ATP-Kcat, respectively), Hill coefficients and inflection points of glucose, are shown in Table 1. The Ala259Thr mutant showed a 2.3-fold lower affinity for glucose (S0.5 for mutant and wild-type, 2.42 ± 0.14 vs. 7.95 ± 0.92, p=0.0005), but a similar affinity to the second substrate ATP (ATP-Km for mutant and wild-type, 1.00 ± 0.25 vs. 1.00 ± 0.24, p>0.05). Moreover, the glucose-Kcat was significantly higher for the wild-type than for the mutant (33.2 ± 0.6 vs. 30.3 ± 1.2, p=0.0201), whereas the ATP-Kcat was similar between the two groups (43.8 ± 3.9 vs. 45.2 ± 4.1, p=0.6903), indicating a decreased catalytic capability of the mutant enzyme for glucose but not for ATP. In addition, the Ala259Thr mutant presented a significantly higher inflection point than the wild-type enzyme (3.78 ± 0.44 vs. 1.69 ± 0.10, p=0.0013), indicating a greater demand for glucose when the maximal velocity was reached in the reaction system. Finally, the mutant showed a lower Hill coefficient than the wild-type enzyme (2.44 ± 0.29 vs. 1.75 ± 0.30, p=0.0457), implying decreased cooperativity for the glucose substrate (Table 2).




Figure 3 | Response curve of GCK for a series of glucose concentrations. (A) Wild-type GCK, (B) mutant GCK. The Ala259Thr mutation showed a lower maximum reaction velocity than the wild-type GCK, indicating a lower affinity for glucose.






Figure 4 | Response curve of GCK for a series of ATP concentrations. (A) Wild-type GCK, (B) mutant GCK. The wild-type GCK and Ala259Thr mutation showed a similar maximum reaction velocity, indicating a similar affinity for the second substrate (ATP).




Table 2 | Kinetic parameters of the wild-type and mutant forms of His-GCK.





Thermal Stability Analysis

The thermostability tests of the wild-type and mutant His-GCK enzymes were performed at different temperatures to investigate protein stability, which was also a key determinant of enzyme function. The enzyme activity of wild-type GCK was stable under a temperature of 45°C with a sharp decline at 50°C (Figure 5A). In contrast, the Ala259Thr mutant maintained activity under a temperature of 40°C but decreased dramatically at 45°C (Figure 5A). However, the mutant maintained decreased enzyme activity similar to the wild-type enzyme at 50°C that was maintained for 30 min (Figure 5B). The statistical analyses were performed with SAS 8.0 (SAS Institute, Cary, NC, USA). A two-tailed p value <0.05 was considered significant.




Figure 5 | Assessment of thermal instability of the wild-type and mutant GCK proteins. Squares represent wild-type GCK, and circles represent mutant GCK. (A) Relative activity of the wild-type and mutant GCKs at different temperatures in the kinase reaction. (B) Stability of the wild-type and mutant GCKs at 50°C in the kinase reaction.






Discussion

MODY is an autosomal dominant form of diabetes that is characterized by early onset, pancreatic dysfunction and a non-insulin-dependent diabetes status. Heterozygous mutations in GCK were first recognized as the intrinsic cause of MODY2 in 1992 (13, 25). HNF1A, GCK, HNF4A, and HNF1B are the most common types in Europeans. MODY2 accounts for approximately 80% of MODY patients in Span (22), 38-86% in Italy (26–28), 56% in France (29) and 32% in United Kingdom (30). However, MODY2 is rarely reported in Asian patients, with a prevalence of 1% in Japanese (31), 2% in Korean (32) and 1-4% in Hong Kong Chinese patients (33, 34).

In our study, we recruited 30 early-onset diabetes pedigrees for genetic testing and discovered the novel mutation Ala259Thr in GCK, which was accompanied by hyperglycaemia and was in accordance with autosomal dominant inheritance. Three of the four diabetic patients in this pedigree were characterized by mild hyperglycaemia. The patients with Ala259Thr mutations did not require treatment, but could be managed with diet or exercise. Although we could not confirm whether the remaining female patient was a mutation carrier, since her DNA sample was not available, this patient was definitely diagnosed with GDM during her first pregnancy and returned to a normal glucose level after delivery. Therefore, this family was confirmed to be a MODY2 pedigree linked to a novel GCK p.Ala259Thr mutation.

Different MODY2 mutations have been reported to impair GCK function through different mechanisms, including kinetics, enzymatic activity or protein thermostability (18, 22, 35–38). Therefore, we investigated the functional characteristics of the Ala259Thr recombinant protein to elucidate the potential mechanism resulting in hyperglycaemia. In the kinetic analysis, Ala259Thr presented a higher S0.5 value and inflection point, which indicated that a high glucose concentration was required to achieve the Vmax. Moreover, the lower Hill coefficient and Kcat of the Ala259Thr mutation revealed a decreased affinity and catalytic activity when glucose was used as the substrate. However, when ATP was used as the substrate, the Km-ATP and Kcat showed no significant differences between the mutant and wild-type recombinant proteins, which suggested that the Ala259Thr mutation affected the binding or catalytic capacity for glucose but not ATP. No mutation was reported in the same position previously, but the nearby mutations p.Trp257Arg and p.Gly261Arg presented decreased Kcat values (39, 40).

Most of the GCK mutations reported were found to be kinetically inactive, with alterations of one or more kinetic parameters (22, 35, 40). However, kinetic inactivation may not be the only factor that causes hyperglycaemia. Different MODY2 mutations have been reported to impair GCK function through different mechanisms, including kinetics, enzymatic activity or protein thermostability (36, 37). In our study, we also performed a thermal analysis. The wild-type GCK recombinant protein was stable under a temperature of 45°C, whereas the mutant protein presented dramatically decreased activity at the same temperature. Since the temperature for protein thermostability exceeds the normal temperature of the human body, the effect of thermal stability on hyperglycemia remained to be confirmed. As for the investigation of enzyme function, biochemical experiments are still the first choice in most literature reports since researchers can directly obtain recombinant protein and perform kinetic and thermal stability analysis to evaluate the activity and stability of the enzyme. However, it might be better to perform functional experiments in vivo to demonstrate the mechanism that the mutation contributing to hyperglycemia.

In addition, the glucokinase regulatory protein (GKRP) could act as a competitive inhibitor of glucose and regulate GCK activity through protein-protein interactions (41). Posttranslational regulation of GCK could also influence GCK activation (14). For example, cytoplasmic Ca(2+) levels may regulate GCK activation and therefore glucose metabolism and insulin secretion (42). The GCK-R369P and GCK-V367M mutations could impair glucose-stimulated insulin secretion through posttranslational regulation of GCK S-nitrosylation (14). However, whether these mechanisms participate in GCK p.Ala259Thr activity needs to be elucidated.

In the present study, we identified the novel mutation GCK p.Ala259Thr that co-segregated with diabetes in a Chinese MODY2 pedigree. Our study illustrated that the GCK p.Ala259Thr mutation had an immediate impact on the kinetic inactivity and thermal instability of the GCK enzyme, which led to hyperglycaemia in the mutation carriers of this pedigree. Other potential mechanisms, such as posttranslational regulation or crystal structure crystallographic analysis, need to be assessed in future studies.
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Woodhouse–Sakati syndrome (WSS) (OMIM#241080) is a rare multi-system autosomal recessive disease with homozygous mutation of the DCAF17 gene. The main features of WSS include diabetes, hypogonadism, alopecia, deafness, intellectual disability and progressive extrapyramidal syndrome. We identified a WSS family with a novel DCAF17 gene mutation type in China. Two unconsanguineous siblings from the Chinese Han family exhibiting signs and symptoms of Woodhouse-Sakati syndrome were presented for evaluation. Whole-exome sequencing revealed a homozygous deletion NM_025000.4:c.1488_1489delAG in the DCAF17 gene, which resulted in a frameshift mutation that led to stop codon formation. We found that the two patients exhibited low insulin and C-peptide release after glucose stimulation by insulin and C-peptide release tests. These findings indicate that the DCAF17 gene mutation may cause pancreatic β cell functional impairment and contribute to the development of diabetes.
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Introduction

WSS, which is a rare autosomal recessive genetic disease, was first reported in 1983 (1). Previous, reports revealed the presence of hypogonadism (100%), diabetes mellitus (66%), intellectual disability (58%), sensorineural hearing loss (62%), and extrapyramidal movements (65%) (2). To date, 88 cases from more than 40 families have been reported (2). Most of these families originate from the Middle East (3, 4), particularly Saudi Arabia. Some cases have also been recognized in other areas such as Europe, Turkey, India, Pakistan, Portugal, France, and Japan. The disease is caused by mutations in the DCAF17 gene (also known as C2orf37), which is located on chromosome 2q22.3-q35 (5). The DCAF17 gene contains at least 14 exons and encodes a nuclear transmembrane protein whose specific function is unclear (6). Eighteen types of pathogenic mutations have been identified, including three nonsense, five intronic, nine frameshift and one start loss mutation, all of which result in truncated nonfunctional protein products. Based on the hypothesis of Alazami et al. (2008), the mutation of DCAF17 impairs the function of the nucleolus, which causes disruptions of normal cell routines such as cell cycle regulation, cellular senescence, and apoptosis, which may underlie the pathogenesis of WSS (5).

We identified a WSS family in China and found a novel DCAF17 deletion mutation via genetic testing. Two patients in this family were affected with clinical features of diabetes, alopecia, intellectual disability, hypogonadism, anemia and thrombocytopenia.



Case Description


Case 1

There were two affected individuals in this family line, whose parents were not consanguineously married (Family Figure 1A). The proband born on October 24, 1984, was found to have elevated blood glucose and edema throughout the body in November 2018 and was admitted to the hospital for treatment. Physical examination showed sparse scalp hair and eyebrows, absence of axillary and pubic hair, infantile external genitalia, generalized edema and intellectual disability (Figures 2A, B). Other data were normal, including bedside hearing and sensory testing (although formal assessment was not performed). Laboratory tests showed that the fasting glucose was 40.22 mmol/L (reference range: 3.9-6.1 mmol/L), and the glycosylated hemoglobin (HbA1c) was 13.8% (reference range: < 6.4%). Sex hormone tests revealed low levels of luteinizing hormone (LH), follicle stimulating hormone (FSH) and estradiol. Routine blood tests suggested that the patient had anemia and thrombocytopenia (Table 1). Insulin and C-peptide release tests showed that the patient’s insulin and C-peptide secretion had no peak (Supplementary Table 1A). The OGTT-based measures of insulin secretion index homeostasis model assessment- β (HOMA-β = 20 × Ins0/(Glu0-3.5) was low (Table 1). Thyroid hormone tests revealed normal thyroid-stimulating hormone (TSH), low free thyroxine (FT4), and a low free triiodothyronine level (FT3). Pancreatic CT indicated a slightly atrophied pancreas (Figure 3A). While ultrasound showed that the uterus was absent. The patient was treated with insulin injection, and the blood glucose was poorly controlled.




Figure 1 | Pedigree and Sanger sequencing chromatograms of the identified disease-causing variants. (A) Pedigree of the WSS family. Marks ‘+/+’ and ‘+/-’ indicate the homozygous status and heterozygous status of the identified the DCAF17:c.1488_1489delAG respectively. (B) Sanger sequencing chromatograms of the DCAF17:c.1488_1489delAG in homozygous status (above) and heterozygous status (below).






Figure 2 | Photographs of the WSS patients. (A, B) The proband’s hair, eyebrows and eyelashes are sparse, and infantile external genitalia. (C, D) The brother of proband: childhood-onset hair thinning, His hair, eyebrows and eyelashes are further sparse in adulthood.




Table 1 | Clinical features of affected individuals in the family.






Figure 3 | The images of the WSS patients. (A) Computed tomography of the abdomen of the proband demonstrated atrophy of the pancreas. (B) Computed tomography of the abdomen of the brother of proband showed uneven pancreatic density. (C, D) Pituitary MR of the brother of proband indicated the empty sella and none pituitary gland. (E) Hip CT of the brother of proband suggested osteoporosis that was not consistent with actual age. (arrows).





Case 2

The brother of the proband, who was born on October 29, 1986, was found to have elevated blood glucose in 2019 and admitted to our hospital for a closed fracture in January 2020. Physical examination also showed sparse scalp hair and eyebrows (Figures 2C, D), absence of axillary and pubic hair, hypotrophy testicles, small penis, and intellectual disability. Laboratory tests revealed that his fasting glucose was 14.91 mmol/L, HbA1c was 9.0%, he had negative insulin antibodies, low IGF-1 level of 43 ng/ml (reference range: 111-320 ng/ml), low testosterone and LH. Routine blood tests also suggested that the patient had anemia and thrombocytopenia. Insulin and C-peptide release tests showed low insulin, C-peptide secretion (Supplementary Table 1B) and low HOMA-β. Thyroid hormone tests revealed normal thyroid function. The patient exhibited an uneven pancreatic density by abdominal CT scan (Figure 3B), empty sella by pituitary MRI (Figures 3C, D), and osteoporosis that was not consistent with actual age by hip CT scan (Figure 3E). Before admission to the hospital, the patient had oral hypoglycemic agents to control glucose, and insulin pump treatment was given after admission to the hospital, but the glucose control was poor.



Genetic Sequencing and Bioinformatics Analysis

5ml venous blood was collected from the proband (II-1, Figure 1A) and her family members (I-1, I-2, II-2 and II-3, Figure 1A). Whole Exome sequencing (WES) was performed on proband using the xGen® Exome Research Panel v1.0 (IDT, USA) on the Illumina NovaSeq6000. Genomic DNA was extracted from whole blood, then sheared by sonication and hybridized for enrichment. And the library was enriched for target regions, sequencing was performed to generate 150 bp paired-end reads. To identify mutations, sequencing data was analyzed and annotated according to an in-house pipeline which we describe before (7). Based on the variant annotations, a series of prioritization strategies were applied to identify candidate variants associated with the phenotypes. The detailed steps were as follows: (1) excluding variants outside exonic and splicing regions; (2) excluding variants with minor allele frequency >=0.01 according to public databases (GnomAD, 1000 Genomes and ExAC); (3) excluding synonymous variants; (4) excluding variants not presenting damaging results in the function prediction from clinPred (8). To prioritize the most likely candidate disease-causing gene, all candidate genes were then ranked by Phenolyzer (9). Human Phenotype Ontology (HPO) Identifiers of the proband’s disease phenotype (anemia, HP:0001903; alopecia, HP:0001596; diabetes mellitus, HP:0000819; hypogonadism, HP:000013; intellectual disability, HP:0001249) were input as phenotype terms into Phenolyzer. To confirm the candidate disease-causing variant, we PCR-amplified the genomic DNA fragments in the proband (II-1) and her family members (I-1, I-2, II-4 and III-2), then sequenced them by Sanger sequencing. The PCR primer pairs were uses as followings: forward 5′–TCCTGGGTCCAGAGTTCTTT–3′, reverse 5′–TGGGGTGTTTGGCTAAAAGT–3′).



Identification of Variants Associated With Disease Phenotypes of the Proband

Based on the aligned reads, 76,241 single nucleotide variants (SNVs) and 13,038 indels (deletions and insertions, <50bp) were identified by WES. After three filters of prioritization strategies, 271 variants from 244 genes were kept. Both these genes and HPO Identifiers of phenotypes of the proband were input Phenolyzer. Phenolyzer suggested that WSS was the most likely disease that can explain the syndrome phenotypes of the proband, and the DCAF17 gene was the candidate gene (Supplementary Figure 1). A homozygous deletion DCAF17:c.1488_1489delAG was detected at genomic position 172,337,546-172,337,547 of chromosome 2 (GRCh37/Hg19), resulting in frameshift in reading frame in exon 14 leading to premature stop codon (Figure 1B). The full-length DDB1 and CUL4 associated factor 17 contains 520 amino acids. The premature termination was predicted to cause a truncated protein comprising 506 amino acids. The first 495 residues corresponding to the normal protein and the other extra 11 derived from the frameshift deletion. Sanger sequencing analysis showed the identified c.1488_1489delAG (deletion of nucleotide AG in coding region 1488-1489) was segregated with the disease in this family, which was in homozygous status in the proband’s affected sibling (II-2) and heterozygous status in the proband’s unaffected parents (I-1 and I-2) and sibling (II-3) (Figure 1A). Additionally, the identified variant allele has been recorded in the database of gnomAD with an extremely low allele frequency at 3/251,124 (dbSNP rs778488574). According to the ACMG/AMP criteria, the raw homozygous frameshift variant DCAF17:c.1488_1489delAG was classified as a pathogenic variant for WSS.




Discussion

The clinical features of WSS patients are not entirely consistent. Most patients present extrapyramidal symptoms, intellectual disability, hypogonadism, alopecia and diabetes. We found two patients in a Chinese national lineage who exhibited diabetes mellitus, intellectual disability, hair thinning, and hypogonadism but no symptoms of progressive extrapyramidal dysfunction. The boosted whole exome gene sequencing technique suggested the presence of the NM_025000.4:c.1488_1489delAG variant in the DCAF17 gene (sequencing Figure 1B), which established the diagnosis of WSS in this lineage. We further performed insulin and C-peptide release tests and found pancreatic β cell functional impairment in both patients. We identified a WSS lineage in China with a novel DCAF17 gene mutation pattern and suggested that pancreatic β cell functional impairment might be one of the major mechanisms in the pathogenesis of WSS diabetes.

The prevalence of diabetes mellitus in patients with WSS has been reported to be as high as 66%, and it mostly starts from adolescents to young adults (2). There are few studies on the pathogenesis of diabetes mellitus in WSS. Sendur SN et al. (2019) analyzed adolescent-onset diabetes mellitus in WSS case and found no significant increase in C-peptide release levels (10). Rachmiel M et al. (2011) detected low C-peptide levels and pancreatic atrophy when imaging some patients with abnormally elevated blood glucose (11). Both patients with WSS that we reported had diabetes in young adulthood with reduced insulin and C-peptide levels, negative insulin-related antibodies, and pancreatic atrophy from abdominal CT. HOMA-β was applied to assess β-cell function, HOMA-β was less than 100% and lower than type 2 diabetes in the two cases (12). Low insulin, low C-peptide levels, low HOMA-β and an atrophic pancreas suggest that WSS patients may have pancreatic β cell function defects. Therefore, we speculate that the DCAF17 gene is important for the maintenance of pancreatic β cell function. DCAF17 gene mutations may cause β cell functional defects, which may be one of the main mechanisms in the pathogenesis of diabetes in patients with WSS. However, the underlying pathological mechanism requires further study.

Thirty percent of individuals, typically around age 20 years, have hypothyroidism in patients with WSS (2). The proband showed low FT3 and FT4 with normal TSH. We observed decreased cortisol secretion in patients, which might indicate hypopituitarism.

In these two patients, we reported that the homozygous nucleotide variant changed the codon for the compilation of amino acid Arg 429 to Ser (NP_079276.2:p.Arg496SerfsX12), which prematurely terminated the peptide chain synthesis as a deletion variant and resulted in a truncated nonfunctional protein. These two patients had no significant extrapyramidal symptoms, dystonia or hearing loss. However, the proband’s brother had osteoporosis not previously described in this WSS. Their clinical features are not entirely consistent with previously reported cases. The length of the truncated proteins does not parallel the phenotypes reported in patients with WSS. Ali RH et al. (2016) proposed that the cellular clearance of the truncated DCAF17 version rescued the unexpected outcomes of cellular events through nonsense-mediated decay (NMD) of mRNAs, which could be perturbed by an inefficient interaction of the truncated protein (13). A truncated DCAF17 protein with missing domains and motifs that are necessary to interact with the DDB1-CUL4 ubiquitin ligase complex and ultimately recruit substrates was formed.

The treatment of WSS patients is currently individualized and managed in a multi-disciplinary pattern (2). Since specific mechanisms and drug targets that are responsible for the pathogenesis of WSS remain unclear, the current therapeutic principles are only symptomatic treatments. For hypogonadism, estrogen or androgen replacement therapy is indicated. For patients with WSS complicated by diabetes, the main treatment principle is to control the blood glucose levels and delay the development of diabetes-related complications. We have found that β cell function defects may be the main mechanism for the development of diabetes in WSS, which suggests that insulin should probably be the main treatment for patients with WSS when diabetes occurs.

The current study has certain limitations. First, the number of cases in this study slightly less, to reflect the results of the accuracy and comprehensiveness. Second, there was no dynamic detection of changes in hormone levels. Third, in this study the indices of insulin sensitivity and secretion were obtained from OGTT, not the euglycemic-hyperinsulinemic and the hyperglycemic clamp technique. Fourth, further experimental studies are necessary to reveal the exact pathogenic mechanisms of how these genes affect different tissues.



Conclusions

Woodhouse-Sakati syndrome is a very rare autosomal recessive hereditary metabolic disorder. We observed the presence of impaired pancreatic (β cells) and gonadal function in patients with WSS. Further tests revealed the presence of low insulin secretion, which suggests that β cell functional defects due to DCAF17 gene mutation are among possible mechanisms for the development of diabetes in WSS. In this study, we reported a new pathogenic sequence variant in DCAF17, NM_025000.4:c.1488_1489delAG, which may expand the spectrum of DCAF17 variants. In addition to the endocrine findings of hypogonadism and diabetes mellitus, the decreased β cell function and osteoporosis observed are novel findings with unknown mechanisms. We have no neurologic findings of progressive extrapyramidal movements, or moderate bilateral postlingual sensorineural hearing loss other than intellectual disability. Whether phenotypes are associated with different mutation types requires further study.
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Preproinsulin (PPI) translocation across the membrane of the endoplasmic reticulum (ER) is the first and critical step of insulin biosynthesis. Inefficient PPI translocation caused by signal peptide (SP) mutations can lead to β-cell failure and diabetes. However, the effect of proinsulin domain on the efficiency of PPI translocation remains unknown. With whole exome sequencing, we identified a novel INS nonsense mutation resulting in an early termination at the 46th residue of PPI (PPI-R46X) in two unrelated patients with early-onset diabetes. We examined biological behaviors of the mutant and compared them to that of an established neonatal diabetes causing mutant PPI-C96Y. Although both mutants were retained in the cells, unlike C96Y, R46X did not induce ER stress or form abnormal disulfide-linked proinsulin complexes. More importantly, R46X did not interact with co-expressed wild-type (WT) proinsulin in the ER, and did not impair proinsulin-WT folding, trafficking, and insulin production. Metabolic labeling experiments established that, despite with an intact SP, R46X failed to be efficiently translocated into the ER, suggesting that proinsulin domain downstream of SP plays an important unrecognized role in PPI translocation across the ER membrane. The study not only expends the list of INS mutations associated with diabetes, but also provides genetic and biological evidence underlying the regulation mechanism of PPI translocation.
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Introduction

Insulin is an essential hormone for maintaining glucose homeostasis of the body. In pancreatic β-cells, the insulin biosynthesis starts from its precursor, preproinsulin (PPI), which is composed of the N-terminal signal peptide (SP) followed by the C-terminal proinsulin domain. Newly synthesized PPI driven by its SP translocates across the membrane of the endoplasmic reticulum (ER) through the Sec61 translocon. Upon delivery into the ER, SP of PPI is cleaved by signal peptidase at the luminal side of the ER membrane, forming another insulin precursor, proinsulin (PI) (1). In the oxidized ER lumen, PI undergoes rapid oxidative folding, forming three highly conserved disulfide bonds (B7-A7, B19-A20, and A6-A11). Well-folded PI exits from the ER and traffics through the Golgi to the secretory granules where it is processed by prohormone convertase (PC1/3 and PC2) and carboxypeptidase E (CPE), forming mature insulin and C-peptide (2–4). It takes approximately 30–150 min to finish these intracellular processes. Among these events, the earliest step during which PPI translocation into the ER had been long thought to be very efficient and exclusively through the signal recognition particle (SRP)-dependent co-translational translocation (5). However, recent evidence indicates that, as a small secretory protein with a suboptimal signal sequence, the fully synthesized PPI may not be efficiently recognized by SRP and co-translationally translocated into the ER. SRP independent post-translational translocation then functions as an important backup to enhance PPI translocation (4, 6, 7). The pathophysiological significance of inefficient PPI translocation is highlighted by recent evidence showing that deficiency of TRAPα [translocon associated protein alpha, a type 2 diabetes associated gene (8)], TRAPβ, and/or TRAPδ impairs PPI translocation and insulin production (9, 10), and also by the discoveries of PPI SP mutations that impair PPI translocation causing β-cell failure and diabetes in humans (2, 11–14).

In addition to the PPI SP mutations, at least 70 INS gene mutations located in the proinsulin domain have been reported to be associated with diabetes in humans (15–20). The majority of these mutations impair proinsulin oxidative folding in the ER, causing proinsulin misfolding, and decreasing insulin production (21–24). However, no INS mutation located in the proinsulin domain has been reported to affect translocation of PPI. Herein, we identified a novel nonsense INS mutation causing an early termination at the 46th residue of PPI (PPI-R46X) in two unrelated patients with early-onset diabetes. We found that, unlike other proinsulin domain mutations, R46X did not appear to induce strong ER stress or form abnormal disulfide-linked proinsulin complexes (DLPC) with co-expressed wild-type (WT) proinsulin in the ER. Metabolic labeling experiments established that, despite with an intact SP, R46X failed to be efficiently translocated into the ER, suggesting an important unrecognized role of proinsulin domain in determining the efficiency of PPI translocation. Genetic testing, pedigree analysis, and clinical presentations revealed a broad spectrum of diabetes phenotypes among the members carrying R46X in the two families, suggesting that other genetic and environmental factors may contribute to actual clinical presentations associated with R46X. This study not only expends the list of INS mutations associated with diabetes, but also provides genetic and biological evidence underlying the regulation mechanism of PPI translocation.



Materials and Methods


Patients

Two unrelated patients with early-onset diabetes were referred for genetic testing of the monogenic diabetes. The clinical information was collected and recorded by the Tianjin Medical University General Hospital and the second Part of Jilin University First Hospital. The clinical information of these two probands and their family members is described in Tables 1–3. An informed consent has been signed by patients and their families. The study was approved by Tianjin Medical University General Hospital Ethics Committee (No. IRB2017-047-01).


Table 1 | Clinical characterization of the patients with INS-R46X mutation.




Table 2 | Clinical characterization of the subjects with INS-R46X mutation from family 1.




Table 3 | Clinical information of patients with diabetes from family 2.





Genetic Testing and Analyses

Targeted gene capture followed by whole exome sequencing with massively parallel next-generation sequencing (NGS) was performed with the genomic DNA extracted from white blood cells. The identified INS gene mutation was confirmed by Sanger sequencing with the primer: Forward 5’-TCAGCCCTGCCTGTCTCC-3’, Reverse 5’-AAAAGTGCACCTGACCCCCTG-3’. The members of the two families of two probands were recruited and tested for the mutation by Sanger sequencing.



Reagents and Antibodies

Lipofectamine 2000, Lipofectamine 3000, and 4–12% NuPage gel were purchased from Invitrogen (Carlsbad, CA, USA). Protein A-Agarose was from Santa Cruz Biotechnology (Dallas, TX, USA). Guinea pig anti-insulin was from Merck Millipore (Billerica, MA, USA). Rabbit anti-Human proinsulin was from Biogot (Nanjing, China). Rabbit anti-Myc antibody was from Immunology Consultants Laboratories (Portland, OR, USA). Mouse anti-Hsp90 and anti-GFP antibody were from Sungene Biotech (Tianjin, China). Goat anti-guinea pig IgG Alexa Fluor 488 and goat anti-rabbit IgG Alexa Fluor 555 was bought from Invitrogen (Carlsbad, CA, USA). Enhanced chemiluminescence Western blotting substrate was from Millipore (Billerica, MA, USA). Trans35S label and pure 35S-methionine were from PerkinElmer (Waltham, MA, USA). Met/Cys-deficient Dulbecco’s modified Eagle’s medium (DMEM) was from Invitrogen (Thermo Fisher, Waltham, MA, USA).



Construction of Plasmids Encoding Preproinsulin Wild-Type and Mutants

The plasmids encoding human PPI WT with GFP-tag in the C-peptide were described previously (6). The DNA sequences of human PPI WT with or without Myc-tag in C-peptide and mutants (C96Y, R46X, G44R, P52L, H29T, and H29T/R46X) with Myc-tag were synthesized and introduced into the vector pcDNA3.1 (Tsingke Biological Technology, Beijing, China). All mutations were confirmed by DNA sequencing with primers: CMV-F 5’-CGCAAATGGGCGGTAGGCGTG-3’, BGH-R 5’-TAGAAGGCACAGTCGAGG-3’.



Cell Culture and Transfection, 35S-Met/Cys Metabolic Labeling, and Immunoprecipitation/Co-Immunoprecipitation

Human embryonic kidney 293T (HEK293T) cells and INS1 rat insulinoma cells were purchased from ATCC (Manassas, VA, USA). 293T cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS), penicillin (100 units/ml), and streptomycin (100 μg/ml). The INS1 cells were cultured in RPMI 1640 (containing D-Glucose 2000 mg/L) supplemented with 10% FBS and 0.05 mM 2-mercaptoethanol (Sigma, St Louis, MO, USA). For the transfection, 293T cells were seeded into 12-well plates 1 day before the transfection. For each well, a total of 1 μg of plasmid DNA was transfected using Lipofectamine 2000. For metabolic labeling experiments, at 48 h post-transfection, the cells were pulse labeled with 35S-Met or 35S-(Met+Cys) and chased for the times indicated. The cells were harvested and lysed. Trichloroacetic acid (TCA)-precipitable counts were performed to normalize the amount of the total proteins among samples. The cell lysates were immunoprecipitated with anti-insulin antibody overnight at 4°C, and analyzed using 4%–12% NuPage gel under reducing condition as previously described (25). For co-immunoprecipitation (Co-IP), the cells were lysed with co-IP buffer (100 mM NaCl, 25 mM Tris, pH 7.0, 0.1% Triton X-100, 5 mM EDTA, and protease inhibitors mixture). Ninety percent of the total lysates were immunoprecipitated with anti-GFP at 4°C for 3 h. The remaining 10% of the total lysates were used to determine the expression levels of Myc-tagged and GFP-tagged PPI WT and Myc-tagged mutants. The immunoprecipitates and the total lysates were resolved using 4%–12% NuPage gel under reducing conditions followed by immunoblotted with anti-Myc and anti-proinsulin antibodies as indicated.



Immunofluorescence Assay

An immunofluorescence assay was employed in INS832/13 cells transfected with plasmids encoding Myc-tagged PPI WT or mutants (C96Y and R46X). Briefly, transfected INS832/13 cells grown on coverslips were fixed with 4% paraformaldehyde for 30 min at room temperature, followed by permeabilization with 0.2% Triton for an additional 15 min and then blocking with 5% BSA. The cell samples were incubated with primary antibodies (Anti-Myc 1:3000 dilution, anti-insulin 1:5,000 dilution) followed by appropriate secondary antibodies conjugated with different fluor as indicated. Immunofluorescence images were acquired by using Axio Imager M2 (ZEISS, Baden-Württemberg, Germany).



Statistical Analysis

All data were processed with GraphPad Prism 8 and presented as means ± SEM. One-way ANOVA test was used to determine significance between the groups. A p-value < 0.05 was considered as statistically significant.




Results


Identification of a Novel Nonsense INS Mutation R46X Associated With Diabetes in Two Unrelated Patients

We identified an INS gene mutation (NM_001042376.2: p. Arg46*/c.136C>T) in two unrelated patients with early-onset diabetes (Figure 1). Whole genome sequencing indicated that no additional known gene mutations associated with monogenic diabetes was found. Their clinical features at diagnosis of diabetes are shown in Table 1. The proband 1 was diagnosed with diabetes at the age of 17 due to the symptoms of polyuria, polydipsia, polyphagia with elevated fasting blood glucose (9.4 mmol/L), and diabetic ketosis. Her BMI was 24.8 kg/m2 and the common T1DM autoantibodies (glutamate decarboxylase antibody [GADA], islet cell antibody [ICA], protein tyrosine phosphatase-like protein antigen [IA-2A], and Zinc transporter 8 antibody [ZnT8A]) were all negative. She was treated with insulin (0.71 U/kg/day) at the time of diagnosis. Self-monitoring of blood glucose (SMBG) showed that her fasting blood glucose (FBG) was 4–5 mmol/L and 2 h postprandial blood glucose (2hPBG) was 6–9 mmol/L, suggesting that her diabetes was well controlled. Subsequently 1 year later, she withdrew insulin without doctor’s advice and only took metformin 1.5 g/day. Her HbA1c was 7.1% at the last visit. Notably, the proband’s mother and older brother were found to carry the same mutation but only had impaired glucose regulation (Figure 1A and Table 2). Her maternal uncle was diagnosed with diabetes at the age of 40. Unfortunately, his blood sample was unavailable for genetic testing because he has passed away. The second proband was diagnosed with diabetes when she was 8 years old. She was accidentally found to have hyperglycemia when she had an upper respiratory tract infection. At the time of diabetes diagnosis, her BMI was 20.9 kg/m2 and HbA1c was 13% without typical symptoms of diabetes. She was initiated insulin therapy (0.73 U/kg/day). However, the patient adherence was low and her blood glucose was poorly controlled even with a high dose of insulin therapy (1.87 U/kg/day). Except for her maternal grandmother whose fasting blood glucose were 6–7 mmol/L, her family members carrying this mutation were all diagnosed with diabetes at various onset ages (Figure 1B and Table 3).




Figure 1 | Identification of a novel nonsense INS mutation R46X associated with diabetes in two unrelated patients. (A, B) Pedigree and genotypes of two families with early-onset diabetes. Subjects carrying R46X mutation without diabetes are shown in gray. Subjects carrying R46X mutation but just diagnosed as impaired glucose regulation are shown in gray with slash. Subjects with diabetes are shown in black. Black arrow indicates the probands. n, normal allele; m, mutant allele. (C) DNA sequences of the INS mutation c.136 C>T found in both probands.





R46X Mutant Impaired Secretion of the Mutant but Did Not Affect Secretion or Production of Bystander Proinsulin-WT, nor Did It Impair Production of Endogenous Insulin

At least 70 INS mutations in the coding region of the proinsulin domain have been reported to cause mutant INS gene induced diabetes of youth (MIDY). Most of them impair proinsulin folding and intracellular trafficking (2). We therefore firstly examined the secretion of R46X in transfected 293T cells and INS1 cells. An established proinsulin mutant PPI-C96Y (also called Akita proinsulin), which causes proinsulin misfolding and neonatal diabetes (19, 23), was used as a positive control. Although the total amount of proinsulin was comparable (Figure 2A, left panel), both R46X and C96Y failed to be secreted from the cells to the media in transfected cells (Figures 2A, B). This secretion defect was further confirmed in INS1 cells transfected with PPI-WT and mutants (Figures 2C, D). Theoretically, the amount of insulin expressed by a single allele is enough for control blood glucose in vivo (2). However, most diabetes causing INS mutants are heterozygous and present as autosomal dominant fashion, indicating trans-dominant negative effect of proinsulin mutants on bystander proinsulin-WT. We have previously reported that C96Y could interact with co-expressed WT proinsulin and prevent its ER export (26). We therefore asked whether this mechanism also applies for R46X mutant. We co-expressed WT-untagged with WT-Myc or mutants (C96Y-Myc and R46X-Myc) in 293T cells. Consistent with our previous observation, C96Y blocked secretion of co-expressed proinsulin-WT. In contrast, although R46X could not be secreted from the cells, it did not impair the secretion of bystander proinsulin-WT (Figures 2E, F). Next, we asked whether R46X could generate a dominant negative effect on insulin production from endogenous proinsulin in β cells. We transfected WT-Myc or mutants (C96Y-Myc and R46X-Myc) into INS832/13 cells. In the cells expressing C96Y-Myc (red), endogenous insulin (green) was significantly decreased compared with the neighboring control cells. However, although R46X itself displayed a diffused pattern within the cells, it did not appear to affect the insulin content of β cells (Figure 2G). Together, these results indicated that although the secretion efficiency of R46X was reduced, R46X did not affect secretion or production of bystander proinsulin-WT, nor did it impair insulin production from endogenous proinsulin.




Figure 2 | R46X impaired secretion efficiency of the mutant but did not affect secretion or production of bystander proinsulin-WT or production of endogenous insulin. (A) 293T cells were transiently transfected with empty vector (EV) or Myc-tagged plasmids encoding PPI-WT or mutants (C96Y-Myc, R46X-Myc). The culture media were changed at 24 h post-transfection. After an additional 24 h of incubation, both cell lysates (left panel) and media (right panel) were subjected to Western blotting under reducing conditions with anti-Myc antibody. (B) The secretion efficiency of proinsulin-WT and mutants (media/cells) in panel A was quantified and calculated. The results were shown as mean ± SEM from 6 independent experiments. *** indicates p < 0.001 compared to WT-Myc. (C) Similar experiments of panel A were performed in INS1 cells. (D) The secretion efficiency of PI-WT and mutants (media/cells) in panel C was quantified and calculated. The results were shown as mean ± SEM from 4 independent experiments. *** indicates p < 0.001 comparing to WT-Myc. (E) 293T cells were transiently co-transfected with untagged PPI-WT (WT-untagged) and Myc tagged PPI-WT or mutants (WT-Myc, C96Y-Myc and R46X-Myc). The culture media were changed at 24 h post-transfection. After an additional 24 h of incubation, both cell lysates (left panel) and media (right panel) were subjected to Western blotting under reducing conditions. (F) The co-expressed WT-untagged in cell lysates and media were quantified using ImageJ. The secretion efficiency of WT-untagged in panel E (media/cells) was calculated. The results were shown as mean ± SEM from 5 independent experiments. ** indicates p < 0.01. (G) INS832/13 cells were transfected with plasmids encoding Myc-tagged PPI-WT and mutants as indicated. At 48 h post-transfection, the cells were fixed and permeabilized. Confocal immunofluorescence microscopy was performed after double-stained with anti-Myc (red) and anti-insulin (green). White and yellow arrows indicated that β cells were successfully transfected to express C96Y and R46X, respectively.





R46X Did Not Form Disulfide-Linked Proinsulin Complexes, nor Did It Interact With Proinsulin-WT

In order to examine the effect of R46X on the folding of the mutant, we expressed Myc-tagged PPI-WT mutants in 293T cells and INS1 cells, and analyzed their oxidative folding under non-reducing conditions. Consistent with our previous reports (21, 27), we found that C96Y formed more misfolded disulfide-linked proinsulin complexes (DLPC, including dimer, trimer, tetramer, and high-molecular-weight proinsulin complexes) than that of WT. Surprisingly, however, unlike C96Y, R46X did not form DLPC itself in 293T cells (Figures 3A, B). Similar results were confirmed in INS1 cells transfected with Myc-tagged PPI-WT, C96Y, or R46X (Figures 3C, D). To examine whether R46X interacts with co-expressed PPI-WT, we co-expressed untagged PPI-WT with empty vector or Myc-tagged PPI-WT, or mutants (C96Y-MYC and R46X-Myc) in 293T cells. We found that, under non-reducing conditions, untagged PPI-WT and Myc-tagged PPI-WT could form disulfide-linked homodimers (marked as D and D’, respectively) as well as heterodimers (arrow, and also marked as “H”). Importantly, C96Y-Myc not only formed more disulfide-linked homodimers, but also formed heterodimers with co-expressed untagged PPI-WT (Figure 3E). On the contrary, R46X-Myc did not form homodimers by itself or form heterodimers with untagged PPI-WT (Figure 3E). To further confirm whether R46X interacted with proinsulin-WT in the ER, we performed co-immunoprecipitation experiments, in which GFP-tagged PPI-WT with Myc-tagged PPI-WT or mutants (C96Y-MYC and R46X-Myc) were expressed in 293T cells. We found that C96Y-Myc and WT-Myc could be co-immunoprecipitated by GFP-tagged PI-WT (WT-GFP). However, R46X could not be pulled down by PI-WT-GFP (Figures 3F, G), indicating that R46X did not interact with PI-WT in the ER. Furthermore, we explored the effect of R46X mutation on ER stress and β-cell survival. We used an established ER stress reporter (21, 25, 28, 29) Bip-promoter driven luciferase assay to evaluate ER stress response in both INS1 and Min6 cells expressing Myc-tagged PPI-WT or mutants. We found that unlike other INS mutations, R46X mutation did not induce significant increases in ER stress response (Supplemental Figures 1A, B). In order to examine whether R46X could affect β-cell survival, we have examined cleaved caspase 3 in Min6 cells expressing PPI-WT and mutants. Min6 cells treated with ER stress inducer thapsigargin was used as a positive control. We found that R46X did not increase cleaved caspase 3, a critical executioner of apoptosis, suggesting that it did not cause β-cell apoptosis (Supplemental Figures 1C, D). Together, those data indicate that R46X does not interact and affect co-expressed PI-WT and does not induce strong enough ER stress as other tested mutations do, which does not appear to lead to apoptosis at least based on the short-term in vitro assays in cell lines. The future in vivo experiments using transgenic/knock-in mice expressing R46X may bring more certainty regarding the effect of the mutant on β-cell stress responses and survival.




Figure 3 | R46X did not form disulfide-linked proinsulin complexes itself, nor did it interact with co-expressed proinsulin-WT. (A) 293T cells were transiently transfected with empty vector (EV) or Myc-tagged plasmids encoding PPI-WT (WT-Myc) or mutants (C96Y-Myc, R46X-Myc). Cell lysates were subjected to Western blotting with anti-Myc antibody under non-reducing conditions. The non-specific bands at ~17 Kd were marked with a black triangle. (B) The disulfide-linked dimer and trimer under non-reducing conditions in panel A and total proinsulin under reducing condition in were quantified. The ratios (dimer + trimer/total proinsulin) were calculated and that of PI-WT was set to “1”. The results were shown as mean ± SEM from 4 independent experiments. * indicates p < 0.05. (C) Similar experiments to panel A were performed in INS1 cells. (D) The disulfide-linked dimer and trimer under non-reducing conditions in panel C and total proinsulin under reducing condition in were quantified. The ratios (dimer + trimer/total proinsulin) were calculated and that of proinsulin-WT was set to “1”. The results were shown as mean ± SEM from 4 independent experiments. ** indicates p < 0.01. (E) 293T cells were co-transfected with plasmids encoding untagged PPI-WT (WT-untagged) and Myc-tagged PPI-WT or mutants (WT-Myc, C96Y-Myc, and R46X-Myc). The monomer, disulfide-linked proinsulin dimers (D refers to homodimers formed by WT-Untagged, D’ refers to homodimers formed by Myc-tagged proinsulin, and H refers to heterodimers formed by Myc-tagged and untagged PI), and high-molecular-weight disulfide-linked proinsulin complexes (DLPC) were analyzed under non-reducing conditions. The non-specific bands at ~17 Kd were marked with a black triangle. (F) 293T cells were co-transfected with plasmids encoding GFP-tagged PPI-WT (WT-GFP) and Myc-tagged PPI-WT or mutants (WT-Myc, C96Y-Myc, and R46X-Myc) as indicated. At 48 h post-transfection, the cells were lysed and immunoprecipitated (IP) with anti-GFP antibody in co-IP buffer. The immunoprecipitants were resolved in 4%–12% NuPage gel and immuno-blotted with anti-proinsulin or anti-Myc antibodies under reducing conditions. (G) Myc-tagged PI in the total lysates and co-precipitated Myc-tagged PI (PI-Myc) were quantified using ImageJ. The percentages of co-precipitated Myc-tagged PI were calculated. The results were shown as mean ± SEM from 3 independent experiments. *** indicates p < 0.001.





R46X Causes an Inefficient Translocation Into the ER and Is Less Stable in the Cells

To further investigate biological behavior of R46X, we performed metabolic labeling experiments. Since the two methionine residues present only in the signal peptide of PPI and six cysteine residues locate in the proinsulin domain (Figure 4A, upper panel), 35S-methionine (35S-Met only) can only label signal peptide attached PPI, but not proinsulin, whereas 35S-methionine/cysteine (35S-Met/Cys) mixture can label both PPI and proinsulin. As shown in Figure 4A, the newly synthesized PPI-WT and R46X were successfully detected in the cells labeled with 35S-Met/Cys. However, only R46X was detected in the cells labeled with 35S-Met only, suggesting that the signal peptide was still attached to the proinsulin domain of the R46X mutant (Figure 4A, the first five lanes of the bottom panel). Upon 10 min chase, a majority of the newly synthesized R46X was degraded (Figure 4A, the last two lanes of the bottom panel), suggesting that R46X was not stable in transfected 293T cells. Indeed, when we compared the stability of C96Y and R46X by Western blotting, we found that up to 60% of R46X was degraded in 20 min (Figures 4B, C).




Figure 4 | R46X causes an inefficient translocation into the ER and is less stable in the cells. (A) A sketch of PPI (upper panel): The signal peptide (SP, red), insulin B chain (blue), C peptide (yellow), and insulin A chain (green). Two methionines (M) locate only in the SP of human PPI. Six cysteines (C) present in both human PPI and PI. Bottom panel: 293T cells were transfected with plasmids encoding empty vector (EV), Myc-tagged PPI-WT, or R46X. At 48 h post-transfection, the cells were pulse-labeled with either pure 35S-Met or 35S-Cys/Met as indicated for 10 min followed by 0 or 10 min chase. The newly synthesized PPI and PI were immunoprecipitated with anti-Myc and analyzed by 4%–12% NuPage under reducing conditions. (B) 293T cells were transfected with plasmids encoding Myc-tagged PPI-C96Y or R46X. After 48 h transfection, cells were treated with 20 μg/ml cycloheximide (CHX) for the indicated times, and the cell lysates were collected and analyzed by Western blotting with anti-Myc. (C) The expression levels of C96Y and R46X in panel B were quantified with ImageJ. The results were presented as mean ± SEM from 4 independent experiments. (D) PPI mutants with N-linked glycosylation sites were shown in the upper panel. 293T cells were transfected with empty vector (lane 1) or plasmids encoding PPI-WT (lane 2), R46X (lane 3), H29T (lanes 4 and 5) or R46X/H29T (lanes 6 and 7). Forty-eight hours post-transfection, the cell lysates were treated with or without PNGaseF before analyzing using Western blotting under reducing conditions. The non-specific bands at ~17 Kd were marked with a black triangle.



At least two possible reasons can cause failure of signal peptide removal of PPI-R46X (Figure 4A). First, R46X caused inefficient translocation; therefore, the signal peptide cleavage site was not exposed to signal peptidase at the luminal side of the ER membrane. Second, R46X is successfully translocated into the ER; however, it cannot be efficiently cleaved by signal peptidase. To distinguish these possible causes, we mutated histidine to threonine at the 5th residue of proinsulin domain, generating an “N-X-T” N-linked glycosylation site (named as H29T). Consistent with our previous report (28), proinsulin WT was glycosylated as demonstrated by glycosylated proinsulin-WT that was deglycosylated upon the digestion with PNGase F (Figure 4D, lanes 4 vs. 5). However, R46X/H29T generated two bands (Figure 4D, lane 6). The upper band shifted down upon digestion of PNGase F, establishing that it entered the ER and acquired an N-linked glycan (Figure 4D, lane 7), whereas the lower band in the lane 6 did not shift upon treatment of PNGaseF, suggesting that it did not enter the ER lumen and was not glycosylated (Figure 4D. lanes 6 vs. 7). It is worth noting that, compared with R46X, more than 50% of the double mutant R46X/H29T did translocate into the ER and acquire an N-linked glycan (Figure 4D, lanes 3 vs. 6), suggesting that mutating histidine to threonine appeared to improve translocation efficiency of R46X. We have previously shown that increased PPI N-terminal charge gradient was favorable for translocation of PPI (6, 11). Therefore, the improvement of translocation efficiency of R46X/H29T was likely caused by mutation of histidine that increased charge gradient of PPI N-terminus. Altogether, these results established that R46X caused inefficient translocation and revealed an important role of proinsulin domain in determining translocation efficiency of PPI.




Discussion

To date, at least 70 INS mutations have been reported to cause autosomal dominant diabetes in humans (2, 20, 30). Some additional mutations that disrupt transcription and translation of insulin gene due to INS deletion, promoter inactivation, and loss of translation initiation cause neonatal diabetes only when both INS alleles were affected (31), suggesting that one insulin gene allele may be sufficient to maintain normoglycemia under normal physiological conditions, although these recessive INS mutations are linked to an increased risk of diabetes (32, 33). Most dominant INS mutations are located in the proinsulin domain, impairing proinsulin oxidative folding and causing proinsulin misfolding in the ER (2, 16, 24, 34). Two main mechanisms underlie β-cell failure and diabetes caused by misfolded proinsulin mutants. First, misfolded proinsulin may accumulate in the ER, disturbing ER protein homeostasis, inducing chronic ER stress that may activate apoptotic pathway, leading to a decrease of β-cell mass (24, 35–37). Second, misfolded proinsulin can abnormally interact with co-expressed proinsulin-WT via proinsulin dimerization interface, impairing folding and the ER export of proinsulin-WT, decreasing insulin production, and leading to insulin-deficient diabetes (16, 21, 23, 28). More recently, a study shows that misfolded proinsulin may impair intracellular trafficking and processing of the precursor of insulin receptor, causing an impairment of insulin signaling in β cells, which may also contribute to β-cell failure caused by INS mutations (38). Interestingly, the clinical phenotypes associated with different INS mutations or even with same mutations range from severe neonatal diabetes to mild adult-onset diabetes, or some even without overt diabetes as the time of studies (2, 13, 16, 22, 39–42). In this report, we identified a novel nonsense INS mutation PPI-R46X associated with early-onset diabetes in two unrelated patients. Pedigree analysis showed a broad spectrum of clinical presentations among the members carrying R46X in the two families (Figure 1 and Tables 1, 3), suggesting that other factors that need to be further determined may contribute to actual clinical presentations associated with R46X. Functional studies showed that, although R46X failed to be secreted from the cells, unlike the mutations causing neonatal diabetes, R46X did not form DLPC, did not affect PPI-WT secretion and insulin production, and did not appear to induce strong ER stress or cause β-cell apoptosis (Figures 2, 3 and Supplemental Figure 1). In addition, R46X is less stable in the cells compared with C96Y (Figures 4B, C). All these data suggest that R46X may not be exposed to the oxidative ER environment. Indeed, two independent approaches demonstrated that, despite with an intact SP, R46X failed to be efficiently translocated into the ER (Figures 4A, D), highlighting a critically unrecognized role of proinsulin domain in efficient PPI translocation. Together, pedigree and functional analyses suggest that additional contributors may be required for developing diabetes in the patients carrying R46X. Further whole exome sequencing with linkage analysis among family members with or without R46X mutation, combined with functional studies, may shed light on better understanding what and how multiple genetic and/or environmental risk factors in concert with R46X lead to the development and progression of diabetes.

Preproinsulin is a small secretory protein with a suboptimal signal sequence that may not be efficiently recognized by the SRP and undergo SRP-dependent co-translational translocation across the ER membrane (7, 11). SRP-independent post-translational translocation is an important backup for efficient PPI translocation. However, the factors that determine the route and efficiency of PPI translocation remain to be further elucidated. PPI signal peptide mutations provide excellent molecular models and great opportunities to address these fundamental biological questions. To date, PPI signal peptide mutations that have been experimentally established to affect PPI translocation are PPI-R6C/H. These two mutations locate in the n-region of the PPI signal peptide, resulting in a decrease of charge gradient from PPI N-terminus to proinsulin domain. This charge gradient has been shown to play an important role in orientating PPI signal peptide in the Sec61 translocon during translocation (11), and it is more important for small secretory proteins including PPI for the post-translational translocation, because of the large secretory proteins that do not depend on the N-terminal positive charge for their translocation (6, 43), suggesting that the length of secretory proteins may also play a role in selecting the translocation pathway and efficiency. Indeed, R46X results in translating a very small truncated PPI, causing inefficient translocation. However, increasing a charge gradient in the N-terminus of R46X by mutating histidine to threonine at the 5th residue of proinsulin domain improves efficiency of R46X translocation by more than 50%, supporting the notion that both N-terminal positive charge and the length of PPI are important for efficient PPI translocation.

In summary, this study reveals that PPI translocation efficiency is affected not only by the natural property of its signal sequence, but also by its downstream of proinsulin domain. To the best of our knowledge, this is the first report to experimentally demonstrate that a mutation in the proinsulin domain causes PPI translocation inefficiency, which may underlie increased risk of diabetes-associated R46X. This study not only expends the list of INS mutations associated with diabetes, but also provides genetic and biological evidence underlying the regulation mechanism of PPI translocation.
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Aim

The study aimed to develop a scalable dual-fluorescence assay in cells to enable the functional interpretation of HNF-4α missense variants identified in exome sequencing, which can be used to guide clinical diagnosis.



Methods

Using mOrange2 and GFP fluorescence proteins to track the expression of HNF-4α (HNF-4α-mOrange2) and reporter activity under the control of the HNF-1α promoter (pHNF1A-GFP), respectively, we designed a dual-fluorescence assay to evaluate the expression level, cellular localization, and transcriptional function of HNF-4α simultaneously in live cells. To assess the scalable characteristic of the assay, a small library containing five previously reported mutations and wild-type HNF-4α was constructed. Cells infected with this library were sorted into different populations through fluorescence-activated cell sorting (FACS) according to the transcription activity and expression abundance. Cloning and Sanger sequencing were used to detect the mutations of the different groups. High content screening (HCS) assay was used for the validation of individual mutants in the function and expression point of view.



Results

HNF-4α-mOrange2 exhibited nuclear localization and transactivation capability on the HNF-1α promoter as physical HNF-4α does. The expression of HNF-4α-mOrange2 shows a 6-fold induction of GFP expression compared to the control without HNF-4α-mOrange2, which was significantly abolished by the known loss-of-function mutant M373R. The different performances of wild-type and mutant M373R made them distinguishable in the FACS system, empowering the scalable capability of this assay for classifying large numbers of variants combining functional stratification and sequencing. Further application of the assay in the small library showed that three cell populations were seen grouped as Normal (same transactivation as wild type), Reducedexp_nor (reduced transactivation with normal or higher expression), and Reducedexp_low (reduced transactivation with lower expression). Subsequently, Sanger sequencing showed that wild-type HNF-4α was in the Normal group, two mutations (M373R and G79C) were enriched in the Reducedexp_nor group, and three mutations (C115S, L272P, and F83C) belonged to the Reducedexp_low group. These results were validated by further imaging data using HCS assay for individual mutation.



Conclusions

Our study proposes a scalable and informative approach for the characterization of the variants in HNF-4α genes in a quantitative and high-throughput manner.





Keywords: HNF-4α, scalable, dual-fluorescence assay, high-throughput, functional interpretation



Introduction

HNF-4α belongs to the nuclear receptor (NR) superfamily, which comprises the DNA-binding domain (DBD), ligand-binding domain (LBD), activation function domain (AF), and F domain (F) (1). As an important transcription factor, HNF-4α is potentially involved in the regulation of about 40% of transcripts in the liver and controls nearly 11% of genes in pancreatic islets (2–5). Various deleterious mutants in HNF-4α had been shown to cause autosomal dominantly inherited maturity-onset diabetes of the young (MODY1), diazoxide-responsive hyperinsulinemic hypoglycemia (HH), or the development of carcinomas (6–11). More importantly, MODY1 patients are sensitive to treatment with oral sulfonylureas and proper clinical actions could be taken upon the right diagnosis (12, 13). Genetic testing was also highly recommended for HH in the first week of life as HNF-4α mutations are often the underlining cause (10, 13). Therefore, genetic testing of HNF-4α would be valuable for molecular diagnosis, precision treatment, and family genetic counseling.

With the fast-falling of sequencing cost, the number of cataloged genetic variants in public databases such as the Genome Aggregation Database had increased dramatically. The vast majority of missense variants are rare with only 2% of them having a clinical interpretation in ClinVar (14, 15). Within the HNF-4α gene, more than 300 variants have been reported in ClinVar with over 40% of them considered as variants of uncertain clinical significance (VUS). Given that no mutation hotspots were revealed, more VUS are expected to be found and the functional characterization of these VUS would post a significant challenge to the HNF-4α genetic testing and molecular diagnosis.

Although various in silico scoring methods such as SIFT and LRT have been developed to assist the functional interpretation of VUS, consensus was hard to achieve between them and they were rarely in agreement with clinical observations (16, 17). Rigorous functional evaluations of VUS in vitro are therefore considered a strong line of evidence for molecular diagnosis according to the current ACMG guideline (18).

So far, the functional characterization of HNF-4α variants has mostly utilized mutant plasmid-based assays to evaluate four readouts including transcription activity, protein abundance, cellular localization, and DNA-binding affinity (19). Although such studies were informative to the molecular diagnosis, the assays required to derive them are time consuming and resource intensive, making it difficult to combine different assays or evaluate multiple mutants simultaneously. Given that more VUS of HNF-4α are expected with the easier access of HNF-4α genetic testing, there is an urgent need to develop a scalable assay that could be used to systematically screen all possible HNF-4α mutants in advance.

Here we set out to develop a high-throughput assay for the functional evaluations of HNF-4α variants. Bearing in mind that the transcriptional activity appears to be a superior readout which may be affected by an abnormal expression level, cellular localization, and DNA-binding affinity, we developed a dual-fluorescence reporter assay which could reliably monitor the transactivation activity of an HNF-4α variant together with its expression level and localization in live cells. To fulfill the requirement of scalability, this assay was designed to classify cells, each of which carries a single mutation according to transactivation activity and expression levels using FACS and subsequent sequence using Sanger or next-generation sequencing to distinguish variants with functional change.



Materials and Equipment


Materials

The following reagents were purchased from Gibco: Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin G sodium and streptomycin, and TrypLE Express. Lipofectamine 3000 Reagent and OMEM were from Life Technologies (Carlsbad, CA, USA). PLP1, PLP2, and PLP-VSVG were kindly gifted from Dr. Ruirui Kong. pcDNA3.1-Flag-HNF-4α (GenBank: NM_000457.6) was purchased from the Public Protein/Plasmid Library (PPL00188-2c), and pRRL.sin-18.ppt.STAT3-GFP.pre (Addgene, #110495) was from Addgene. PQCXIP, VSVG, and Phit were from our lab. Polybrene was from Sigma (St. Louis, MO, USA). The anti-mCherry antibody (26765-1-AP), anti-GFP antibody (50430-2-AP), and anti-GAPDH antibody (60004-1-Ig) were purchased from Proteintech (Wuhan, China). Anti-HNF4A (sc-374229) was from Santa Cruz (Dallas, TX, USA). The PVDF membrane was from Millipore (Bedford, MA, USA). Enhanced chemiluminescence (ECL) was from Promega (Madison, WI, USA).



Equipment

An influx cell sorter (BD, Biosciences, San Jose, CA, USA) equipped with solid-state lasers for 488- and 561-nm excitation was used. The Opera Phenix High Content Screening (HCS) System is from PerkinElmer, Waltham, MA. FV1200 is from OLYMPUS (Tokyo, Japan).




Methods


Cloning and Construction of Plasmids

Wild-type human HNF-4α cDNA was PCR amplified from pcDNA3.1-Flag-HNF-4α, and the HNF-4α2 site mutation variants c.235G>T (p.Gly79Cys), c.248T>G (p.Phe83Cys), c.344G>C (p.Cys115Ser), c.815T>C (p.Leu272Pro), and c.1118T>G (p.Met373Arg) were introduced by site-directed mutagenesis. Expression vectors for human HNF-4α2-WT or mutants were constructed by ligating cDNA fragments directly into the NotI and BamHI sites of PQCXIP-mOrange2. The pTOP-HNF1A-TATA-GFP (pHNF1A-GFP) reporter was constructed by replacing the four repeats of the M67 sequences on pRRL.sin-18.ppt.STAT3-GFP.pre (STAT3-GFP) with the proximal promoter of human hepatocyte nuclear factor-1α (HNF-1α) (-105~+30)) with the following sequence: TGTCCCTCTCCGCTGCCATGAGGCCTGCACTTTGCAGGGCTGAAGTCCAAAGTTCAGTCCCTTCGCTAAGCACACGGATAAATATGAACCTTGGAGAATTTCCCCAGCTCCAATGTAAACAGAACAGGCAGGGGC (20).



Cell Culture and Transfection

HEK 293T cells were cultured in DMEM supplemented with 10% FBS, 100 units/ml penicillin G sodium, and 100 μg/ml streptomycin. During routine passaging, cells were washed with PBS (pH 7.4) and dissociated with TrypLE Express. For transient transfection, cells were plated and were transfected with plasmids as indicated using Lipofectamine 3000 Reagent.



Viral Preparation and Infection

For virus packaging, the lentivirus system containing transfer plasmid pHNF1AP1-GFP and packing vectors (PLP1, PLP2, PLP-VSVG) or the retrovirus system containing PQCXIP-HNF-4α, VSVG, and Phit were co-transfected into HEK 293T cells with 4×106 cells in a 100-mm dish using Lipofectamine 3000. Media were replaced 24 h later, and viral supernatants were collected at 48 and 72 h, centrifuged at 1,300 rpm for 5 minutes, passed through a 0.45-μm filter (Millipore), and concentrated by lentivirus concentration solution (YEASEN). The virus should be used with optimal virus volumes (MOI of 0.1–0.2) or frozen at -20°C or -80°C for long-term storage. Cells were infected with the virus in the presence of polybrene at a concentration of 1 µg/ml.



Analytical Flow Cytometry and FACS

Cells were trypsinized and suspended in DMEM for FACS analysis and sorting (BD Influx). Cells were excited with a 488-nm laser (530/40 emission) and a 561-nm laser (610/20 emission). Data analysis was performed using FlowJo_V10 (Tree Star, Ashland) software.



Live-Cell Imaging and Fluorescent Quantification

Cells were imaged with the Opera Phenix High Content Screening System in confocal mode with the ×20 water NA 1.0 objectives at 37°C and 5% CO2 at the indicated time. The fluorophores were detected with the following excitation and emission (Ex/Em) wavelengths: Hoechst 33342 (405/435–480), GFP (488/500–550), and mOrange2 (561/570–630). Quantification analyses were performed using the Harmony software. For high-resolution imaging, cells were grown on small glass coverslips. Forty-eight hours after transfection, images were viewed using the OLYMPUS FV1200 system. All experiments were performed in triplicate.



Western Blotting

HEK 293T cells were seeded on 96-well plates with different transfection strategies and lysed by the addition of 1× SDS-PAGE loading buffer (reducing). Equal amounts of protein extracts were separated by SDS-PAGE gel and subsequently transferred to a 0.2-μm PVDF membrane for 1 h at 400 mA and blocked at room temperature for 1 h in 1× TBST (20 Mm Tris base, 0.15 M NaCl, 0.1% Tween-20, 5% milk). Proteins were analyzed using the anti-mCherry antibody, anti-HNF-4α antibody, anti-GFP antibody, and anti-GAPDH antibody. Bands were developed using ECL substrates, and band intensities were quantified by ImageJ software.



DNA Extraction and Cloning for Sanger Sequencing

Total genome DNA was extracted using phenol-chloroform DNA extraction protocol. The fully integrated HNF-4α sequences were amplified using primers (HNF-4α2-F: 5′-CCGCGGCCGCACCATGCGACTCTCCAAAAC-3′; HNF-4α2-R: 5′-TGGGATCCGGGATAACTTCCTGCTTG-3′) and cloned in the PQCXIP vector for Sanger sequencing.




Results


Construction of a Dual-Fluorescence Assay Simultaneously Monitoring the Transcription Activity, Expression, and Localization of HNF-4α in Live Cell

To design a dual-fluorescence reporting system monitoring the expression level and transactivation activity of HNF-4α in live cells, we constructed a GFP reporter under the control of the HNF1A promoter (pHNF1A-GFP) and introduced the mOrange2 fluorescence protein to the C terminal of HNF-4α (HNF-4α-mOrange2) (Figure 1A). As HEK 293T cells have an undetectable endogenous HNF-4α expression (Figure 1D), the GFP reporter was expected to express only in the presence of transcript factor HNF-4α-mOrange2 (Figure 1B). As expected, co-transfection of the GFP reporter and wild-type HNF-4α-mOrange2 led to about 6-fold higher GFP expression compared to the cells transfected with the GFP reporter alone. In addition, confocal imaging showed the nuclear localization of HNF-4α-mOrange2 (Figure 1C). The correct expression was also evidenced by Western blot using a specific antibody (Figure 1D). This result demonstrates that exogenous HNF-4α-mOrange2 could work as that of endogenous HNF-4α does with proper expression, cellular distribution, and transactivation on the HNF-1α promoter in the HEK 293T cell line.




Figure 1 | Establishment of the dual-fluorescence assay for functional evaluation on the HNF-4α. (A) A schematic diagram of the dual-fluorescence reporter system. The C-terminal of HNF-4α was fused with a red fluorescent protein mOrange2 and was used to track the HNF-4α cell location and expression; pHNF1A was the GFP reporter under control of the HNF-1α promoter which was used to detect the transcription activity of the HNF-4α dimer. (B) Overview of the assay working in cell lines. (C) Representative confocal microscopy imaging of dual-fluorescence assay and quantification of the transcription activity. Nuclear staining (blue); 488-nm channel for pHNF1A-GFP (green); 561-nm channel for HNF-4α-mOrange2 (red). The GFP intensity of the three groups has also been quantified with three fields in one experiment; the data were analyzed using a Student t-test (*p < 0.05, ***p < 0.001). WT, wild-type HNF-4α-mOrange2, P, pHNF1A-GFP. (D) Representative Western blots and quantification of GFP intensity of cells transfected with plasmids as indicated for 48 h. The anti-mCherry antibody and anti-HNF-4α antibody were used for detection of mOrange2-conjugated HNF-4α proteins and HNF-4α proteins, respectively. The anti-GAPDH antibody was the internal reference in this experiment. The anti-GFP antibody showed the transcription activity. Data represented as mean± SD from six independent experiments.



In order to improve the performance of the dual-fluorescence reporter, we further established cell lines stably expressing the pHNF1A-GFP reporter with the lentivirus system in the HEK 293T cell line, upon which the E9 clone was selected for the highest specificity for exogenous wild-type HNF4A transactivation. Compared to the HEK293T_pHNF1AP_E9 cells without HNF-4α-mOrange2 expression, cells transiently transfected with wild-type HNF-4α-mOrange2 exhibit a significantly increased GFP expression, which was initiated from 24 h after transient transfection and reached the highest about 90 h later. The system was validated with a loss-of-function mutant identified in HH and MODY1 (11, 19), M373R, which showed the same expression pattern with reduced transactivation (Figures 2A, B). The transactivation activity difference between wild-type and M373R mutant was significant and distinguishable with FACS (p < 0.0001; Figure 2C). These results demonstrate that we had established a dual-fluorescence reporting system in the HEK 293T cell line for further distinguishing various unknown mutants according to the effects on the transactivate ability and expression level.




Figure 2 | Optimization of the assay in the single-cell clone HEK293T_pHNF1AP_E9 stably expressing the pHNF1A-GFP reporter. (A, B) Kinetic performance of this assay in HEK293T_pHNF1AP_E9 cells transiently transfected with HNF-4α or mutant M373R. Data were the means of triplicate fields from one experiment and were conducted twice independently; error bars show s.d. *p < 0.05, ***p < 0.001. Scale bar: 50 μm. (C) Sorting of HEK293T_pHNF1AP_E9 (E9) cells expressing wide-type HNF-4α (WT, green color) or M373R (M373R, red color) populations, negative control: HEK293T_pHNF1AP_E9 (gray color). The transcription activity of mutant M373R was significantly lower than that of wild type, p < 0.0001.





Validation of the Assay With a Library Containing Wild-Type HNF-4α and Five Previously Reported Loss-of-Function Mutations

To validate this assay, we construct a small library by equally mixing wild-type HNF-4α with five previously reported loss-of-function mutations, including three mutations (G79C, F83C, C115S) in the DBD, one mutation (L272P) in the LBD, and one mutation (M373R) in the F domain (Figures 3A, B). HEK293T_pHNF1AP_E9 cells (4 × 106) in a 10-cm dish were incubated with retrovirus packaged with the library at an MOI of 0.1 to ensure each cell was infected with only one virus. Selected with puromycin for 2 doubling times, cells were subsequently sorted according to the transcription activity and expression level by FACS. Three cell populations were collected which were named as Normal (same transactivation as wild type), Reducedexp_nor (reduced transactivation with normal or higher expression), and Reducedexp_low (reduced transactivation with lower expression) (Figure 3C). Integrated cDNAs were cloned into pQCXIP-mOrange2. We randomly selected five clones each group for Sanger sequencing. The results showed that two mutations (M373R and G79C) are enriched in the Reducedexp_nor group, three mutations (C115S, L272P, and F83C) belong to the Reducedexp_low group, while the wild type belong to the Normal group.




Figure 3 | Application of this assay in a small library containing wild-type HNF-4α and five mutants. (A) Schematic representation of the HNF-4α (NM_000457.6) structure, and distribution of single amino acid mutations used in this study. Five main functional domains: AF-1, activation function 1 (amino acids 1–59), purple color; DBD, DNA-binding domain (amino acids 60–125), orange color; H, hinge domain (amino acids 126–150), yellow color; LBD, ligand-binding domain (amino acids 151–366), green color; F domain (amino acids 367–474), blue color. (B) Three-dimensional model of human HNF-4α (4iqr) with schematic function domains of HNF-4α and distribution of five deleterious mutations used in this study. The mutations were highlighted in red. Four functional domains: the DBD, orange color; H domain, yellow color; LBD, green color and F domain, blue color. (C) Gating of the HEK293T_pHNF1AP_E9(E9) cells infected with library into three distinct populations based on the GFP and mOrange2 level. The mutants labeled in the gates were identified through cloning and Sanger sequence.



To verify the result, we tested the mutants individually using this dual-fluorescence assay in high content screening assay (HCS). Three mutants (F83C, C115S, and L272P) classified as Reducedexp_low group with high confidence were found significantly repressing the transcription activity with lower expression, and two mutants (G79C and M373R) classified as Reducedexp_nor group were found significantly disrupting the transcription activity with normal or higher expression (Figures 4A, B). The effects of all the missense variants on the transactivation activity and expression level were consistent with the results from FACS. In addition, we found that the localization of two mutants (G79C and M373R) was predominantly in the nucleus. By contrast, the localization of the other three mutants (F83C, C115S, and L272P) exhibited more diffusion in the cytoplasm compared to the wild-type HNF-4α (Figure 4C), which may partly contribute to the loss of function and lower abundance. In conclusion, our results clearly showed that this dual-fluorescence assay could be used as a simple, precise, and informative assay to evaluate the effect of mutations of HNF-4α.




Figure 4 | Validation of the library mutants individually in HCS with confocal mode. (A) Evaluation of the transcription activity, expression level, and localization of HNF-4α wild type or mutants using the HCS image. HEK293T_pHNF1AP_E9 cells transfected with wild-type HNF-4α or different mutants as indicated for 72 h. GFP corresponds to the transactivists’ ability, and mOrange2 represents the expression of HNF-4α or mutants. Scale bar: 100 μm. (B) Quantitative of the transcription activity and expression level of all the plasmids in the library we used. Shown is the fold change of GFP and HNF-4α-mOrange2 intensity. All data were presented as mean ± SD (n = 3 fields, and experiments were conducted twice independently. Statistical significance between WT and mutants (G79C, F83C, C115C, L272P, M373R) is indicated as asterisks: *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t-test). (C) Cellular localization of the wild type or mutants of HNF-4α. Representative cells were shown except for three mutants (F83C, C115C, and L272P) which cells with higher mOrange2 intensity were selected for more details. Scale bar: 20 μm.






Discussion

In this study, we firstly developed a dual-fluorescence reporter assay that could simultaneously examine HNF-4α variants on three mechanistic aspects including the transcriptional activity, protein abundance, and cellular localization. Then the assay was validated with a small library of five established loss-of-function variants with wild-type HNF-4α to demonstrate its reliability and the potential for high-throughput functional screening of VUS in HNF-4α.

The five mutants used to validate our assay were selected to represent the wide spectrum of potential functional defects that could originate from many possible HNF-4α variants. G79C and F83C in the DNA-binding domain had been reported with reduced DNA-binding affinity (6). M373R in the F domain was reported to impair the HNF-4α function by interrupting its interactions with coactivators without affecting DNA-binding affinity (19). C115S in the DBD and L272P in the LBD were identified in HH patients with severe phenotypes but poorly characterized function (10). In addition, the other three variants were also reported with a direct role in the pathogenesis of disease outcomes (6, 19). Therefore, these five mutants from different functional domains of HNF-4α, with various functional defects and all resulting in clinical consequences, could solidly anchor the assay for the examination of other VUS within this gene.

The exogenous wild-type HNF-4α-mOrange2 showed efficient regulation on the HNF-1α promoter, and our assay found that all the five established mutants had consistent and significant loss of transcriptional activity. This indicated that our in vitro system could mimic the action of physiological HNF-4α and provide reliable evidence of transcriptional activity on VUS.

While examining the HNF-4α protein abundance, our assay demonstrated the ability to distinguish variants with varying degrees of expression levels. Of the five loss-of-function variants, G79C and M373R were normally expressed while F83C, C115S, and L272P showed a lower expression. In regard to the cellular localization, we showed that three mutants with a lower expression exhibited more diffusion in the whole cells compared to the wild type and other two mutants. It was reported that the phosphorylation on the S87 in the DBD domain and Y286/Y288 in LBD could enhance nuclear export and cytoplasmic aggregation which induced proteasomal degradation (21, 22). Therefore, we propose that the reasons for those variants to exhibit low protein abundance in our assay might be due to enhanced degradation through posttranslational modifications such as phosphorylation (22–25). In addition, it is worth noting that the expression level of M373R was higher in our assay but was previously reported with reduced HNF-4α protein stability and in turn low abundance (19). One possible explanation for the discrepancy was that our assay was relatively simple as compared to the previous study which was complicated and might have a larger chance to generate more artificial results. Such a possibility was further strengthened as M373R showed a higher expression when tested individually (Supplementary Figure 1). Taken together, these results demonstrated that our assay was capable of monitoring the protein abundance and cellular localization of HNF-4α VUS.

One important feature of our assay was that it utilized FACS to examine multiple functions of HNF-4α variants simultaneously in live cells. The assay would be able to differentiate a spectrum of variants with varying levels of functional loss in either transcription activity or protein abundance. The small validation library of five variants demonstrated that after sorting the cells, sequencing could be used to classify or quantify the functional loss of each variant from a mixed pool of cells carrying different mutants. Therefore, our assay paves the way to conduct high-throughput functional screening of a saturated library of HNF-4α mutants and provide a “lookup table” for functional annotation of VUS.

One limitation of our assay was that the DNA-binding affinity was not measured directly. However, the transcription activity level test in the assay could partially capture such defect. On the other hand, our assay had a clear intention to evaluate the functional impact of HNF-4α mutants relevant to MODY1. That is why we opted to choose HNF1A expression as the reporter of HNF-4α transcriptional activity instead of other targets. Furthermore, we selected the 293T cell line to evaluate HNF-4α function because of the high expression efficiency of exogenous plasmids and undetectable endogenous HNF-4α as compared to INS-1 cells. This assay could be further improved by replacing the reporter or cell line.

In conclusion, our dual-fluorescence assay could reliably evaluate multiple functional impacts of HNF-4α variants related to MODY1. The successful validation with a small library of five loss-of-function variants demonstrated the potential of this assay to be applied in high-throughput screening of HNF-4α variants. Systematically characterizing the functional impacts of all HNF-4α variants would arm the genetic consultants and clinicians with valuable prior knowledge when facing carriers of HNF-4α VUS.
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Objective

The aim of this study was to analyze the clinical characteristics and the pattern of long-term changes of fasting plasma C-peptide in patients with mitochondrial diabetes (MD), and to provide guidance for the diagnosis and treatment of MD.



Methods

We retrieved MD patients with long-term follow-up at Peking Union Medical College Hospital from January 2005 to July 2021 through the medical record retrieval system and retrospectively analyzed their clinical data, biochemical parameters, fasting plasma C-peptide, glycosylated hemoglobin and treatment regimens. Non-parametric receiver operating characteristic (ROC) curves were used to assess the relationship between exercise test-related plasma lactate levels and suffering from MD.



Results

A total of 12 MD patients were included, with clinical characteristics of early-onset, normal or low body weight, hearing loss, maternal inheritance, and negative islet-related autoantibodies. In addition, patients with MD exhibited significantly higher mean plasma lactate levels immediately after exercise compared to patients with type 1 diabetes mellitus (T1DM) (8.39 ± 2.75 vs. 3.53 ± 1.47 mmol/L, p=0.003) and delayed recovery time after exercise (6.02 ± 2.65 vs. 2.17 ± 1.27 mmol/L, p=0.011). The optimal cut-off points identified were 5.5 and 3.4 mmol/L for plasma lactate levels immediately after and 30 minutes after exercise, respectively. The fasting plasma C-peptide levels decreased as a negative exponential function with disease progression (Y= 1.343*e-0.07776X, R2 = 0.4154). Treatment regimens in MD patients were varied, with no metformin users and a weak correlation between insulin dosage and body weight.



Conclusions

The increased level of plasma lactate during exercise or its delayed recovery after exercise would contribute to the diagnosis of MD. Changes of fasting plasma C-peptide in MD patients over the course of the disease indicated a rapid decline in the early stages, followed by a gradual slowing rate of decline.
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Introduction

Mitochondrial diabetes (MD) is a rare monogenic form of diabetes caused by defects in mitochondrial DNA (MtDNA) function (1), accounting for only 0.6% of adults with diabetes in China (2). van den Ouweland JM et al. (3) and Ballinger et al. (4) first reported a family of MD with elevated blood glucose and deafness caused by mutations and large segmental deletions of mitochondrial gene in 1992. Mitochondrial gene mutations are highly heterogeneous and individuals with the same mutation often exhibit different types and degrees of clinical phenotype, resulting in MD being diagnosed as type 1 or type 2 diabetes mellitus frequently.

The main pathogenesis of MD is mitochondrial gene mutation which leads to the decrease of insulin secretion by islet βcells (5). At present, the changes of islet βcell function in patients with MD have only been reported in individual cases or small families, and there is still a lack of large and long-term follow-up studies. In this study, we retrospectively analyzed and summarized the MD patients followed up in the outpatient clinic of Peking Union Medical College Hospital, in order to provide reference for understanding the changes of islet βcell function and the diagnosis and treatment of MD.



Patients and Methods


Population

A total of 49 patients diagnosed with MD in the outpatient clinic of Peking Union Medical College Hospital from January 2005 to July 2021 were searched through the electronic medical record system. Further review of the medical records revealed 15 cases with clear mitochondrial gene mutations. To analyze the changes in pancreatic β-cell function during follow-up in these patients, the inclusion criteria were set as follows: follow-up for at least one year, and fasting plasma C-peptide test twice or more. A total of 12 patients met the criteria, and the longest follow-up period was 16 years, and a retrospective analysis of these 12 patients with MD was performed.



Data Collection

General information of patients was collected: age, sex, height, weight, time of onset, hearing status, family history. The results of islet-related autoantibodies including glutamic acid decarboxylase antibody (GADAb), protein tyrosine phosphatase antibody (IA2) and islet cell antibody (ICA), mitochondrial gene sequencing, blood biochemical parameters, plasma lactate, HbA1c, fasting plasma C-peptide and therapeutic regimen (types and doses of hypoglycemic drugs) at each visit were recorded.

Six MD patients had undergone lactate exercise testing, thus we included six patients with type 1 diabetes mellitus (T1DM) who had performed the same test as controls for comparison by matched search in the medical record retrieval system according to age and HbA1c at the time of the test.

Method of lactate exercise test: After a 30-minute rest period before the test, venous blood was taken for lactate measurement, followed by 10 minutes of stair climbing at moderate speed without stopping, and venous blood was taken immediately afterward, and the third blood sample after a 30-minute rest. The plasma lactate level was measured separately and >2 mmol/L was considered abnormal.



Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows, version 26 (IBMCorp., Armonk, N.Y., USA). Continuous data were expressed as mean ± standard deviation when normally distributed, and t-test was used for comparison of data between groups, and P values ≤ 0.05 were considered to be statistically significant. Non-parametric receiver operating characteristic (ROC) curves were constructed for plasma lactate levels immediately after and 30 minutes after exercise to assess their ability to independently discriminate between patients with and without MD. Optimal cut-off points were obtained by minimizing the distance between each point on the ROC curve and the upper left corner.




Results


Analysis of Clinical Characteristics of MD Patients

Among the 12 patients with MD, the age of onset was 30.17 ± 10.57 years, 11 (92.3%) of them were younger than 45 years (Table 1). Their weight was normal or low with a mean BMI of 18.61 ± 4.14 kg/m2 and only one case was overweight (27.36 kg/m2) and no obese patients. Eleven cases had hearing loss. The health status of the maternal and her family was unknown in one case, and the remaining 11 cases all had a family history of maternal hereditary diabetes or hearing loss. All patients were negative for GADAb, IA2, and ICA. The details of mitochondrial gene mutations were as follows: 9 cases with m.3243 A>G mutation, 1 case with multi-point mutations (m.3243 A>G, m.1438 A>G, m.3206 C>T, m.14783 T>C, m.16213 C>T, m.16319 G>A), 1 case with m.15662 A>G mutation and 1 case with m.1438 A>G mutation.


Table 1 | Demographic and clinical characteristics of 12 patients with MD.





The Level of Plasma Lactate Increased Significantly During and After Exercise in Patients With MD

In 10 of the 12 patients with MD, plasma lactate was measured at rest and its measurements ranged from 0.76 to 3.3 mmol/L (Table 1), with fluctuations not significantly related to the duration of the disease. P Plasma lactate at rest was detected only once in six patients, five of whom were within the normal range (0.98-1.9 mmol/L), and one was elevated (2.6 mmol/L). Four patients were tested several times for plasma lactate at rest: P#3 was tested twice, and the results were normal (1.7-1.9 mmol/L); P#7 was tested for three times, and the results were all increased (2.3-2.7 mmol/L); P#4 was tested for five times, and the results were normal (1.7-1.79 mmol/L) in two times and increased (2.31-3.3 mmol/L) in three times; P#6 was tested for three times, and the results were normal (0.76 mmol/L) in one time and increased (2.05-2.7 mmol/L) in two times.

Six MD patients and six T1DM patients underwent lactate exercise testing, with plasma lactate levels measured before, immediately after, and 30 minutes after exercise (Table 2). As shown in Figure 1, lactate was significantly higher in MD patients immediately after exercise compared to resting lactate and was 2-3fold higher than in T1DM patients (8.39 ± 2.75 vs. 3.53 ± 1.47 mmol/L, p=0.003). Thirty minutes after the exercise, lactate did not drop to normal levels in MD patients and was 3-4fold higher than in T1DM patients (6.02 ± 2.65 vs. 2.17 ± 1.27 mmol/L, p=0.011). Using nonparametric ROC curve, for plasma lactate levels immediately after exercise (area under the curve (AUC) 0.94, 95% confidence interval (c.i.) 0.81 to 1), the optimal cut-off was 5.5 mmol/L with a sensitivity of 83% and specificity of 100%. For plasma lactate levels 30 minutes after exercise (AUC 0.96, 95% c.i. 0.85 to 1), the optimal cut-off was 3.4 mmol/L, giving 100% sensitivity and 83% specificity (Supplementary Figure 1).


Table 2 | Demographic characteristics of MD patients and T1DM patients.






Figure 1 | Lactate values for exercise tests in MD patients and T1DM patients. MD, Mitochondrial diabetes; T1DM, Type 1 diabetes mellitus. *p < 0.05,**p < 0.01.





Changes of Fasting Plasma C-Peptide Level With Disease Duration

All 12 MD patients were tested for fasting plasma C-peptide at a median of three times (range 2-7 times) over a median of 13 years (range 2-21 years) after onset, and their C-peptide levels varied with the disease duration (Figure 2A). The fasting plasma C-peptide was 0.7-1.72 ng/ml with an average of 1.92 ng/ml in the first year and was 0.31-1.31 ng/ml with an average of 0.83 ng/ml in the fifth year. The fitting exponential curve of the data indicated that fasting plasma C-peptide decreased rapidly with the duration of the disease in the first 5 years (Y= 1.343*e-0.07776X, R2 = 0.4154). After 10 years of disease duration, the fasting plasma C-peptide level was maintained at a low level (0.16-0.79ng/ml) with no significant trend of further decline, except for P#9 which reached 1.21 ng/mL by the 14th year of disease duration. The fitting exponential curve reanalyzed deleting this value of P#9 showed that the decrease in fasting plasma C-peptide remained a negative exponential function with a steeper curve than in Figure 2A (Y= 1.371*e-0.08597X, R2 = 0.4652) (Figure 2B).




Figure 2 | Changes in fasting C-peptide with the duration of disease in MD patients. Curves of fasting C-peptide with disease duration for all MD patients (A) and MD patients except P#4 (B).





Comparison of Treatment Regimens Between the First and the Last Visit of 12 Patients With MD

Among the 12 patients, HbA1c of 10 patients fluctuated between 6.2 and 8.6% in 10 patients (Table 3), that of another 2 patients were above 10%, of which P#4 did not follow medical advice on diet control and insulin use, and P#11 only got a definite diagnosis of MD at the last visit and adjusted the glucose-lowering regimen but was not followed up later. Metformin was included in the treatment regimen of three patients at the first visit and before the diagnosis of MD was clarified. After the diagnosis of MD was confirmed and at the last follow-up visit, 11 patients used insulin, including one case combined with glucagon-like receptor agonist (GLP-1RA) and three cases combined with sodium-glucose co-transport protein 2 inhibitor (SGLT-2i), without adverse effects such as malaise, ketosis or ketoacidosis, or severe gastrointestinal reactions. One case used oral hypoglycemic agents only (glimepiride 1 mg once daily, HbA1c 6.2%). Metformin was not used. Except for P#4 and P#11, HbA1c decreased significantly at the last visit compared with the first visit.


Table 3 | HbA1c values and treatment regimens before and after follow-up.






Discussion

MD is very rare, with individual cases or small families reported in China and no large long-term follow-up studies. In this study, we retrospectively analyzed the clinical data of 12 patients with MD with a maximum follow-up of 16 years and concluded that MD has the following clinical features: early age of onset, thin or normal body size, family history of maternal-inherited diabetes or hearing loss, and negative for islet-related antibodies (ICA, GAD, IA2), which is consistent with the literature (6). Patients with these characteristics need to be considered for possible MD. The diagnosis of MD currently relies on mitochondrial gene sequencing, but few hospitals are able to perform this test.

In the analysis of the clinical data of the 12 patients followed in this study, it was found that the lactate exercise test was a good indication for diagnosis, the large variation in blood lactate at rest was not significant for diagnosis. There are only a few reports on blood lactate in MD cases or families at rest (7–10), with inconsistent results, some elevated and some normal, with high variability, and no reports on lactate changes during and after exercise. Mitochondria are organelles that carry out aerobic metabolism and oxidative phosphorylation production and are responsible for 90% or more of the body’s ATP supply. Mutations in MtDNA result in oxidative phosphorylation dysfunction and reduced ATP production. This is followed by an increase in anaerobic enzyme production capacity and an increase in lactate production (11). At rest, the magnitude of blood lactate elevation depends on the degree of disease heterogeneity (12). During exercise, patients have elevated blood lactate at any given work rate compared to normal controls (13). There are no differences in serum lactate levels at rest, during and after exercise with and without clinical signs of myopathy (14). Of the 12 MD patients followed in this study, 10 patients underwent a total of 19 resting-state blood lactate tests, 10 had normal test results (0.76-1.9 mmol/L) and 9 had elevated test results (2.05-3.3 mmol/L). There was significant variability in the results of multiple measurements in the same patient with inconsistent results. This suggests that blood lactate at rest is highly variable and has limited value as a diagnostic screening indicator for patients with MD. The lactate exercise test was performed on six patients in this study, and lactate was significantly elevated during exercise, none of the blood lactate returned to resting levels after exercise. The ROC curves indicated that blood lactate during and after exercise had high diagnostic efficacy with a specificity and sensitivity of 100%, respectively, and the optimal cut-off points identified were 5.5 and 3.4 mmol/L, respectively. The lactate exercise test may be a useful screening method for MD when genetic testing is not available. To our knowledge, this is the first study to analyze the characteristics of blood lactate after exercise in MD patients and to assess its diagnostic ability. Thus, the accuracy of this test was not compared with other diagnostic tests, and further studies with larger sample sizes are needed to validate these findings.

Because of the low and rare incidence of MD, changes in islet cell function in MD have only been reported in individual cases or small family lines with short-term follow-up, and there are no large long-term follow-up studies. In this study, the first retrospective analysis of fasting C-peptide levels in 12 MD patients over a maximum of 16 years revealed that fasting C-peptide in MD patients decreased as a negative exponential function over the course of the disease. The decline in fasting C-peptide was faster early in the course of the disease, slowed down as the disease progressed, and remained in small amounts for more than 10 years of the disease. This is distinctly different from type 1 diabetes, which undergoes complete islet cell failure in a very short period of time. Yoshitomo Oka et al. (15) reported a similar case with similar follow-up (rapid decline in fasting C-peptide over 5 years, maintained at low levels after 11 years). The characteristics of the fasting C-peptide decline are related to the pathogenesis of MD. Mitochondria are responsible for a variety of biological functions, the most critical of which is the production of ATP and reactive oxygen species (ROS), the latter of which can cause cellular damage. Mutations in mitochondrial genes cause cellular alterations such as decreased ATP production, increased ROS, lipid peroxidation, altered membrane potential and increased apoptotic signaling, which in turn can lead to cellular damage and apoptosis. When the mutation is located in the islet, slow destruction of β-cells may occur, leading to decreased insulin secretion and the development of MD (11). MD is a highly heterogeneous disease in which each β-cell contains both mutant and wild-type mtDNA, referred to as heterogeneity, and different degrees of mutant mtDNA exist in different β-cells of the same individual (12). The ratio of mutant to wild-type mtDNA is a key factor in determining whether β-cells express biochemical abnormalities (16). Islet cells containing more mutant mtDNA develop dysfunction earlier and faster, leading to premature apoptosis (17). Our previous study also showed that individuals with high amounts of mutations had earlier onset and more severe disease (18). Islet cells containing less mutated mtDNA with wild-type mtDNA still maintain normal cellular function and can avoid initiating the apoptotic program and maintain normal β-cell function in the long term. For diabetic patients with lean body type, poor islet cell function and negative diabetes-related antibodies, and still detectable islet cell function after a longer disease course, we should be alert to the possibility of MD.

There is no evidence-based medical evidence to guide the treatment of MD. Early initiation of insulin therapy is recommended because of the rapid decline in islet cell function during the early stages of the disease. Metformin should be avoided in the treatment of MD because of the risk of lactic acidosis. Our follow-up MD patients used a variety of hypoglycemic regimens, including one case with GLP-1RA and three cases with SGLT-2i, with no significant adverse effects and all with a significant decrease in glycated hemoglobin, similar to the treatment effects reported in the literature (19, 20). It indicates that the treatment of MD patients can be diversified according to the specifics of blood glucose and islet cell function, and that the novel hypoglycemic drugs are effective without significant adverse effects. However, due to the small number of cases we observed and the limited follow-up time, whether these novel hypoglycemic drugs are safe for MD patients still needs to be observed in long-term follow-up.

In conclusion, we should consider the possibility of MD in patients with young to middle-aged onset, thin or normal body size, hearing loss, family history of maternal-inherited diabetes or hearing loss, negative antibodies (IAA, ICA, GAD), and residual islet cell function after a long course of disease. The lactate exercise test can be further completed. If there is an increase in plasma lactate level during exercise and delayed recovery after exercise, it is necessary to be highly alert to the possibility of MD. The diagnosis can be confirmed by hot spot detection of mitochondrial gene mutation. The treatment of MD should be individualized according to the specific conditions such as blood glucose and islet cell function, as well as avoidance of metformin. However, our sample is relatively small, and a larger population-based cohort and more longitudinal studies are warranted.
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Diabetes, a disease characterized by hyperglycemia, has a serious impact on the lives and families of patients as well as on society. Diabetes is a group of highly heterogeneous metabolic diseases that can be classified as type 1 diabetes (T1D), type 2 diabetes (T2D), gestational diabetes mellitus (GDM), or other according to the etiology. The clinical manifestations are more or less similar among the different types of diabetes, and each type is highly heterogeneous due to different pathogenic factors. Therefore, distinguishing between various types of diabetes and defining their subtypes are major challenges hindering the precise treatment of the disease. T2D is the main type of diabetes in humans as well as the most heterogeneous. Fortunately, some studies have shown that variants of certain genes involved in monogenic diabetes also increase the risk of T2D. We hope this finding will enable breakthroughs regarding the pathogenesis of T2D and facilitate personalized treatment of the disease by exploring the function of the signal genes involved. Hepatocyte nuclear factor 1 homeobox A (HNF1α) is widely expressed in pancreatic β cells, the liver, the intestines, and other organs. HNF1α is highly polymorphic, but lacks a mutation hot spot. Mutations can be found at any site of the gene. Some single nucleotide polymorphisms (SNPs) cause maturity-onset diabetes of the young type 3 (MODY3) while some others do not cause MODY3 but increase the susceptibility to T2D or GDM. The phenotypes of MODY3 caused by different SNPs also differ. MODY3 is among the most common types of MODY, which is a form of monogenic diabetes mellitus caused by a single gene mutation. Both T2D and GDM are multifactorial diseases caused by both genetic and environmental factors. Different types of diabetes mellitus have different clinical phenotypes and treatments. This review focuses on HNF1α gene polymorphisms, HNF1A-MODY3, HNF1A-associated T2D and GDM, and the related pathogenesis and treatment methods. We hope this review will provide a valuable reference for the precise and individualized treatment of diabetes caused by abnormal HNF1α by summarizing the clinical heterogeneity of blood glucose abnormalities caused by HNF1α mutation.
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Introduction

According to the International Diabetes Federation (IDF), there were approximately 463 million adults with diabetes worldwide in 2019. The incidence is increasing, and this value will reach 700 million in 2045 (1). Diabetes has become a considerable public health problem that substantially impacts society and the families of patients (2). The disease is currently divided into four categories: type 1 diabetes (T1D), type 2 diabetes (T2D), gestational diabetes mellitus (GDM) and other special types of diabetes mellitus (3). The clinical manifestations of the different types of diabetes are similar, which greatly hinders the classification of the disease (4). Moreover, there is heterogeneity in the clinical phenotypes of the disease under the same type, which makes the clinical diagnosis of the diabetes type more difficult (4). Correctly diagnosing the type of diabetes is essential for precise treatment. The high heterogeneity of diabetes blurs the classic distinction between diabetes types. Interpreting the heterogeneity has become a major focus in diabetes research. It is necessary to establish a more accurate classification of diabetes. This will enable the precise and personalized treatment of diabetes, including the provision of more appropriate care, the development of hypoglycemic drugs, and the prevention/treatment of complications.

The most common types, i.e., T1D, T2D, and GDM, are multifactorial syndromes related to various gene effects and environmental factors (5). Two rare types, i.e., neonatal diabetes mellitus (NDM) and maturity-onset diabetes of the young (MODY), are caused by a single gene mutation (5, 6). MODY is a type of monogenic diabetes characterized by early-onset (age of diagnosis is usually before 25), autosomal dominant inheritance, no autoimmune process or insulin resistance, retention of endogenous insulin secretion, and no dependence on insulin (7). It is estimated that MODY accounts for approximately 1-2% of all diabetic cases (7). The pathogenesis of T2D and GDM is unclear. T2D is the most important type of diabetes and accounts for more than 90% of the total number of diabetic patients (3). Studies have shown that some monogenic diabetes genes are involved in T2D, with some variants significantly increasing the risk of T2D (8). T2D and GDM have solid genetic factors. Monogenic diabetes provides a good resource for elucidating the pathogenesis and developing personalized care for T2D and GDM. Substantial progress has been made in the research and development of hypoglycemic drugs targeting monogenic diabetes. This has provided the inspiration to further explore the pathogenesis and develop personalized treatments for T2D by studying the monogenic diabetes genes.

Hepatocyte nuclear factor 1α (HNF1α or HNF1A), also known as the MODY3 gene, is the pathogenic gene for MODY3 (7).Common types of HNF1α mutations cause MODY3. Other mutations do not cause MODY3 but significantly increase the risk of T2D, while others increase the risk of GDM. Hyperglycemia in MODY3 is caused by single-gene abnormalities. Unlike the pathogenesis of MODY, a large number of basic and clinical experiments show that T2D and GDM result from genetic and environmental factors. These two factors interact with each other to promote the occurrence of T2D or GDM. Why do different HNF1α mutations cause different types of diabetes? Answering these questions may improve our understanding of diabetes and advance the precise treatment of diabetes. In this review, we first summarize and discuss the relationship between HNF1α gene polymorphisms, MODY3, T2D, and GDM. We then explore the mechanism of hyperglycemia caused by HNF1α mutation by discussing the role of HNF1α in the islets and liver. Finally, we explore the reason why different HNF1α mutations can lead to different types of diabetes by analyzing the protein structure and function. We hope our review will facilitate a more comprehensive understanding of hyperglycemia caused by HNF1α mutation and will be useful for accurate diagnosis and treatment of diabetes, especially the hyperglycemia caused by HNF1α.



Polymorphism of HNF1A Gene

Human HNF1α is located at q24.31 on chromosome 12 (9) and is a widely expressed tissue-specific transcription factor (10). In the liver, HNF1α regulates numerous liver-specific genes and participates in the metabolism of glucose, fat, and other substances (11–13). In the pancreas, HNF1α controls many pancreatic-specific genes involved in β-cell maturation, growth, and insulin secretion (14–16). The HNF1α gene has a large number of polymorphisms with no specific mutation hotspots, and 894 variants are listed in the Exome Aggregation Consortium (ExAC) database. In total, 1231 variants can be queried from Genome Aggregation Database (gnomAD) (17). These variants range from the HNF1α promoter to the 3’ untranslated region (UTR), including missense, translocation, nonsense, splice mutation, in-frame amino acid deletion, insertion, duplication, or partial and whole gene deletion (17).

Although mutations have been observed in all exons, they are most often detected in exons 2 and 4 (Figures 1, 2). Among them, the mutation of exon 4 (p291fsinsc) is the most common (18). In a study of 414 different mutations in 1247 families carrying the HNF1α gene, the most common mutations were missense mutations (55%), frameshifts (22%), splice sites (9%), promoter region mutations (2%) and deletions (1.2%) (19). The mutations caused by these SNPs are as follows: 1) The mutation is located in the exon region and causes the substitution of an amino acid in HNF1α, resulting in a missense mutation (20). 2) The mutation is located in the exon region and causes abnormal shear in the HNF1α transcript (20). For example, although no RNA has been obtained from patients to prove this hypothesis, a synonymous mutation in HNF1α (c.1623 G > A, p.Gln541Gln) involving the last nucleotide of exon 8 was predicted to affect RNA splicing (21). 3) Mutations located in intron regions may generate new splice sites, resulting in pseudoexons (22, 23). 4) The mutation may be located in the promoter region, resulting in reduced gene expression (20).




Figure 1 | The structure of HNF1α protein and the SNPs associated with MODY3 or T2D. The SNPs in blue often cause MODY3. The SNPs in red often cause T2D.






Figure 2 | Comparisons of the HNF1a SNPs causing MODY3 with the HNF1a SNPs causing T2D. (A) Location within the promoter and 10 exons, (B) Location within the functional domains of HNF1α protein, (C) Location within DNA-binding domain of HNF1α protein, (D) Location within transactivation domain of HNF1α protein.





Association Between HNF1A Polymorphism and MODY3

HNF1A-MODY3 is characterized as familial diabetes (9, 24). Hyperglycemia usually becomes evident and deteriorates during puberty or early adulthood. Approximately 25% of HNF1A-MODY patients have typical polydipsia, polyuria, polyphagia, and emaciation symptoms in the initial stage, but most patients have none of the above clinical manifestations and only present elevated postprandial blood glucose, usually without ketosis (24, 25). Such patients usually show mild osmotic symptoms (polyuria and polydipsia) or asymptomatic postprandial hyperglycemia, without ketosis or ketoacidosis at age 6-25 (26). However, the clinical symptoms of HNF1A-MODY are very different. The clinical characteristics of HNF1A-MODY differ between and within families, which complicates the diagnostic process. In addition, different MODY3 patients exhibit great heterogeneity in the first-line use of sulfonylureas and the occurrence of complications. Therefore, we hope to provide some valuable information for MODY3 diagnosis, accurate treatment, and early intervention for other carriers of the same mutation in the same family before the occurrence of relevant clinical symptoms by summarizing some significant clinical features of MODY3.


Clinical Heterogeneity in MODY3

Thus far, hundreds of distinct HNF1α SNPs have been found to cause MODY3 (Figure 1 and Supplementary Table 1). The genetic diversity of MODY3 leads to heterogeneity in the MODY3 clinical phenotype. However, environmental factors also contribute to the clinical heterogeneity of MODY3. The main clinical heterogeneities in MODY3 are listed below.


Family History

As a case of autosomal dominant inherited disease, MODY3 patients usually have a family history of diabetes (9, 27, 28). Some studies suggest that the probability of a family history of MODY3 is more than 20 times higher than that of T1D (29). However, some MODY patients may lack a family history of diabetes, possibly due to the following factors (1): the probability of new HNF1A-MODY mutations may be more frequent than expected, and (2) the family members of the patients were not diagnosed because of mild clinical symptoms and signs (29, 30).



Age of Onset

Comparing the age of diabetes induced by HNF1α mutation in the literature revealed the age of onset of diabetes was generally 10-16 years (Table 1). This finding may be attributed to the high genetic penetrance of the HNF1α mutation and is consistent with previously reported conclusions. It has been reported that 63% of carriers are younger than 25 years, 79% are younger than 35 years, and 96% are younger than 55 years (39). The average age of an HNF1A-MODY diagnosis is 14 years, and the disease is rarely diagnosed in children under 10 years old (40). This finding is consistent with our statistical data (Table 1).


Table 1 | Comparison of the onset ages of diabetes caused by different MODY3 associated SNPs.



The location of the mutation determines the age of diagnosis of abnormal blood glucose. As shown in Supplementary Table 1 and Table 1, the SNPs that cause MODY3 are concentrated in exons 1, 2, and 4, with relatively few SNPs in exons 8-10. Bellanne-Chantelot C et al. reported that patients with exon 8-10 mutations were diagnosed with HNF1A-MODY3 8 years later than those with exon 1-6 mutations (41). We found that patients with mutations affecting the dimerization domain or the DNA binding domain had a lower onset age (Table 1 and Figure 1). Patients with truncated mutations had a lower onset age than those with missense mutations. The above findings may indicate that the DNA binding region of HNF1α plays a more important role in regulating blood glucose, and the domain that forms a dimer plays the second most important role.

An individual’s genetic background and environment may also affect the onset age of HNF1A-MODY3. For example, intrauterine exposure (mutation inherited by the mother and hyperglycemia during pregnancy) can lead to an early onset age of less than 12 years (25). There are also differences in the age of onset with the same SNP. For example, a survey of MOD3 in Britain uncovered five diabetes patients in three generations of the same family with the R54X genotype (34, 35). Among them, the proband and his brother, mother, and grandmother were diagnosed with diabetes at puberty, while their uncle carried the same SNP and was only diagnosed with T2D at the age of 29 (24). Another family from China also exhibited a difference in the onset age of diabetes with R54X SNPs (35). The daughter was diagnosed with MODY3 at the age of 19, while the mother was first diagnosed with T2D at the age of 27. Among the above six R54X carriers (Table 2), 50% were first diagnosed with diabetes before the age of 25 years, which conforms to the standard age of diagnosis for MODY3. However, 50% of the diagnoses occurred at an age over 25, but all occurred before the age of 30. Therefore, HNF1α may play decisive roles in the development of abnormal blood glucose, but personal living habits, including eating, daily life, physical exercise, and other genetic factors that can cause abnormal metabolism, also play a role. Therefore, although a single HNF1α gene mutation is the cause of MODY3, environmental factors also play a role in its pathogenesis.


Table 2 | The clinical characteristics of two R54X variants from different countries.





Insulin

The basal insulin level and insulin response to corresponding high glucose stimulation differ among patients with HNF1A-MODY3. Byrne MM et al. found that some patients with MODY3 had normal fasting blood glucose, while others had very high fasting blood glucose (42). Compared to those with normal blood glucose, the basal insulin secretion of the MODY3 patients was lower, but their insulin secretion increased in response to high-glucose stimulation; some patients showed a limited change, while others patients showed a decrease (42). This finding may indicate that HNF1α plays a direct role in regulating insulin secretion in islet β cells in response to high glucose or other stimuli. The difference may be a result of different mutations in HNF1α.



Glycosuria

Patients with HNF1α mutations may exhibit glycosuria; however, not all HNF1A-MODY patients do. Some studies have found that diabetes accounts for approximately 30-40% of all HNF1A-MODY patients (40, 43). For example, a study involving 11 HNF1A-MODY patients in Japan found that about 36% of HNF1A-diabetic patients experienced renal dysfunction (43). Another survey by Amanda Stride et al. also showed similar results (40). These authors found that 38% of mutation carriers developed glycosuria (40) 2 hours after oral glucose. Glycosuria in MODY3 may be caused by an impaired renal tubular transport of glucose and reduced glucose reabsorption in the proximal renal tubules (40, 44, 45). The renal glucose threshold of glucose reabsorption is low.

The renal glucose threshold of HNF1A-MODY patients is lower than that of healthy individuals with positive urine glucose, likely because HNF1α regulates the expression of the glucose transporter sodium-glucose cotransporter 2 (SGLT2) in the kidney because HNF1α can bind the promoter region of SGLT2 (46). In general, HNF1α needs to form a dimer to regulate the transcriptional expression of its target gene (11, 47). Both HNF1α and HNF1β are the most common transcription factors in the HNF transcription factor family and play important roles in the pancreas, liver, and kidney (10). These factors often form heterodimers (48). It has been reported by several groups that all diabetic patients with HNF1β mutations exhibit renal dysfunction (43, 49, 50). These research results imply that HNF1β plays a more dominant role in the kidney than HNF1α.

We found that HNF1α SNPs related to glycosuria were mainly concentrated in the dimer domain and DNA binding domain of HNF1α (Table 3), indicating that HNF1α regulates the transcription of genes that control the renal glucose threshold along with other transcription factors, likely by forming a dimer with HNF1β to regulate the genes involved in glucose transport or reabsorption in the kidney. However, this hypothesis is only our speculation and needs to be further confirmed via by experiments.


Table 3 | The HNF1A SNPs associated glycosuria.





Cardiovascular System

HNF1A-MODY is a type of nonketotic diabetes characterized by progressive hyperglycemia in childhood, adolescence, and early adulthood and has a high risk of chronic microvascular complications (56, 57). The plasma glucose of patients deteriorates with age, and the risk of microvascular complications increases. In addition to the cardiovascular burden caused by uncontrolled blood glucose, some studies have found that some SNPs can increase the risk of vascular and cardiac diseases, such as I27L, A98V, and S487N (57). Some SNPs are closely related to dyslipidemia, a significant independent risk factor for cardiovascular abnormalities (58). This association may be related to the involvement of HNF1α in the synthesis of liver-related lipoproteins and liver lipid metabolism.

Some researchers reported that the incidence of cardiovascular and microvascular complications is similar to that in patients with T1D and T2D and is associated with poor glycemic control (25, 56, 59). However, Babaya N, et al. reported that the concentration of high-density lipoprotein cholesterol (HDL-C) in HNF1A-MODY (I27L carrier) is higher than that in normal individuals (60). HDL-C can reduce cardiovascular risk; thus, the incidence rate of coronary heart disease in HNF1A-MODY patients with I27L carrier may be lower than that in T1D patients and T2D patients.



Cancer

Recent studies showed that MODY3 is a risk factor for pancreatic cancer (61, 62). HNF1α gene mutation is related to pancreatic, liver, and kidney tumors (63–66). It has been reported that HNF1α mutations (p.E32 * and p.L214Q) are related to hepatocellular tumors (67). Somatic HNF1α mutations are found in approximately 1% to 2% of hepatocellular carcinomas and usually occur in adenomas. HNF1α mutations increase the risk of the malignant transformation of hepatocellular adenomas (67).




Treatment

HNF1A-MODY3 can cause severe diabetic retinopathy, diabetic nephropathy, diabetic peripheral neuropathy, and other complications (59). Therefore, early diagnosis and timely treatment are very important for blood glucose control, delaying the occurrence and development of complications and improving the quality of life.

The phenotype of HNF1A-MODY is characterized by mild nonprogressive hyperglycemia, progressive hyperglycemia, and hyperglycemia with extra-pancreatic characteristics (25, 26). In patients diagnosed with mild hyperglycemia, diet seems to be a reasonable and effective treatment strategy; however, in the case of progressive hyperglycemia, pharmacological methods should be attempted (68, 69). The treatment of HNF1A-MODY patients depends on their age and HbA1c level (64). Patients with HNF1α mutations are very sensitive to the oral hypoglycemic drug sulfonylurea (70, 71). It is speculated that this may be due to the decreased liver clearance of some sulfonylurea derivatives in patients with HNF1α gene mutations, resulting in an increase in serum levels (72). The increased circulating levels of these drugs could explain the enhanced efficacy. The response of HNF1A-MODY patients to sulfonylureas is five times higher than that to standard metformin (73). However, in T2D, the efficacy of the two drugs has been demonstrated to be almost the same (73). Sulfonylureas usually control blood glucose better than insulin therapy in patients with HNF1A-MODY, and the fasting hypoglycemic effect is also good (70). HNF1A-MODY patients show obvious sensitivity to oral sulfonylurea drugs. The failure of sulfonylurea treatment is rare and occurs in only a few patients with the c.618G>A mutation (74). Therefore, low-dose sulfonylurea drugs (such as 20-40 mg/day gliclazide) are preferred for long-term treatment and should be regarded as the first-line treatment for HNF1A-MODY (73).

However, studies have shown that patients with some variants no longer respond to the above treatments. Patients with p.His126Asp do not respond to sulfonylureas (low and high doses), dipeptidyl peptidase-4 inhibitors (DPP-4 inhibitors), or glucagon-like peptide-1 receptor agonists (GLP-1Raa), also known as incretin analogs (75). Low-dose sulfonylurea therapy is the first-line therapy for MODY3 but does not show special sensitivity to HNF1α-related T2D (76). For example, Mexican carriers of the HNF1α p.E508K variant have no increased sensitivity to sulfonylureas (76).

In a word, HNF1A-MODY is a disease with genetic and clinical heterogeneity. However, MODY3 still has strong common characteristics. Patients with HNF1A-MODY usually have low high-sensitivity C-reactive protein (hsCRP) levels (77, 78). In addition, although MODY3 is a type of monogenic diabetes, the severity can differ with different genetic backgrounds and environmental factors. Previously, MODY3 patients were generally not overweight or obese and lacked other risk factors for T2D, such as hypertension or dyslipidemia (79). However, as an increasing number of people have become overweight or obese, individuals with MODY3 may also be overweight or obese. According to statistics, nearly 30% of HNF1A-MODY patients in the United States are overweight or obese, rendering the differential diagnosis between HNF1A-MODY3 and T2D more difficult (80). Therefore, although some clinical guidelines for MODY3 diagnosis exist, HNF1A-MODY3 patients often fail to meet all diagnostic criteria or are misdiagnosed with T1D or T2D.




Association Between HNF1A Polymorphism and T2D

Studies have found that some HNF1α SNPs do not cause MODY3 but increase the susceptibility to T2D (Supplementary Table 1). A large-scale association analysis of a group of people mainly of European ancestry showed that the T2D susceptibility loci existed near HNF1α (81). Moreover, SNPs related to T2D are closely related to race. The p.E508K variant was found only in T2D patients in Mexico (82). The rare p.A98V allele may be associated with T2D in the Caucasian population (83). However, the p.A98V allele does not appear to be associated with T2D in Asian populations (84). Among them, the most famous locus is G319S. The G319S polymorphism of HNF1α is positively correlated with the high prevalence of T2D in Canadian Aborigines (85, 86).

Gene sequencing revealed that the G319S mutation in HNF1α was associated with an increased incidence rate of T2D in the Oji Cree ethnic group in Canada. The specific and positive predictive values of G319S carriers suffering from T2D before the age of 50 were 97% and 95%, respectively (87). G319S is associated with a distinct form of T2D characterized by onset at an earlier age, higher postprandial plasma glucose, and lower body mass index (BMI) (85). In patients with T2D, compared to those with G319/G319, the BMIs of individuals with S319/S319 and S319/G319 were significantly lower, and postprandial blood glucose was significantly higher (85). In nondiabetic individuals, the plasma insulin of S319/G319 heterozygotes was significantly lower than that of G319/G319 homozygotes (85). A lower BMI coupled with the decrease of insulin secretion before the onset of diabetes is the pre-diabetic physiologic state of individuals with HNF1A-T2D. This group is different from those with other types of T2D caused by other genes. The latter group is often generally obese and has a high BMI with insulin resistance before obvious diabetes. Moreover, smoking appears to increase the risk of diabetes in HNF1α G319S carriers (88). G319s is located in HNF1α transactivation sites, which are rich in proline II domains (Figure 1), with changes in conserved glycine residues. The function of the protein carrying the G319S mutation was found to be impaired in vitro (87), and the transcription ability was reduced by approximately 50% (88). However, this mutation did not affect DNA binding or protein stability. There is no evidence that the mutant protein has a dominant-negative effect. The G319S mutation affected the transcriptional shear of HNF1α. Two abnormal transcripts and an alteration in the relative balance of normal splicing products were produced by the G319S variant (89). Two abnormal transcripts present only in the G319S cells included premature termination codons resulting from the inclusion of seven nucleotides from intron 4 or the deletion of exon 8. A novel isoform lacking the terminal 12 bases of exon 4 was increased compared with that in control cell lines and human pancreatic tissue. The combination of the reduced activity of the G319S protein and abnormal splicing transcripts may increase the susceptibility to diabetes.

HNF1A-SNPs associated with T2D only increase the risk of T2D. Obvious T2D requires other factors, such as genetic and/or environmental factors. An interesting example can be found in stories of a new HNF1α variant c.539C >T (p.Ala180Val) in two families in Norway (90). There was an obvious difference in the probability of T2D between these two families (90). p.Ala180Val is a mutation that affects highly conserved amino acid residues in proteins. The HNF1α mutant p. Ala180Val does not cause MODY3 but may increase the risk of T2D. This variation was found to be completely separate from diabetes in one family (family A), but the data did not support its role as a pathogenic factor of MODY3. In the other family (family B), there was no clear genotype/phenotype correlation. Two diabetic patients and one individual with normal plasma glucose levels in this family were homozygous mutation carriers. In family A, the mutation carriers had similar metabolic syndromes, including obesity, diabetes, hypertension, and dyslipidemia. Moreover, the nonmutation carriers in the family were overweight or obese, although they had normal blood glucose levels, but they were as overweight or obese as the family members carrying the mutation. Genetic factors may be related to the metabolic abnormalities in family A. Therefore, it can be speculated that HNF1α p.Ala180Val could lead to a certain degree of β cell dysfunction; however, it does not cause significant glycemic abnormalities. The genetic background of family A associated with metabolic abnormalities increased insulin resistance in the HNF1α p.Ala180Val carriers, leading to marked diabetes. In contrast, family B members did not present with obesity or metabolic syndrome, but some female mutation carriers had a history of GDM. Therefore, we can speculate that p.Ala180Val can increase the susceptibility to hyperglycemia but cannot lead to obvious diabetes. Under the influence of additional stress, such as other genetic factors responsible for obesity or pregnancy, p.Ala180Val carriers develop peripheral insulin resistance or permanent impairment in β cellular function, resulting in marked diabetes. The difference between the two families may be due to the accumulation of the higher-risk variant for T2D in family A. Overall, lifestyle and environmental factors may also play a role in the phenotypic differences.

Low-dose sulfonylurea therapy is the first-line therapy for MODY3 but does not show special sensitivity to T2D. For carriers of HNF1α variants that may cause T2D, dietary treatment is the first recommendation.



Association Between HNF1A Polymorphism and GDM

GDM is a common complication of pregnancy that has adverse effects on the short-term and long-term health of women and their children (91). Approximately 2-5% of pregnant women develop GDM during pregnancy, and the incidence rate has significantly increased over the past 10 years (92). GDM is diagnosed when any degree of glucose intolerance occurs during pregnancy for the first time. GDM is also heterogeneous diabetes, with varying degrees of diabetes caused by β cell dysfunction (92). When pancreatic β cells can no longer compensate for the increased insulin resistance during pregnancy, they show varying degrees of glucose intolerance. Although the pathogenesis of the disease is still largely unknown, GDM is considered the result of an interaction between genetic and environmental risk factors. Age, obesity, and a high-fat diet are some important nongenetic factors (93).

Many studies have found that HNF1α SNP increases the risk of GDM. HNF1α is one of the pathogenic genes of GDM in Danish women. The sequencing of 354 Danish GDM patients revealed five diabetes-susceptible variants of HNF1α in seven HNF1α mutation carriers (94). Only those with the Gly288fs* variant were diagnosed with diabetes before the follow-up period and received insulin treatment. The remaining HNF1α mutation carriers were not diagnosed with diabetes before the follow-up period. p.A98V was associated with significant impairment of serum insulin and C-peptide secretion during an oral glucose tolerance test in previously GDM-free glucose-tolerant women (95). The p.I27L polymorphism of HNF1α seems to increase the risk of GDM in Scandinavian women (96). The p.I27L gene was found to increase GDM by increasing insulin resistance in Turkish women (97). In Scandinavian women, the p.I27L polymorphism of HNF1α also increased the risk of GDM (96). The p.I27L TT genotype was associated with an increased risk of preeclampsia in patients with GDM by increasing blood pressure and urinary protein (97). No difference in weight was observed compared to non-diabetic pregnant women with HNF1α mutation during the entire pregnancy.

Pregnant women with HNF1α mutation may develop GDM due to islet dysfunction. Pregnancy is a significant source of stress for women, which leads to the increase of insulin demand. If the need for insulin cannot be met, GDM will gradually develop. Dyslipidemia during pregnancy increases the risk of pregnancy complications. The lipid profile has a strong genetic determinant. In 2017, Xiaojing Wang et al. found that the total cholesterol levels of pregnant women carrying the T alleles of rs1169309 in the HNF1α gene were elevated, which could significantly increase the risk of GDM (98). Insulin resistance may also be involved in the occurrence of GDM.

Compared with other gene mutation carriers, GDM HNF1α mutation carriers exhibit a significant reduction in hsCRP expression (94). hsCRP is encoded by the CRP gene, which has an HNF1α transcription factor-specific binding site (65, 99). SNPs in HNF1α have been associated with CRP levels in different populations (100, 101). The expression of hsCRP in GDM patients is higher than that in HNF1A-MODY patients (84). This finding indicates that GDM caused by HNF1α results in the same susceptibility to diabetes as the T2D variant, but insufficient penetrance leads to clinical MODY.

Dyslipidemia in pregnancy increases the risk of pregnancy complications. Therefore, pregnant women who are HNF1α gene mutation carriers should pay special attention to their health management and consume a reasonable diet during pregnancy. If HNF1α mutation carriers have hyperglycemia during pregnancy, they should not be treated with sulfonylureas and need to be treated with insulin.



Mechanism of Abnormal Blood Glucose Associated With HNF1A Gene Polymorphism

HNF1α is expressed in embryonic development, infancy, and adulthood. Moreover, the expression distribution has strong tissue specificity, mainly concentrated in the tissues responsible for metabolism, such as the pancreas and liver. Through transcriptomics and antibody-based proteomics, the analysis of human tissue-specific expression showed that the expression level of HNF1α varies in human tissue and controls the transcriptional expression of many genes in the tissue (102). According to incomplete statistics, HNF1α can bind at least 106 target genes in the pancreas (103), which may explain why the mutation location of the HNF1α gene determines the age of diabetes onset. The above results indicated that HNF1α may play varied and important roles in the tissues. Below, we focus on the possible mechanism of HNF1α for glucose homeostasis in the pancreas and liver.


Functions in Pancreas


Maintain the Mature β Cell Function

The dysfunction of mature β cells is the main reason for the hyperglycemia caused by HNF1α. Basal insulin secretion and insulin production corresponding to high glucose stimuli are the basic functions of mature β cells. MODY3 patients have insulin secretion disorder, and the islet secretion function gradually declines as the disease worsens (104). Fasting insulin and glucose-stimulated insulin secretion were found to be abnormal in 40 HNF1α mutation carries from Britain and France (105). The insulin sensitivity was elevated in these individuals as well as the proinsulin to insulin ratio. The results indicated that HNF1α mutation directly altered basal insulin secretion, rather than glucose sensing insulin secretion. However, a recent islet study of a 33-year-old patient with MODY3, who was misdiagnosed with T1D for 17 years, found that HNF1α causes insulin deficiency diabetes by affecting glucose-stimulated insulin secretion (106). The two results were different, possibly due to different HNF1α variants. In addition, G319S carriers reportedly showed a decrease in insulin secretion before diabetes appeared (85). This indicated islet dysfunction also exists in HNF1A-T2D patients. Therefore, we think HNF1α plays very important and different roles in basal insulin secretion and insulin production corresponding to high glucose stimuli. In order to better study the role of HNF1α in β cell dysfunction, it is necessary to compare the islet function of HNF1α mutants with different degrees of clinical severity to identify the domain of HNF1α involved in the secretion of basic insulin and the domain involved in the secretion of insulin stimulated by high glucose.

HNF1α can regulate many genes involved in insulin secretion (16, 42) and directly bind to the promoter region of the insulin gene, positively regulating the transactivation of the latter. In addition to directly regulating insulin transcription, HNF1α was found to directly regulate the GLUT2 and HNF4 pyruvate kinase genes, which are the key genes involved in cellular insulin secretion (103). In addition, heterozygous HNF1α variations change the expression of key enzymes involved in mitochondrial glucose metabolism (107). In conclusion, HNF1α is an important transcription factor for the maintenance of β cell function, but the specific mechanism needs to be further studied.



Development and Maturation of Islets

HNF1α is involved in the development and maturation of islets. In normal embryonic mouse pancreas, the expression of HNF1α was detected on embryonic day 10.5 (E10.5) (108). When the dominant negative p291fsinsc HNF1α mutation is specifically expressed in β cells (driven by the rat Ins2 promoter), the islets are gradually disordered with reduced cells numbers, and the cells are dispersed in the islet (109, 110). Signs of serious cell damage can be observed, including vacuolization, immature secretory granules, swollen mitochondria, and expanded endoplasmic reticulum (109, 110). Nkx6.1 is a homologous domain transcription factor that plays a role in pancreatic development and the maintenance of mature β cellular function (111). Studies have shown that Nkx6 can directly activate the expression of HNF1α (112). HNF1α in turn directly activates the expression of MafA, which encodes transcription factors produced later in the developing pancreatic transcription program and is expressed only in differentiated insulin hormone positive cells (113).

Some studies indicated that HNF1α is not limited to β cell development and may also affect α cell development. HNF1α whole-body knockout mice died at 6 weeks after birth with small islets and a high α/β ratio (114). This phenomenon is consistent with the islet results for diabetic patients with HNF1α mutation (106). The increased α/β cell ratio may be caused by the slightly higher quality of α cells in the pancreas of these patients. The manifestations of cell hyperfunction, excessive glucagon secretion, weakened negative feedback to glucose, and decreased intestinal glucagon effect are observed in MODY3 patients (115). In 2020, Kazuya Yamagata et al. found HNF1α can inhibit glucagon secretion by regulating SGLT1 expression in α cells (116). HNF1α was found to inhibit α cell characteristics in modeling monogenic diabetes using human embryonic stem cells through mutations in HNF1α (117).

Although further research is needed, it is clear that HNF1α plays a role in pancreatic organogenesis, endocrine and exocrine cell differentiation, and growth by influencing islet specific transcription factors.




Function in Liver

In the liver, HNF1α may affect the balance of blood glucose through regulated glucose and lipid metabolism. HNF1α directly binds to the promoter region of the glucose 6-phosphate transporter (G6PT) gene, the key enzyme of the glucose-6-phosphatase (G6Pase) system, to promote the transcription of the latter (118). Compared with HNF1α (+/+) and HNF1α (+/-) littermates, hepatic G6PT mRNA levels and microsomal G6P transport activity are markedly reduced in HNF1α (-/-) mice (118). The G6Pase system is essential for the maintenance of glucose homeostasis. Thus the HNF1α variant may cause abnormal glucose homeostasis through the G6Pase system. After HNF1α deletion in the liver, the expression of genes encoding fatty acid synthetic enzymes (fatty acid synthase and acyl-CoA carboxylase) and peroxisomal β-oxidation enzymes (CYP4A3, bifunctional enzyme, and thiolase) increased (119). However, the expression of the hepatic fatty acid binding protein (L-FABP) gene decreased significantly (119). Two HNF1α binding sites were found in the 5’ promoter region of L-FABP by sequence analysis. Cell experiments confirmed that HNF1α was necessary for the transactivation of L-FABP (119). We speculated that HNF1α mutation may disrupt the balance of the blood glucose through regulating glucose metabolism and adipogenesis.

HNF1α also participates in the transcription of apolipoprotein genes (120, 121). The HNF1α G319S genotype was significantly correlated with the total plasma cholesterol, low-density lipoprotein cholesterol (LDL-C), and apolipoprotein (Apo) B concentration in Oji Cree individuals with T2D (122). In Oji Cree people who did not have T2D, we found that the HNF1α G319S genotype was significantly associated with the plasma concentrations of HDL-C and apolipoprotein AI (123). The phenotype was not related to plasma triglyceride or lipoprotein (a). I27L had a protective effect on hypertriglyceridemia in these individual samples (57). The above studies all indicated that HNF1α plays a role in the lipid profile of diabetic individuals. These data enhance our understanding of the complex interactions among genes, hyperglycemia, and cardiovascular risk factors in T2D. Some studies have shown that a decreased expression of HNF1α increases the risk of fatty liver, which is closely related to insulin resistance (122, 124).

In summary, HNF1α SNPs responsible for the abnormality of blood glucose may be caused by changes in the development, promotion, and death of β cells, the maintenance of mature pancreatic function, as well as glucose and lipid metabolism in the liver.




Relationship Between HNF1A and Different Types of Diabetes

HNF1A-MODY3 is characterized by not only gene heterogeneity but also phenotype heterogeneity. For example, the two human variants HNF1α (P408H) and HNF1α (P409H) can be considered different variants (125, 126). A possible reason is that these two adjacent sites regulate the promoters of two different HNF1A-targeted genes. This is not surprising and can be explained by the interactions between HNF1α and different coactivators, which are necessary for the complete activation of different HNF1α downstream target promoters (127). The above phenomena show that HNF1α plays many roles and is widely involved in the strict and fine regulation of many genes responsible for metabolism.

Some HNF1α SNPs cause obvious MODY3, while others do not cause MODY3 but increase the risk of T2D or GDM. These are very interesting phenomena. By determining the underlying mechanism of these phenomena, we may improve our ability to individualize diabetes treatment. First, what is the difference between MODY, T2D, and GDM? The biggest difference is the age/time of onset. The onset age of MODY is below 25 years old, while T2D occurs in adulthood, and the onset of GDM is obvious diabetes in the middle and later stages of pregnancy. The earlier the onset, the more dominant is the role of genetic factors in the occurrence of diseases. The impact of environmental and other physical factors is greater with later onset. In essence, pregnancy is a stressor on the female body. The second major difference is whether the family history is obvious. The more obvious the family history is, the more important is the role of genetic factors. HNF1α heterozygous mutations lead to MODY3. Since an HNF1α allele is normal in MODY patients, it can be deduced that the expression level of HNF1α is important in this group. MODY plays a vital role in cell function, especially in β cells. A lack of sufficient protein levels leads to a significant loss of function of mutant alleles (104), and dominant negative effects caused by interference between mutant products and wild-type forms lead to the formation of inactive heterodimers (128). HNF1A-MODY-related variants function through one of the above mechanisms, i.e., a simple loss of function or a dominant-negative mechanism. T2D and GDM are diabetes types caused by multiple factors. The HNF1α SNP, which triggers T2D and GDM, has a certain impact on the process of abnormal blood glucose. Therefore, we speculate that HNF1α SNPs related to T2D or GDM partially impair the function of the HNF1α protein.

The HNF1α protein contains the following three functional domains: an N-terminal dimer domain, a DNA binding region containing a nuclear localization signal, and a C-terminal transactivation domain (Figure 1). The N-terminal dimeric domain (residues 1-32) forms a four-helix bundle, two of which separate the α-helix in a circle to form a dimer (129, 130). Usually, two HNF1αs form a homodimer or one HNF1α associates with the HNF1β transcription factor, which has a similar structure, to form a heterodimer (47). The DNA binding domain (DBD) of HNF1α binds reverse palindrome 5’-gttaatnataac-3’ and forms a helix-to-helix structure (131). The DBD includes two POU subdomains, i.e., POU-specific domain (POUs, amino acids 91-181) and POU-homologous domain (POUH, amino acids 203-279) (104). The amino acid positions of DBDs differ slightly. POUs are an integral part of HNF1α and play a vital role in maintaining protein stability (132). Comparing the common HNF1α SNPs that cause MODY3 with those that cause T2D, most of the former are concentrated in exon 1, 2, and 4, which encode the DNA binding region of the C-terminal transactivation domain of HNF1α (Figure 1). The HNF1α SNP leading to T2D is concentrated in exons 8 and 9. The above sites of the HNF1α SNP that lead to T2D are almost outside the proline rich activation domain II of HNF1α, which is located in the transactivation domain.

SNP mutations may affect the function of the HNF1α protein through the following mechanisms: 1) Affecting the ability of DNA to bind the transcriptional regulatory region of the target gene; 2) Affecting the transcriptional activity of HNF1α; 3) Affecting the nuclear entry ability of the HNF1α protein; 4) Affecting the stability of the HNF1α protein; and 5) Affecting the expression of the HNF1α protein, especially SNPs located in the promoter region (107, 125, 133). In 2017, Najmi et al. found that the transcriptional activity or DNA binding ability of HNF1α variants that cause T2D was between those of normal wild-type protein and the HNF1A-MODY variant (134). The above interesting study may indicate that HNF1α participates in multiple signaling pathways involved in abnormal blood glucose and that the HNF1α variants identified among T2D patients may lack sufficient penetrance to drive diabetes but still increase the susceptibility to diabetes.

In summary, the HNF1α gene is highly polymorphic, and the clinical phenotypes caused by different SNPs may vary greatly. Therefore, to better manage the abnormal blood glucose levels caused by HNF1α mutations, genotype identification should be performed to obtain detailed information concerning HNF1α.



Conclusion and Future Perspectives

To date, many HNF1α SNPs have been identified and are widely distributed in the HNF1α gene. HNF1α-associated diabetes mellitus has larger clinical heterogeneity. Significant differences have been found in abnormal plasma glucose caused by SNPs at different sites. Patients with some variants do not have diabetes throughout their lives, some with other variants show serious hyperglycemia in childhood, while others show hyperglycemia in their older years. HNF1α is a tissue-specific transcription factor mainly expressed in the pancreas and liver. Hundreds of target genes have been found in these tissues. In the pancreas, HNF1α not only maintains the function of mature pancreatic β cells, but also affects the development and maturation of β cells. In the liver, HNF1α abnormality inhibits hepatic glycogen decomposition and promotes lipolysis. Uncovering the mechanism underlying why different HNF1α mutations cause different types of diabetes will provide a theoretical basis for personalized prevention and treatment of HNF1α-associated hyperglycemia and will also benefit research on T2D, which is the main type of diabetes. HNF1α may cause different forms of diabetes due to different levels of penetrance and genetic backgrounds. These differences have a certain correlation with the location of the SNPs. The SNP for HNF1A-MODY is often located in the DNA binding region, while those for T2D and GDM are located in a different region. Functional studies have shown that the transcriptional activity or DNA binding ability of the HNF1α variant of T2D is between those of the normal wild-type protein and the HNF1A-MODY variant. This finding may indicate that the HNF1α variants identified among T2D patients may lack sufficient penetrance to drive diabetes but still increase the susceptibility to diabetes. Accordingly, there must be differences in the treatment of diabetes caused by different SNPs. Low-dose sulfonylurea therapy is the first-line therapy for MODY3 but does not show special sensitivity to T2D. For carriers of the HNF1α variants that may cause T2D or GDM, dietary treatment is the first recommendation. We hope research on the pathogenesis and drug treatments for HNF1A-T2D and GDM will progress in the near future with studies on the function of HNF1α.
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Toxic misfolding of proinsulin variants in β-cells defines a monogenic diabetes syndrome, designated mutant INS-gene induced diabetes of the young (MIDY). In our first study (previous article in this issue), we described a one-disulfide peptide model of a proinsulin folding intermediate and its use to study such variants. The mutations (LeuB15→Pro, LeuA16→Pro, and PheB24→Ser) probe residues conserved among vertebrate insulins. In this companion study, we describe 1H and 1H-13C NMR studies of the peptides; key NMR resonance assignments were verified by synthetic 13C-labeling. Parent spectra retain nativelike features in the neighborhood of the single disulfide bridge (cystine B19-A20), including secondary NMR chemical shifts and nonlocal nuclear Overhauser effects. This partial fold engages wild-type side chains LeuB15, LeuA16 and PheB24 at the nexus of nativelike α-helices α1 and α3 (as defined in native proinsulin) and flanking β-strand (residues B24-B26). The variant peptides exhibit successive structural perturbations in order: parent (most organized) > SerB24 >> ProA16 > ProB15 (least organized). The same order pertains to (a) overall α-helix content as probed by circular dichroism, (b) synthetic yields of corresponding three-disulfide insulin analogs, and (c) ER stress induced in cell culture by corresponding mutant proinsulins. These findings suggest that this and related peptide models will provide a general platform for classification of MIDY mutations based on molecular mechanisms by which nascent disulfide pairing is impaired. We propose that the syndrome’s variable phenotypic spectrum—onsets ranging from the neonatal period to later in childhood or adolescence—reflects structural features of respective folding intermediates.
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Introduction

The mutant proinsulin syndrome (MPS) is a prototypical disease of toxic protein misfolding. Unlike toxic extracellular aggregation as observed among neurodegenerative diseases (1) and diverse amyloid disorders (2), in the MPS a dominant mutation impairs proinsulin folding efficiency in a critical intracellular organelle: the endoplasmic reticulum (ER). Impaired foldability of the variant protein of pancreatic β-cells leads to aberrant aggregation and in turn induces chronic ER stress (3–5). Although the unfolded protein response (UPR) evolved as an adaptive pathway [broadly conserved among eukaryotic cells (6, 7)], its chronic activation in β-cells impairs glucose-stimulated insulin secretion and β-cell viability [for review, see (8, 9)]. Also designated mutant INS-gene induced diabetes of the young (MIDY) (4), MPS encompasses a range of patient phenotypes, representing subtypes of permanent neonatal diabetes mellitus (PNDM) to maturity-onset diabetes of the young (MODY) (10–13).

Among monogenic endocrine syndromes in general [such as complete or partial androgen insensitivity (14)], a given mutation may be associated with a range of phenotypes, even in the same kindred (15). A given mutation in the androgen receptor, for example, may be associated with male development, somatic female development with Mullerian regression, or ambiguous genitalia (16). The complexity of genotype-phenotype relationships (GPR) in such syndromes presumably reflects the influence of modifier genes in multigenic regulatory pathways (17). Modifier genes have also been inferred in the genetics of Type 1 diabetes mellitus (DM). GPRs in MPS may be more straightforward: the extent of β-cell dysfunction and velocity of β-cell loss (together determining age of diabetes onset in a particular patient) may reflect mutation-specific molecular properties, i.e., whether a given amino-acid substitution is associated with a severe (PNDM) or mild (MODY) perturbation to foldability. In our initial study [preceding article in this issue (18)] we designed a 49-residue peptide model of an early on-pathway proinsulin folding intermediate and its application to three representative MIDY mutations. This single-chain model contains only one disulfide bridge and is thus designated 1SS. This bridge (cystine B19-A20) is the first to accumulate among populated partial folds in the in vitro folding pathway of proinsulin and homologous factors (19, 20). The present study provides a detailed two-dimensional NMR study of the parent 1SS peptide and representative MIDY-related variants.

Native insulin contains two chains, B (30 residues) and A (21 residues) (21). Its native structure contains three α-helices stabilized by two inter-chain disulfide bridges (cystines B7-A7 and B19-A20) and one intrachain bridge (A6-A11; Figure 1A) (23). Whereas chain combination between the isolated chains is inefficient (24), cellular biosynthesis exploits a single-chain precursor, proinsulin, wherein disulfide pairing is intramolecular (25). Human proinsulin contains a disordered 35-residue connecting domain (C domain) between ThrB30 and GlyA1. Efficiency of disulfide pairing in single-chain precursors can be augmented by shortening the C domain or deleting it entirely (26). The present peptide model contains a peptide bond between residues B28 and A1 (red bars in Figure 1B); the native ProB28 is substituted by Lys to permit convenient enzymatic cleavage to a two-chain hormone (red in sequence N in Figure 1B) (27). The 49-residue synthetic precursor (designated “DesDi”) exhibits remarkable folding efficiency, enabling preparation of certain insulin analogs refractory to classical chain combination (27). In the 1SS model cystine B7-A7 (solvent exposed in native insulin) is pairwise substituted by Ser whereas cystine A6-A11 (buried in the core of native insulin) is pairwise substituted by Ala (18). Segmental α-helical propensity and solubility were augmented by acidic surface substitutions HisB10→Asp (28, 29) and ThrA8→Glu (30). The seven amino-acid substitutions in the parent 1SS peptide (positions B7, B10, B28, A6-A8 and A11) are highlighted in red in Figure 1B (entry 1SS-WT). Relative to an homologous two-chain peptide model of the corresponding 1SS IGF-I folding intermediate (Figure 1C) (22), we anticipated that the 1SS DesDi-based single-chain model would exhibit a conformational equilibrium biased toward a collapsed state (Figure 1D).




Figure 1 | Single-chain DesDi as a proinsulin model. (A) Cartoon model of single-chain DesDi molecule that connects A- and B- chains through a linkage between LysB28 and GlyA1 (PDB entry 7JP3). Color legend: B chain, dark gray; A chain, light gray; LysB28 side chain, green sticks; GlyA1-Cα, red sphere; sulfur atoms in disulfide bonds are shown as spheres. All the spheres are set to one third Van der walls radii. N- and C- terminals are indicated. Insulin’s three characteristic helices are labeled as α1, α2, and α3. (B) DesDi protein sequences. Sample names at left report the presence of either one ([B19-A20]) or three (N and N*) disulfide bonds; yellow lines show disulfide linkages. A red line connecting the C-terminal B-domain and N-terminal A-domain sequences signifies the presence of a peptide bond between residues B28 and A1. All [B19-A20]-1SS samples and N* have additional mutations GluA8 and AspB10 to enhance solubility at neutral pH and the high protein concentrations needed for NMR spectroscopy. (C) General folding nucleus of insulin-related superfamily is shown with IGF-I as a model. (D) Folding nucleus of 1SS-DesDi single chain visualized as a proinsulin model. Initial pairing of B19-A20 disulfide in combination with the formation of two-helices (B9-B19 and A12-A20) are considered to be central events in the formation of folding nucleus. Dotted lines represent disordered regions. Larger circles represent the AspB10 and GluA8 substitutions. Key residues are highlighted by their sequence position [panel (C, D) modified from Hua et al. (22)].



To connect our model to patient phenotypes, three MIDY mutations were introduced into the 1SS peptide model (Figure 1B). Two (ProB15 and ProA16) are associated with neonatal-onset DM (31, 32); the third (SerB24) is associated with onset in early adulthood (33). The structural environments of these conserved side chains are shown in Figure 2A. Whereas the side chains of LeuB15 and LeuA16 are buried in the hydrophobic core (Figures 2B, C, E, F), the aromatic side chain of PheB24 packs within a crevice overlying internal cystine B19-A20 such that one side of the aromatic ring is exposed to solvent (Figures 2B–D). Initial characterization of these peptides was described in our companion article (18). Whereas the Pro substitutions introduced marked perturbations in folding efficiency in a mini-proinsulin [“DesDi”, (27)], SerB24 was well tolerated. Synthetic yields mirrored residual α-helix contents (as inferred from far-UV circular dichroism; CD) in the corresponding 1SS peptides (18). A further correlation was observed between these properties and a pertinent pathogenetic process: extent of ER stress induced in a human cell line (HEK 293T) on transient expression of the corresponding mutant proinsulins. The coherence of these correlations (18) motivated this companion study wherein NMR spectroscopy provides a residue-specific view.




Figure 2 | Native structure of insulin and sites of present MIDY mutations. (A) ribbon diagram of insulin monomer (PDB entry 4INS). Side chains of key residues are shown as sticks with methyl groups and sulfur atoms in disulfide bonds are shown as spheres (one third van der Waals radii). Clinical mutations under the study is shown in red and all other side chains follow the color code: A chain (light gray), B chain (dark gray). (B) Surface representation of insulin monomer (transparency set to 40%) showing the side chains of PheB24, LeuB15 and LeuA16 (sticks shown as in panel A) within the core of the molecule. The surface of these residues is shown in red. (C) A view after rotating the molecule in panel B by 180° through y-axis. (D–F) Respective close-up views of the environments of PheB24 (crevice), LeuA16 (core) and LeuB15 (core). In these panels the highlighted side chain is shown in red. These electrostatic surfaces were calculated in absence of indicated side chain.



In this companion study we employ two-dimensional 1H- and [1H, 13C]-NMR methods to interrogate the 1SS peptide models in relation to the native insulin. Analysis of main-chain 1H and 13C chemical shifts in the parent peptide (34–36) provided evidence for nativelike nascent α-helices in the B domain (residues B9-B19) and A domain (A12-A20), together in accordance with CD-defined α-helix content (18). Although chemical-shift dispersion in this and the variant partial folds is more limited than in the spectrum of a native insulin monomer (37), key side-chain resonance assignments were verified by site-specific 13C (and 13C, 15N) labeling, using selective labeled amino-acid precursors in chemical peptide synthesis. Analysis of signature chemical shifts and framework nuclear Overhauser effects (NOEs) provides evidence for a nativelike folding nucleus in the parent 1SS peptide that is dependent on maintenance of the B19-A20 disulfide bridge. The clinical mutations perturb this nascent structure in the order SerB24 (least perturbed) >> ProA16 > ProB15 (most perturbed). Together, these findings suggest that the DesDi-based 1SS model will provide a general platform for comparative biophysical studies of that subset of MIDY mutations that perturb initial closure of cystine B19-A20 in proinsulin biosynthesis in pancreatic β-cells.



Materials and Methods


Solid-Phase Peptide Synthesis

Peptides were synthesized either with an ABI 433A Peptide Synthesizer (Applied Biosystems) or Tribute 2-Channel peptide synthesizer (Gyros Protein technologies) using a preprogrammed solid-phase fluorenylmethyloxycarbonyl chloride (Fmoc) protocol designed for standard 0.1mmol scale syntheses. ABI protocols consist of the following modules: cycle-1 [d], cycle-2 [aibde], cycle-3 with number of repetitions equal #aa-1 [afgbde], cycle-“#aa+2” [ffbdc], where #aa is a number of amino acids in the sequence. Automated couplings utilized diisopropylcarbodiimide (DIC)/6-Cl-hydroxybenzotriazole (6-Cl-HOBt) in N-methyl pyrrolidone (NMP) whereas Fmoc deprotections used 20% piperidine in NMP. α-Carboxyl-protected Asp was used in place of Asn in all syntheses of DesDi analogs to accommodate the use of ChemMatrix® Rink-Amide resin (loading = 0.46mmol/g). The Tribute peptide synthesizer used heating protocols: coupling was done at 6 min at 60°C except for Cys/His (2 min at 25°C, then 5 min at 60 °C) and Arg (20 min at 25 °C, then 5 min at 60°C); deprotection was done twice (30 sec at 50°C, then 3 min at 50°C). Reagent conditions were otherwise similar to ABI protocols except that DMF was used as solvent and choice of the resin was H-Asn(Trt)-HMPB-ChemMatrix® resin. Peptides were cleaved with a trifluoroacetic acid (TFA) cocktail (2.5% vol/vol of each: β-mercaptoethanol, triisopropylsilane, anisole, and water) followed by ether precipitation.



Folding and Purification of N and N* DesDi Analogs

Crude peptides from ether precipitation were dissolved in glycine buffer (20mM glycine and 2mM cysteine hydrochloride, pH 10.5) to a final peptide concentration of 0.1mM. The pH of this solution was readjusted to 10.5 to account for traces of residual TFA present in lyophilized peptides. This solution was then stirred while open to air at 4°C until reaction completion (usually overnight). The pH of the solution was then lowered to ~2.0 with 5N HCl to neutralize the folding reaction. Folded peptide was then purified by preparative rp-HPLC with a 60 min 20→40% acetonitrile elution gradient (10-15mL/min flow rate) run by a Waters rp-HPLC (Milford, MA) equipped with a Waters Model 600 Controller, Waters 2487 Dual Wavelength Detector, ProStar Model 701 Fraction Collector, Kipp & Zonen BD41 chart recorder, and a Luna 10μm C8(2) 100A AXIA (250 × 21.2mm) column. Fractions containing clean peptide were pooled and lyophilized. Purity of the materials was confirmed by LCQ Advantage Ion Trap Mass Spectrometer System coupled to an Agilent 1100 Series HPLC system utilizing a TARGA C8 5-μm (250 mm x 4.6 mm) column and a 35 min 25→50% acetonitrile elution gradient (1mL/min flow rate). See Table S1 for LCMS retention times and mass verification.



Synthesis of Isotopically Labeled Peptides

Isotopically labeled 1SS and control peptides were prepared on 0.05 mmol scales. N* was assembled in entirety as a single batch whereas the 1SS peptides were assembled as a single batch (0.1mmol) through residue B25. At that point, half of the 1SS resin was used to complete assembly of the 1SS-SerB24 analog. The remaining resin was used to complete the 1SS synthesis. Coupling of isotopically labeled amino acids (Cambridge Isotopes Inc., Tewksbury, MA) was performed manually using a single 0.3mmol mixture consisting of equivalent amounts of labeled Fmoc amino acid, 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU), and N,N-diisopropylethylamine (DIEA) reacted with each individual batch of resin (2.25X overall excess). The same automated synthesis protocol used for unlabeled peptide syntheses was then used for the addition of subsequent unlabeled amino acids to the labeled peptide assembly. The following labeled amino acids were used (residual positions given in blue in Scheme S1): Fmoc-Gly[13C2, 15N]-OH, Fmoc-Leu[13C6, 15N]-OH, Fmoc-Ile[13C6, 15N]-OH, Fmoc-Val[13C5, 15N]-OH, and Fmoc-Tyr[13C9, 15N]-OH. The peptides were cleaved from the resin by treatment with TFA cocktail as described above. The folding and purification of these isotope labeled 1SS peptides followed essentially same protocol as described in the companion article (18). Purity of the materials was confirmed by LC-MS with an Agilent 1260 Infinity/6120 Quadrupole instrument utilizing a Kinetex C8 2.6-μm 100A (75 mm x 2.1 mm) column and a 10 min 10-80% acetonitrile elution gradient (1mL/min flow rate) (See Figures S1-S3).



Purification of Clinical Analogs

Wild-type insulin and insulin lispro were purified from U-100 pharmaceutical formulations of Humulin® and Humalog® (Eli Lilly and Co.), respectively, using preparative RP-HPLC (C4 10μm 250×20mm Proto 300 Column; Higgins Analytical, Inc.) utilizing buffer A (0.1% TFA in H2O) and a 10-min elution gradient of 20→70% buffer B (0.1% TFA in acetonitrile). Following lyophilization of the collected protein fraction, purity was verified using analytical HPLC (TARGA C8 5-μm [250 mm x 4.6 mm]; Higgins Analytical, Inc.) with a 35-min elution gradient of 25→50% buffer B; molar mass was verified with an Applied Biosystems 4700 Proteomics Analyzer utilizing MALDI-TOF in reflector mode. chromatographic retention times and mass measurements for these clinical analogs are given in Table S1.



Proinsulin Constructs

Plasmids expressing full-length human proinsulin or variants were constructed by polymerase chain reaction (PCR). Mutations in proinsulin were introduced using QuikChange™ (Stratagene). Constructions were verified by DNA sequencing.



NMR Spectroscopy

1H NMR spectra were acquired at a proton frequency of 700 MHz at pD 7.4 (direct meter reading) at 35°C. 1H-13C heteronuclear single-quantum coherence (HSQC) spectra were acquired at natural abundance as described. The spectra were obtained at 13C frequency of 176 MHz at a constant temperature of 308 K using the “hsqcetgp” Bruker pulse sequence as described by the manufacturer. Aliphatic 1H-13C HSQCs were acquired with FID size 2048 x 128, 800 scans, 1.0 sec relaxation delay, sweep widths 11 ppm (1H) and 70 ppm (13C) with offset 4.7 and 40 ppm for the 1H and 13C dimension, respectively. Similar parameters were used to acquire aromatic 1H-13C HSQC, except with sweep widths of 40 ppm and 125 ppm offset in 13C dimension. Data were processed with Topspin 4.0.6 (Bruker Biospin) and analyzed with Sparky software (38) using a 90° shifted-sine window function to a total of 2048 × 1024 data points (F2 × F1), followed by automated baseline- and phase correction. All NMR data were acquired using a BRUKER 700 MHz spectrometer equipped with quadruple [1H, 19F, 13C, 15N]-resonance liquid-helium-cooled cryoprobe.



Secondary Structure Analysis

Protein secondary structure was inferred from selected 1H and 13C secondary chemical shifts (1HN, 1Hα, 13Cα and 13Cβ) as described (35, 39, 40). In such algorithms 13Cα and 1Hα chemical shifts distinguish α-helix from β-strand or random coil (41) whereas 13Cβ secondary shifts are more sensitive to β-strand. These chemical shifts in the parent 1SS model were assigned on the basis of 2D 1H-1H NOESY, TOCSY, DQF-COSY in D2O and H2O (10% D2O) and natural abundance 1H-13C HSQC spectra. Corresponding secondary shifts were extracted from observed chemical shifts (Δ = δobs - δcoil). Secondary structural elements were predicted by TALOSplus (34–36).



Molecular Modeling

Structural ensembles were calculated by simulated annealing using XPLOR-NIH (42–44). The models of the one-disulfide proinsulin and one-disulfide DesDi intermediates (containing cystine B19-A20) were generated using distance restraints pertaining to residues A16-A21 and B15-B26 as observed in an engineered proinsulin (45) or an engineered insulin monomer (46). To allow for protein flexibility in these partial folds, upper bounds on long-range distance restraints were increased by 3 Å relative to NMR-derived upper bounds obtained in prior studies of insulin and proinsulin (45, 46).




Results

One-dimensional 1H-NMR spectra of the 1SS peptide model and its variants were presented in our companion study (18) in relation to spectra of the native state (provided as Figure S4 for convenience of the reader). Molecular properties of these peptides are summarized in Table S1. Although the 1D spectra were in overall accordance with trends in synthetic yield, CD deconvolution and redox stability (18), interpretation was limited by the small number of resolved features. To circumvent this limitation, 2D homonuclear and 2D 1H-13C HSQC NMR spectra were obtained at natural abundance. Analysis was undertaken in reference to baseline HSQC spectra of native DesDi (as the single-chain precursor and as cleaved two-chain hormone analog; Figures 3A, B). Near-complete assignment of 1HN, 1Hα, 13Cα and 13Cβ resonances in the parent 1SS peptide model enabled mapping of secondary structure based on pattern of secondary chemical shifts (Figure 4) (34–36). α-Helical segments comprise residues B9-B18 and A13-A19 (Figure 4E), a subset of native secondary structure. Chemical shifts (referenced below) and estimates of chemical-shift dispersion are tabulated in Tables S2–S9.




Figure 3 | Nature abundance 1H,13C HSQC NMR spectra of DesDi analogs in aromatic (left panel) and methyl region (right panel). (A) single-chain DesDi (N*); (B) two-chain DesDi (N*’); (C) single-chain 1SS-DesDi model (green) and (D) the 1H-13C HSQC spectral overlay of two-chain DesDi (N*’, black) and 1SS-model (green). Spectra were acquired at a 1H frequency of 700 MHz at pD 7.4 (direct meter reading) and at 35°C in D2O. Selected resonance assignments are as indicated.






Figure 4 | Chemical shift index (CSI) and inferred secondary structure of parent peptide model. Top, 49-residue polypeptide sequence with six amino-acid substitutions in red. DesDi’s engineered junction between LysB28 (bold) and GlyA1 (27) is highlighted within black box. The secondary shift was defined as the difference of observed chemical shift and random coil shift (Δ = δobs - δcoil). Positive (negative) values indicate that the observed chemical shift is downfield (upfield) of expected random-coil frequency (34, 35). (A–D) CSI-related secondary chemical shifts by residue: (A) amide protons (ΔHN); (B) α-protons (ΔHα); (C) β-carbons (ΔCβ); (D) α-carbons (ΔCα). (E) Inferred elements of secondary structure as predicted by TALOSplus (34–36): central B-domain α-helix (residues B9-B18) and C-terminal A-domain α-helix (residues A13-A19). Corresponding residue-specific secondary shifts are given in Table S9.



1H-13C HSQC spectra provide correlations between a 13C atom and an attached proton (1H) via a one-bond J-coupling (47, 48). Initial spectra were obtained at 35 °C. Key resonance assignments in the parent 1SS peptide and 1SS-SerB24 variant were verified by site-specific 13C labeling of residues ValB12, LeuB15, GlyB23, PheB24, TyrB26 and IleA2 (Scheme S1 and Figure S5). In each figure aromatic 2D spectra are shown at left, and aliphatic spectra at right. The spectrum of the native state is better illustrated by two-chain [AspB10, GluA8]-DesDi-insulin (Figure 3B; black) than its single-chain precursor (Figure 3A; gray) due to selected resonance broadening in the latter spectrum; such broadening may reflect partial dimerization (stronger in single-chain analogs) and/or conformational exchange intermediate on the timescale of NMR chemical shifts. The baseline 2D 1H-13C HSQC spectrum of two-chain [AspB10, GluA8]-DesDi-insulin is notable for its resolution of many individual spin systems; selected resonance assignments are provided in Figures 3A, B. Of particular interest are the aromatic resonance of PheB24 and TyrB26, which pack against the central B-chain α-helix and influence the chemical shifts (via their aromatic ring currents) of the side chains of LeuB11 and LeuB15. These respective upfield aromatic and upfield methyl resonances provide markers of the native B-chain supersecondary structure (49, 50). The upfield chemical shifts of IleA2 by contrast reflects A-chain supersecondary structure (in particular the aromatic ring current of TyrA19); that of IleA10 reflects inter-chain packing of HisB5 (51, 52). The latter structural features (and their NMR signatures) are reinforced by cystines A6-A11 and B7-A7 in native insulin.

The 2D 1H-13C HSQC spectrum of the parent 1SS model (Figure 3C; green) is remarkable for preservation of some upfield shifts (PheB24, TyrB26, LeuB11 and LeuB15) but not others (IleA2 and IleA10). The former subset of nativelike chemical shifts indicates maintenance of B-chain secondary structure flanking CysB19 (and therefore the B19-A20 disulfide bridge) whereas the latter attenuation of structure-dependent secondary shifts indicates destabilization of long-range structure involved the A2-A10 segment in accordance with removal of the B7-A7 and A6-A11 disulfide bridges (50, 53, 54). This combination of preserved and attenuated chemical shifts in the spectrum of the parent 1SS model is illustrated by overlay of its spectrum (green) and that of two-chain [AspB10, GluA8]-DesDi-insulin (black) in Figure 3D. The spectrum of the parent 1SS peptide in turn provides a baseline for comparative analysis of the MIDY-derived variants (Figure 5). Chemical-shift dispersion is markedly attenuated in each of the variants (Figures 5B–D), most markedly in 1SS-ProB15 (Figure 5D). In the case of 1SS-SerB24 (Figure 5B) such attenuation may reflect both loss of ordered structure and removal of the PheB24 aromatic ring current (52), potentially a confounding issue (the same issue pertains to SerB24-insulin analogs with native pairing; Figure S6). A subtle trend is observed in the 1Hϵ chemical shift of TyrB26 (arrows in Figures 5B–D) in which slight upfield shifts are observed in two case (1SS-SerB24 > 1SS-ProA16), but not observed in 1SS-ProB15. This trend is shown in an enlargement of spectra in Figure S7.




Figure 5 | Nature abundance 1H-13C HSQC NMR spectra of single-chain 1SS-DesDi analogs in aromatic (left panel) and methyl region (right panel). (A) single-chain 1SS model; (B) single-chain 1SS-SerB24 analog. (C) single-chain 1SS-ProA16 analog and (D) single-chain 1SS-ProB15 analog. Spectra were acquired at a 1H NMR frequency of 700 MHz at pD 7.4 (direct meter reading) and 35°C in D2O. Selected resonance assignments are as indicated.



Analysis of 1H-13C chemical shifts was extended by 2D 1H-1H NOE spectroscopy (NOESY). Of particular interest are inter-proton NOEs (reflecting distances < 5 Å) between aromatic and aliphatic side chains. Such NOEs are prominent in the spectrum of native insulin (upper panel of Figures 6A, B), shown in relation to the corresponding TOCSY (total correlation spectroscopy) spectra of aromatic spin systems (lower panel). These inter-residue NOEs in part retained in the NOESY spectrum of the parent 1SS peptide (upper panel in Figure 6C). Particularly notable is the retention of close contacts between PheB24 and TyrB26 and the methyl groups of LeuB15, resolved due to native-like chemical-shift dispersion. A subtle feature is observed in the aromatic TOCSY spectra: the spin systems of TyrB16 and TyrA19, downfield of the mobile and solvent-exposed side chain of TyrA14 in native insulin (lower panels of Figures 6A, B), is retained in attenuated form in the TOCSY spectrum of 1SS peptide (lower panel of Figure 6C). NOEs between aromatic and aliphatic protons are observed in the spectra of the variants, but with decreased dispersion (inset boxes in Figures 6D–F); in the case of 1SS-ProB15, the overall integrated cross-peak envelope intensity is reduced (Figure 6F). Although as expected the aromatic spin system of PheB24 is absent in the TOCSY spectrum of 1SS-SerB24 (lower panel of Figure 6D), subtle upfield shifts of PheB24 are retained in 1SS-ProA16 and 1SS-ProB15. These trends are shown in expanded form in Figure S8. We imagine that the latter conformational ensembles contain a minor fraction of compact substates with long-range contacts, which nonetheless are less populated than in the parent 1SS peptide. This interpretation is supported by more detailed examination of these NOESY regions (Figures 7C–F) in relation to the structural relationships in native insulin (Figures 7A, B). Aromatic-methyl NOEs in the parent 1SS model are shown in expanded form in Figure 7C; long-range contacts are prominent in the neighborhood of cystine B19-A20, proposed to constitute the specific folding nucleus of proinsulin (green side chains in Figure 7A) (22). Also observed are long-range NOEs from TyrB26 to the methyl groups of IleA2 and ValA3, presumably reinforced by the B28-A1 peptide bond in the DesDi framework and foreshadowing subsequent steps in A-domain segmental folding associated with pairing of the remaining two cystines. This subset of these nativelike long-range NOEs can be resolved in the variants despite their attenuated chemical-shift dispersion (Figures 7D–F).




Figure 6 | Homonuclear 2D-NMR spectra: NOESY spectra (mixing time 150 ms) showing NOEs from aromatic protons to methyl protons (top panel) and TOCSY spectra (mixing time 55 ms) showing aromatic resonance correlation (bottom panel). (A) single-chain DesDi (N*); (B) two-chain DesDi (N*’); (C) single-chain DesDi 1SS model; (D) single-chain 1SS-SerB24 analog; (E) single-chain 1SS-ProA16 analog and (F) single-chain 1SS-ProB15 analog. The boxes in panel D-F indicate spectral expansion for detailed analysis. Spectra were acquired at pD 7.4 (direct meter reading) and 35°C in D2O.






Figure 7 | Spectral expansion of 2D-NOESY revealing signature long-range NOEs in the variants of single-chain 1SS-DesDi. (A) stereo view of the ribbon structure of single-chain DesDi (PDB entry 7JP3). The side-chains of indicated residues assembled a hydrophobic cluster that functions as a folding nucleus. (B) the ribbon structure of single-chain DesDi showing subsequent steps of insulin folding. (C) NOESY expansion of single-chain DesDi 1SS model. (D) single-chain 1SS-SerB24 analog. (E) single-chain 1SS-ProA16 analog and (F) single-chain 1SS-ProB15 analog. All spectra were acquired at pD 7.4 (direct meter reading) and at 35°C in D2O.



The above degree of organization in the nascent structure of the parent 1SS model is dependent on pairing of CysB19 and CysA20. Whereas overlay of the 1H-13C HSQC spectra of the parent 1SS peptide and two-chain [AspB10, GluA8]-DesDi-insulin reveals similar limits of dispersion (green versus black in Figure 8A; inset vertical and horizontal arrows), reduction of the 1SS disulfide bridge by deuterated dithiothreitol (to yield a linear peptide) led to loss of 1H-13C chemical-shift dispersion (green versus brown in Figure 8B). The reduced 1SS peptide exhibits limited dispersion, with pattern that is similar in detail to that of 1SS-ProB15 (brown versus red in Figure 8C). Possible transient or nascent long-range interactions in the linear 1SS peptide have not been investigated. 1H-13C HSQC spectra of the four 1SS peptides are overlaid in Figure 8D; relative main-chain dispersions exhibit the qualitative trend: parent > SerB24 > ProA16 > ProB15 in accordance with the findings above. This trend was made quantitative by detailed analysis of respective secondary shifts [in reference to tabulated random-coil values (55)] as shown in the four histograms in Figure S11. Reliance of 1Hα/13Cα chemical shifts circumvents the confounding absence of the B24 ring current in 1SS-SerB24 as these resonances are less influenced by aromatic ring currents (52, 56). The greater main-chain chemical-shift dispersion in 1SS-SerB24 and 1SS-ProA16 relative to 1SS-ProB15 was accentuated by lowering the temperature from 35 to 10°C. Stacked plots of 1D 1H-NMR spectra are shown for each 1SS peptide as a function of temperature in the range 5-35°C (in steps of 5°C) in Figure S9. At lower temperatures spectra of the parent 1SS peptide, 1SS-SerB24 and 1SS-ProA16 exhibit conformational broadening of upfield aromatic and aliphatic features, suggesting slowing of conformational fluctuations into the millisecond regime characteristic of intermediate exchange on the time scale of 1H-NMR chemical shifts. This phenomenon is not observed in the spectrum of 1SS-ProB15. Comparison of 1Hα-13Cα cross peaks in respective HSQC spectra likewise highlights the anomalous temperature-independence of the 1SS-ProB15 spectrum (Figure S10). This trend extends to the aromatic and methyl regions of the HSQC spectra (Figure S12). The chemical shift of TyrB26 Hϵ and a resolved methyl resonance in the reduced 1SS peptide are likewise independent of temperature (Figures S12, S13). We speculate that the anomalous NMR properties of 1SS-ProB15, indicating loss of nascent structure relative to the other 1SS peptides, rationalizes this mutation’s essentially complete block to the folding of ProB15-DesDi, even in the presence of stabilizing substitutions AspB10 and GluA8 [preceding article in this issue (18)].




Figure 8 | Comparison of nature abundance 1H-13C HSQC spectra of single-chain DesDi analogs in 1Hα/13Cα region. (A) 1H-13C HSQC spectral overlay of two-chain DesDi (N*’, black) and single-chain DesDi 1SS model (green); (B) 1H-13C HSQC spectral overlay of single-chain DesDi 1SS model (green) and 1SS model in 70 mM deuterated dithiothreitol (DTT) (brown); (C) spectral overlay of single-chain 1SS-ProB15 analog (red) and 1SS-model in 70 mM deuterated dithiothreitol (brown); (D) spectral overlay of single-chain DesDi 1SS model (green), single-chain 1SS-SerB24 analog (blue), single-chain 1SS-ProA16 analog (magenta) and single-chain 1SS-ProB15 analog (red). Spectra were acquired at a 1H frequency of 700 MHz at pD 7.4 (direct meter reading) and at 35°C in D2O.





Discussion

The discovery of proinsulin by Steiner and colleagues in 1967 [(25, 57); for review, see (58)] solved a problem encountered in the chemical synthesis of insulin: inefficient specific disulfide pairing encountered in chain combination (24). Although the isolated A- and B chains of insulin contain sufficient information to specify the native structure (59), yield is reduced by competing off-pathway reactions, including formation of cyclic peptides and amyloid. Proinsulin is nonetheless itself difficult to fold. The majority of human cell lines in routine laboratory use do not efficiency fold proinsulin (4), leading to detectable disulfide isomers (3). The specialized folding environment of the β-cell ER is adapted to the biochemical demands of proinsulin biosynthesis, and yet even so physiological overexpression of the INS gene—as a compensatory response to peripheral insulin resistance (60)—can induce chronic ER stress and contribute to the progression of prediabetes and Type 2 DM (8). The growing collection of MIDY mutations in proinsulin associated with toxic misfolding leading to β-cell dysfunction (9) has motivated the hypothesis that insulin sequences, well conserved among vertebrates (23, 61), are entrenched at the edge of foldability (46). The marginal stability of insulin and proinsulin, relative to such classical model proteins as bovine pancreatic trypsin inhibitor and hen egg white lysozyme, is associated with qualitative differences in their respective refolding properties (62–67) (see also Supplemental Discussion).

In this and our companion study (18) we have introduced a single-chain peptide model of an early proinsulin folding intermediate. A framework (“DesDi”) was provided by an innovative mini-proinsulin containing a peptide bond between residues B28 and A1, with ProB28 substituted by Lys to enable facile enzymatic cleavage to liberate an active insulin analog (27). The B28-A1 peptide bond enables successful oxidative folding of the 49-residue synthetic precursor even in the presence of mutations (such as ValA16) that otherwise block classical chain combination (68). The B28-A1 inter-chain tether in DesDi presumably favors a productive orientation between A- and B-domain folding determinants and limits off-pathway events. We further stabilized DesDi by enhancing the α-helical propensity of the central B-domain segment [HisB10→Asp (29)] and N-terminal A-domain segment [ThrA8 →Glu (30)]. Increasing the net negative charge through these acidic substitutions would also be expected to enhance solubility and retard competing formation of amyloid (69). A one-disulfide model of an initial proinsulin folding intermediate was thus obtained by pairwise substitution of exposed cystine B7-A7 by Ser and internal cystine A6-A11 by Ala (18).

The present study builds on our foundational characterization of the 1SS peptide model to interrogate nascent structure by two-dimensional 1H and 1H-13C NMR spectroscopy. In accordance with prior NMR studies of a two-chain peptide model of a one-disulfide IGF-I folding intermediate (22), the parent 1SS model contains a subset of native secondary structure: central B-domain α-helix (residues B9-B19), C-terminal A-domain α-helix (A12-A20) and nascent β-strand (B24-B26). Molecular models of the parent model and the corresponding proinsulin intermediate are shown in Figure 9A in relation to the solution structure of an engineered proinsulin monomer (45). In these models cystine B19-A20 is integral to the hydrophobic mini-core formed at the confluence of the nascent elements of secondary structure. We envision that this nativelike subdomain represents the first organized nucleus in a series of successive folding landscapes (Figure 9B). Although disulfide chemistry in polypeptides can exhibit (especially at basic pH) complex patterns of native and non-native disulfide exchange and rearrangement, this structural perspective offers a simplified view of the predominant proinsulin folding scheme at neutral pH (Figure 9C). This scheme in principle provides a framework for interpreting clinical mutations that impair folding efficiency.




Figure 9 | Proinsulin peptide models and hierarchical disulfide pathway. (A) Predicted structural ensembles for one-disulfide 86-residue proinsulin intermediate containing cystine B19-A20 (left) and corresponding 49-residue one-disulfide model (middle) relative to the solution structure of an engineered proinsulin monomer [PDB entry 2KQP; (45)] (right). In each ensemble α-helices are shown in green (central B domain) and magenta (C-terminal A domain). The simulated ensembles were generated by restrained molecular dynamics using XPLOR-NIH software (43, 44) and visualized by PyMol (https://sourceforge.net/projects/pymol/). (B) Free-energy landscapes as envisioned to govern proinsulin folding: disulfide pairing follows a sequence of folding trajectories on successively steeper landscapes. (C) Preferred pathway of disulfide pairing begins with cystine B19-A20 (left), directed by a nascent hydrophobic core formed by the central B-domain α-helix (residues B9–B19), part of the C-terminal B-chain β-strand (B24-B26) and part of the C-terminal A-domain α-helix (A16–A20). Alternative pathways mediate formation of successive disulfide bridges (middle panel) en route to the native state (right panel). This pathway is perturbed by diverse MIDY mutations. Nascent α-helices are color-coded as in (A). Panel (B) is adapted from an image kindly provided by J. Williamson; Panel (C) is adapted from reference (70).



Comparative NMR studies of the variant 1SS peptides suggest structural mechanisms of impaired foldability. In particular, patterns of chemical shifts and NOEs provide evidence of native-like tertiary structure in the neighborhood of cystine B19-A20 and its destabilization in the variant peptides in rank order SerB24 >> ProA16 > ProB15 (least organized). Their respective ensembles of partial folds each exhibit a subset of nativelike long-range NOEs—presumably reflecting fractional occupancies of analogous molten-globule states that foreshadow native structural relationships—but with progressively more complete averaging of chemical shifts in this series (Figure S14). Among these 1SS peptides and native insulin, striking correlations are observed between CD-defined α-helix contents [in the same rank order (18)] and NMR parameters: mean 1Hα chemical-shift dispersion (Figure 10A) and average 1Hα/13Cα main-chain secondary shifts (Figure 10B). The biological importance of these CD- and NMR-derived biophysical parameters is demonstrated by their further correlation with levels of ER stress induced by expression of the corresponding mutant proinsulin (Figures 10C, D) (18). Although each MIDY mutation alters an invariant framework residue—conserved among both vertebrate insulins and vertebrate insulin-like growth factors (23, 61, 71) —the less severe biophysical consequences of PheB24→Ser in consistent with the delayed onset of DM in patients with this mutation (4, 33). Although ProB15 is more profoundly perturbing than is ProA16, each is associated with neonatal-onset DM (31, 32) and so must surpass the threshold for post-natal β-cell ER stress leading to the rapid progression of β-cell dysfunction and death (8).




Figure 10 | Plots showing correlations among biophysical features, NMR parameters and cellular ER-stress activation. (A) The plot shows the relationship between the relative 1Hα dispersion (X axis; ppm) CD-derived helix contents of DesDi variants (Y axis; %). N* analogs provide control data pertaining to the single-chain ground state stabilized by the three native disulfide bridges; sequences contain the same favorable substitutions at B10 and A8 as in the 1SS analogs. Relative 1Hα dispersion was defined by the difference of 1Hα chemical-shift dispersion of DesDi analogs and base line control (1SS model in 70 mM deuterated dithiothreitol). (B) Correlation between CD-derived helix contents (Y axis) with the average 1Hα/13Cα secondary shift (X-axis). Average 1Hα/13Cα secondary shift  was calculated using equation  ΔB12, ΔB14 and ΔB18 are 1Hα/13Cα secondary shift of residues ValB12, AlaB14 and ValB18, respectively. (C, D) Relationship between ER stress in cell-based assay and NMR/biophysical parameters. (C) Relationship between fold-change in ER stress (X axis; pPERK/PERK ratio) and 1Hα/13Cα secondary shift (Y axis; ppm) among DesDi variants. (D) Relationship between ER stress and α-helix content of related DesDi variants (Y-axis; %).



A surprising aspect of the present NMR studies is extent to which the parent 1SS peptide retains native-like spectroscopic features. Such structure is lost on reduction of cystine B19-A20. We ascribe the nascent organization of the parent 1SS peptide to (a) the B28-A1 peptide bond, which orients flanking B- and A-domain segments, and (b) stabilizing α-helical substitutions AspB10 and GluA8. Although such extensive nascent structure would not be expected in a one-disulfide analog of proinsulin (86 residues), the richness of the 1SS NMR spectrum suggests that it would be of future interest to develop a biosynthetic expression system, so that uniform 13C and 15N isotopic labeling would enable application of powerful 3D/4D heteronuclear NMR methods (72, 73), including residual dipolar couplings (74). We foresee that such high-resolution analysis would enable comparison between the nascent structure and dynamics of the 1SS peptide and the classic globular structure of native insulin (23). Further, such complete 1H, 13C and 15N characterization would provide a rigorous platform for comparative studies of those MIDY mutations that perturb pairing of CysB19 and CysA20.



Concluding remarks

The spectrum of diabetes-associated mutations in the insulin gene implicates diverse genotype-phenotype relationships (9, 75). These include not only mutations toxic misfolding of proinsulin with the ER (the present focus), but also those affecting upstream translocation of nascent preproinsulin (76, 77) and downstream trafficking, prohormone processing, and receptor binding (75). Each class of clinical mutations promises an opportunity to dissect respective molecular mechanisms critical to wild-type hormone biosynthesis and function. Because mutations may introduce mild, intermediate or severe biochemical perturbations, their comparative study may reveal quantitative thresholds of dysfunction associated with clinical features, such as age of diabetes onset or degree of genetic penetrance. Adult-onset SerB24 represents a mild perturbation of folding efficiency whereas both neonatal-onset ProA16 and ProB15 mutations—albeit distinct in location and degree of structural perturbation—must be below the threshold of foldability required for β-cell viability. Extending the present approach to additional MIDY mutations may define molecular determinants of this threshold. The mutant proinsulin syndrome thus promises to provide an intriguing model to relate chemistry to biology in a prototypical disease of intracellular protein misfolding.
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The mutant proinsulin syndrome is a monogenic cause of diabetes mellitus due to toxic misfolding of insulin’s biosynthetic precursor. Also designated mutant INS-gene induced diabetes of the young (MIDY), this syndrome defines molecular determinants of foldability in the endoplasmic reticulum (ER) of β-cells. Here, we describe a peptide model of a key proinsulin folding intermediate and variants containing representative clinical mutations; the latter perturb invariant core sites in native proinsulin (LeuB15→Pro, LeuA16→Pro, and PheB24→Ser). The studies exploited a 49-residue single-chain synthetic precursor (designated DesDi), previously shown to optimize in vitro efficiency of disulfide pairing. Parent and variant peptides contain a single disulfide bridge (cystine B19-A20) to provide a model of proinsulin’s first oxidative folding intermediate. The peptides were characterized by circular dichroism and redox stability in relation to effects of the mutations on (a) in vitro foldability of the corresponding insulin analogs and (b) ER stress induced in cell culture on expression of the corresponding variant proinsulins. Striking correlations were observed between peptide biophysical properties, degree of ER stress and age of diabetes onset (neonatal or adolescent). Our findings suggest that age of onset reflects the extent to which nascent structure is destabilized in proinsulin’s putative folding nucleus. We envisage that such peptide models will enable high-resolution structural studies of key folding determinants and in turn permit molecular dissection of phenotype-genotype relationships in this monogenic diabetes syndrome. Our companion study (next article in this issue) employs two-dimensional heteronuclear NMR spectroscopy to define site-specific perturbations in the variant peptides.
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Introduction

The mutant proinsulin syndrome (MPS) is a monogenic cause of diabetes mellitus (DM) presenting at a broad range of ages: onset can occur either in the neonatal period, childhood, adolescence or early adulthood (1–4). Characterization of this syndrome and related mouse models (5, 6) has established the paradigm that DM may arise as a proteotoxic disorder of insulin biosynthesis (Figure 1A). Also designated Mutant INS-gene Induced Diabetes of the Young (MIDY) (11), MPS thus pertains to patients traditionally classified, on the basis of age at presentation, as either Permanent Neonatal Diabetes Mellitus (PNDM) or Maturity Onset Diabetes of the Young (MODY) (12). This phenotypic spectrum may reflect polygenic differences in β-cell biology (13) or intrinsic mutation-dependent biophysical properties of the variant proinsulins (11, 14, 15).




Figure 1 | Genetic etiology, pathophysiology, and structural basis of Mutant Proinsulin Syndrome. (A) Overview of normal proinsulin production and maintenance of glucose homeostasis. (B) Solution structure of WT proinsulin (7) showing the A- (green), B- (blue), and C (black) domains and three native disulfide bridges (yellow spheres). Wild-type residues PheB24, LeuB15 and LeuA16, which are examined in this study as sites of mutation, are shown as red side chains. (C) Folding of proinsulin proceeds via sequential disulfide linkage steps from the fully unfolded state through one (1SS), two (2SS), and three disulfide bonded (3SS) conformational ensembles before reaching the native state (N). Chemical trapping experiments showed that the formation of B19-A20 disulfide as the predominant key first step in the hierarchical disulfide pathway (8–10). Reprinted with permission from Hua QX, et al. Biochemistry. 2001;40:12299-311. Copyright (2001) American Chemical Society. (D) Dominant mutations in the INS gene causing co-production of both WT and mutant proinsulin, leading to ER stress, β-cell dysfunction, and, ultimately, diabetes. Clinically identified mutations SerB24, ProB15 and ProA16 present with a spectrum of disease severity and age of diabetes onset.



MIDY mutations are ordinarily dominant and associated with misfolding of the proinsulin variant in the endoplasmic reticulum (ER), leading to β-cell dysfunction and eventual death [(16); for reviews, see (17, 18)]. Whereas the majority of MIDY mutations introduce or remove a Cys residue—in either case leading to an odd number of thiol groups and hence risk of aberrant intermolecular disulfide pairing (19)—PNDM- and MODY phenotypes are also associated with non-cysteine-related mutations (20). The latter amino-acid substitutions generally occur at sites conserved among vertebrate insulins [and in most cases also shared by vertebrate insulin-like growth factors (IGFs) (21)]. These mutational “hot spots” define the structural framework of native insulin (Figure 1B) and are of mechanistic interest as putative molecular determinants of protein folding efficiency (20, 22, 23). The present study, based on the oxidative refolding pathway of native proinsulin (Figure 1C), describes the design and chemical synthesis of a single-chain peptide model of a key on-pathway proinsulin folding intermediate (8, 24). This model enables comparative biophysical studies of representative MIDY “hot-spot” mutations with neonatal or delayed disease onset (Figure 1D). First introduced in studies of bovine pancreatic trypsin inhibitor (25), peptide models of protein-folding intermediates have provided a general approach toward dissecting critical molecular interactions guiding the conformational search of a nascent polypeptide (see Box 1 and Figure 2) (31, 32).


Box 1 | Peptide models of protein-folding intermediates.

Studies of the mutant proinsulin syndrome (17) have built on general principles of cell biology and protein chemistry established over the past sixty years (26–28). This deep interdisciplinary background highlights mechanisms underlying the biosynthesis of disulfide-stabilized secretory proteins from the scale of organelles and macromolecular complexes (29, 30) to the molecular biophysics of a nascent polypeptide chain’s conformational search (31–34).

Ribosomal translation at the outer surface of the rough ER is coupled to cleavage of the signal peptide and associated translocation into the ER [Figure 2A; for review, see (37)]; the latter environment provides chaperones and oxidative machinery for disulfide bond formation, rearrangement, and quality control (38–42). These general processes pertain to β-cell physiology and dysfunction in DM (17, 35, 36). Although initial steps of protein folding can in some cases be co-translational (30), the nascent proinsulin chain is likely to form an unfolded-state ensemble (at right in Figure 2A) to enable initial pairing of two cysteines distant in the sequence (CysB19 and CysA20; residues 43 and 109 in preproinsulin) (9, 24, 43). The present study has exploited a subset of diabetes-associated mutations to investigate such long-range pairing.

Analysis of atomic-scale events in the in vitro refolding of polypeptide chains and their computational simulation (44, 45) provide insight into the challenges faced in cellular protein biosynthesis (27, 46). Folding is visualized as proceeding through funnel-shaped free-energy landscapes (Figure 2B), in general via multiple trajectories (e.g., yellow or magenta lines) (31). Dissection of globular proteins into peptide models, pioneered by Oas and Kim in 1988 (25) has been broadly influential in enabling key steps to be identified (47). Applications have been described to both oxidative folding intermediates (25), the rapid autonomous folding of disulfide-free subdomains (48) and fragments containing engineered disulfide bridges (49). Use of peptide models may circumvent the usual cooperativity of globular protein folding, which can obscure discrete steps (25). The latter perspective has been reinforced by studies of intact proteins by native-state amide-proton exchange kinetics (34).

The present studies have exploited a peptide model of a key one-disulfide proinsulin folding intermediate (simulated ensemble in Figure 2C); its features favor formation of on-pathway nascent structure [see also Figure 9 and Discussion (50)]. Peptide design builds on prior studies of insulin-related polypeptides lacking specific disulfide bridges (10, 51–55). To our knowledge, this is the first investigation of clinical mutations in a peptide model of a proinsulin folding intermediate.






Figure 2 | Peptide models of protein-folding intermediates probe critical biosynthetic steps. (A) Preproprotein biosynthesis in rough endoplasmic reticulum: nascent polypeptide chain (blue ribbon) enters ER (gray) with cleavage of signal peptide (cyan ribbon) via translocon channel (brown). Protein folding may in part be co-translational or begin from an unfolded-state ensemble (blue chains at right); this model was calculated by Xplor-NIH software and ensemble generated by PyMOL (ribbon and sticks). The cartoon was otherwise adapted from (56). (B) Energy folding landscape. Yellow and magenta lines indicate alternative paths to the native state (N): [I1], set of unobserved intermediate species; I2, observed intermediate that can accumulate in a kinetic trap. Panel adapted from reference (57). (C) Conformational ensemble of a one-disulfide proinsulin intermediate containing cystine B19-A20. A minimal model (magenta box) was designed based on a 49-residue peptide (50) as described in the main text. The present CD studies suggest formation of nascent α-helices in the central B domain and C-terminal A domain (dark green and magenta, respectively).



The present peptide model contains a single disulfide bridge, internal cystine B19-A20, the first partial fold to accumulate in chemical-trapping studies of proinsulin (or homologous IGF-I) refolding in vitro (8, 9, 24) (see Supplemental Discussion regarding effects of pH in such refolding assays). Its framework derives from a foreshortened single-chain synthetic precursor of insulin optimized for efficiency of disulfide pairing (50). Designated “DesDi”, the parent analog comprises 49 residues (Figure 3A): B-chain residues B1-B28 followed by A-chain residues A1-A21. Substitution of ProB28 by Lys enables enzymatic cleavage to liberate an active two-chain insulin analog (50). Our one-disulfide model contains pairwise substitution of cystine B7-A7 by Ser and pairwise substitution of cystine A6-A11 by Ala (Figure 3B). Segmental α-helical propensity and solubility were augmented by substitutions HisB10→Asp (native α-helix α1 spanning residues B9-B19) and ThrA8→Glu (native α-helix α2; A1-A8) (58, 59). Representative MIDY mutations (LeuB15→Pro, LeuA16→Pro, and PheB24→Ser) were introduced into the parent DesDi framework with six cysteines (“native state”) and the peptide model (“1SS”). These amino-acid substitutions were chosen based on phenotype and structural interest: the proline variants (each neonatal in onset) are predicted to perturb nascent α-helical folding and native packing of the hydrophobic core (20, 60) whereas SerB24 [with onset in adolescence or early adulthood (61)] perturbs the “aromatic anchor” of the B-chain β-strand (B24-B28) (60, 62, 63). Each of these conserved side chains contributes to core packing near internal cystine B19-A20 (Figure 3C). A related two-chain one-disulfide model of the homologous IGF-I folding nucleus has previously been described (51); the corresponding three side chains (IGF-I residues Leu14, Phe23 and Leu57) were observed to participate in its molten native-like structure at low temperatures.




Figure 3 | DesDi variant protein sequences. (A) Sample names and sequences of three disulfide bond containing analogs (N and N*). (B) Sample names and sequences of one disulfide-bond-containing analogs ([B19-A20]; abbreviated as 1SS). Yellow lines show disulfide linkages. A red line connecting the C-terminal B-domain and N-terminal A-domain sequences signifies the presence of a peptide bond between residues B28 and A1. All 1SS samples and N* have additional mutations GluA8 and AspB10 to enhance solubility at neutral pH (e.g., to enable the high protein concentrations needed for NMR spectroscopy). Residues in red highlight mutations to the WT insulin sequence. (C) Stereo view showing ribbon model of an insulin monomer [as extracted from the T6 Zn hexamer; PDB entry 4INS (60)]. Sites of clinical mutation investigated here [B15, B24 and A16; highlighted in red] and neighboring residues are shown as sticks. Sulfur atoms in disulfide bridges are shown as gold spheres, and selected side-chain methyl groups as spheres (one-third van der Waals radius). A- and B chains are otherwise shown in light and dark gray, respectively.



The present study (the first of two in this issue) describes the synthesis and respective foldabilities of the above set of native state and 1SS 49-residue peptides. Circular dichroism (CD) is employed to probe α-helix contents, thermal unfolding profiles and thermodynamic stabilities. Characterization of such chemical and biophysical properties were extended through cell-biological assays of ER stress induced in human cells on transient expression of the corresponding mutant proinsulins. Striking correlations were observed among foldability, nascent α-helical folding and extent of ER stress in human cell culture. Our companion study further interrogates the nascent structures of these peptide models and their mutational perturbation by 1H and 1H-13C NMR spectroscopy [(64); following article in this issue]. Together, our findings establish a general platform for biophysical studies of a subset of MIDY mutations in relation to molecular mechanisms of proinsulin biosynthesis in pancreatic β-cells.



Materials and Methods


Automated DesDi Peptide Synthesis

Peptides were synthesized either with an ABI 433A Peptide Synthesizer (Applied Biosystems) or Tribute 2-Channel peptide synthesizer (Gyros Protein technologies) using a preprogrammed solid-phase fluorenylmethyloxycarbonyl (Fmoc) protocol designed for standard 0.1 mmol scale syntheses. ABI protocols consist of the following modules: cycle-1 [d], cycle-2 [aibde], cycle-3 with number of repetitions equal #aa-1 [afgbde], cycle“#aa+2” [ffbdc], where #aa is a number of amino acids in the sequence. Automated couplings utilized diisopropylcarbodiimide (DIC)/6-Cl-hydroxybenzotriazole (6-Cl-HOBt) in N-Methyl pyrrolidone (NMP) whereas Fmoc deprotections used 20% piperidine in NMP. α-carboxyl-protected Asp was used in place of Asn in all syntheses of DesDi analogs to accommodate the use of ChemMatrix® Rink-Amide resin (loading = 0.46 mmol/g). The Tribute peptide synthesizer used heating protocols: couplings were done for 6 min at 60°C except for Cys/His (2 min at 25°C, then 5 min at 60°C) and Arg (20 min at 25°C, then 5 min at 60°C); deprotection was done twice (30 sec at 50°C, then 3 min at 50°C). Reagent conditions were otherwise similar to ABI protocols except that DMF was used as solvent and choice of the resin was H-Asn(Trt)-HMPB-ChemMatrix® resin. Peptides were cleaved with TFA cocktail (2.5% vol/vol of each: β-mercaptoethanol, triisopropylsilane, anisole, and water) followed by ether precipitation.



Folding and Purification of N and N* DesDi Analogs

Crude peptides from ether precipitation were dissolved in glycine buffer (20 mM glycine and 2 mM cysteine hydrochloride, pH 10.5) to a final peptide concentration of 0.1 mM. The pH of this solution was readjusted to 10.5 to account for traces of residual TFA present in lyophilized peptides. This solution was then stirred while open to air at 4°C until reaction completion (usually overnight). After monitoring of the folding reaction by analytical HPLC to determine the extent of conversion, the pH of the solution was then lowered to ~2.0 with 5N HCl to neutralize the folding reaction. Folded peptide was then purified by preparative rp-HPLC using Waters 2545 Quaternary pumping system equipped with FlexInject. Chromatographic separations were performed on a C4 Proto (20x250 mm) 300 Å, 10 μm, Higgins Analytical Inc. column, using 25-50% solvent B (0.1% TFA in acetonitrile) in solvent A (0.1% TFA in H2O) over 35 minutes (min) at a flow rate of 20 ml/min with detection by UV absorption at 215 nm. Fractions containing clean peptide were pooled and lyophilized. Purity of the materials was confirmed by LCQ Advantage Ion Trap Mass Spectrometer System coupled to an Agilent 1100 Series HPLC system. Masses were obtained by online electrospray mass spectrometry. MS data shown were collected across the entire principal UV-absorbing peak in each chromatogram; LC-MS retention times and mass verification are given in Table S1.



Folding and Purification of [B19-A20]-SS DesDi Analogs

Purification of single-disulfide analogs was performed in a two-step process. First, the crude peptide was fully dissolved in pH 11 buffer in presence of excess DTT. The pH was then lowered to 8.0 before purification by semi-preparative rp-HPLC under alkaline conditions using 25 mM ammonium bicarbonate buffer (pH 8.0) and acetonitrile (60 min gradient of 20→50%) as eluents on a TRIART C18, 250 x 10mm 5μm, 120Å column. Fractions containing linear, fully reduced peptides were pooled and lyophilized. Folding was performed either using room air oxidation as described for N and N* analogs or utilizing cysteine-cystine redox pair. For the latter, peptides were dissolved in 20 mM glycine buffer (pH 10.5) at a final 0.1 mM peptide concentration followed by addition of 1:1 cystine/cysteine (2 mM each). Folding was allowed to proceed for 1 hour (hr), followed by purification by rp-HPLC using the same 20→50% acetonitrile elution gradient as described above. Collected fractions were pooled and lyophilized. When necessary, an additional purification using acidic RP-HPLC conditions was performed. Peptide purity was confirmed by analytical LC-MS as described for N and N* DesDi analogs above (LC-MS retention times and mass measurements are given in Table S1).



Two-Chain DesDi Conversion

In cases of three disulfide containing DesDi analogs, single-chain insulins were converted to two-chain version by Lys-specific enzyme. In a typical experiment, single-chain DesDi analog was treated with Endo Lys-C enzyme (65) in 25 mM Tris base, 100 mM urea buffer (pH 8.5) at 12°C water bath for 24 h. After analytical rp-HPLC indicated two-chain conversion (typically 60-80%), the reaction mixture was acidified and purified on semi-preparative rp-HPLC. Fractions containing clean protein were pooled, lyophilized and masses were confirmed by LC-MS.



Purification of Insulin Analogs

Wild-type human insulin and insulin lispro were purified from U-100 pharmaceutical formulations of Humulin® and Humalog® (Eli Lilly and Co.), respectively, using preparative rp-HPLC (C4 10μm 250×20mm Proto 300 Column; Higgins Analytical, Inc.) utilizing Buffer A (0.1% TFA in H2O) and a 10-min elution gradient of 20→70% Buffer B (0.1% TFA in acetonitrile). Following lyophilization of the collected protein fraction, purity was verified using analytical rp-HPLC (C4 5μm 250×4.6mm Proto 300 Column; Higgins Analytical, Inc.) with a 35-min elution gradient of 25→50% Buffer B; molar mass was verified with an Applied Biosystems 4700 Proteomics Analyzer utilizing MALDI-TOF in reflector mode; chromatographic retention times and mass measurements for these clinical analogs are given in Table S1.



Nuclear Magnetic Resonance (NMR) Spectroscopy

All spectra were acquired at a protein concentration of ~0.2 mM in 100% D2O (pD 7.4) at 35°C with a Bruker AVANCE 700-MHz spectrometer, as described (23). All chemical shifts were calibrated in parts per million (ppm) relative to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) as an internal standard. The spectrometer was equipped with 1H, 19F, 13C, 15N quadruple resonance cryoprobe.



CD Spectropolarimetry

Far ultraviolet (255-190 nm) CD spectra were obtained at high signal-to-noise for WT insulin, insulin lispro, and all [B19-A20], N and N* DesDi peptides (summarized in Figure 4) using a CD spectropolarimeter (Aviv-400 or Jasco J-1500) equipped with temperature control and an automated titration unit. Samples were prepared at a concentration of 20-70 μM protein in degassed potassium phosphate (10 mM KH2PO4/K2HPO4 with 50 mM KCl), brought to pH 7.4 with KOH, and placed in a parafilm-sealed 1-mm pathlength quartz cuvette. Automated macros were utilized that acquired full far-UV CD spectra (255-190 nm) in 2°C steps from 4°C to 40°C (plus 25°C and 37°C) with a wavelength resolution of 0.5 nm and 30 sec. photocount averaging time. Following this, spectra were acquired from 4-88°C in 4°C steps. To reduce acquisition time at high temperatures, ellipticity measurements made above 40°C included only wavelength sets of 254(± 1), 222(± 1) and 208(± 1) nm using a 0.5-nm wavelength resolution and 30-sec. detector averaging time. Buffer-only CD spectra were obtained using degassed buffer with no protein at temperatures of 4, 25 and 37°C using a 0.5-nm wavelength resolution and 90 sec. averaging time. The linear temperature dependence at all wavelengths of buffer-only spectra allowed interpolation and extrapolation of buffer-only spectra at any temperature. Extrapolated reference spectra were then subtracted from all CD spectra acquired at the same temperature. Estimates of secondary-structure content were obtained from normalized spectra acquired at 4, 25 and 37°C using the SELCON-3 algorithm packaged with the CDPro spectral analysis software (66–68).




Figure 4 | Far UV-CD and stability studies of three disulfide containing DesDi variants. (A, B) CD wavelength scans of samples (N) acquired at 25°C. (C, D) CD wavelength scans of N*-samples acquired at 25°C. In panels (A–D), left hand side represent single-chain data and right-hand side two-chain data. (E, F) Comparative CD-guanidine titrations of all three disulfide samples (solid lines are fits). Color legend: N (black), N* (green), SerB24 (blue) and N* ProA16 (maroon). ΔGu values obtained by titration curve fitting are presented in Table 1. All titrations were performed at 25°C, except for N (37°C), SerB24 (37°C) and N* (50°C) single-chain samples where higher temperature was used to enhance their unfolding transition.



The temperature dependence of protein folds was assessed by plotting the average of molar ellipticity values at wavelengths straddling the α-helix sensitive wavelength of 222 nm (i.e., 221-223 nm with 0.5-nm resolution) against temperature. The quantity resulting from averaging wavelengths 221-223 nm, , enhances signal-to-noise while ensuring that any difference in ellipticity that may be observed between sequential temperature steps is not confounded by random error.



Quantitation of Samples and Normalization of CD Spectra

CD samples were quantitated via reference-subtracted UV-Vis spectra acquired in 10 mM potassium phosphate (pH 7.4) with a UV-Vis spectrometer (Aviv Biomedical Inc., Lakewood, NJ) and a 3-mm quartz cuvette. Protein concentrations in potassium phosphate, [C]KPi, were calculated using absorbance at λ=280 nm and estimated extinction coefficients predicted by the online ExPASy ProtParam tool (69), which estimates molar absorptivity using the amino-acid sequence and cysteine sulfur oxidation states of each peptide. Calibration of these estimated extinction coefficients, which do not anticipate the effects of intramolecular dipole-dipole interactions in a folded protein, was achieved by quantifying [C]GuCl, the concentration of the same amount of protein in a buffer containing 8M guanidine hydrochloride, 10 mM potassium phosphate (pH 7.4) and 50 mM KCl; and then calculating a unique correction factor MG = [C]KPi/[C]GuCl for each sample. As DesDi protein samples containing all three native disulfide bridges do not fully unfold in 8M guanidine, extinction coefficients for N, N* and WT insulin were calibrated by determining amino-acid compositions of the samples from three cycles of N-terminal Edman degradation sequencing using an Applied Biosystems Procise 494 Sequencer. This approach was validated by the fact that calibration via UV-Vis spectroscopy with potassium phosphate buffer containing guanidine hydrochloride yielded the same correction factors for wildtype insulin. Percent error in the estimated extinction coefficient of WT insulin and insulin lispro was ~4% whereas that of N* and N was 9% and 24%, respectively. The predicted extinction coefficients of all 1SS peptides, which are mostly unfolded in zero denaturant (see Figure 4), had <0.5% deviation from the experimental value. CD spectra reporting molar ellipticity per residue, [Θ], were calculated by dividing raw ellipticities by the corrected protein concentration ([C]cal = [C]KPi/MG) and the number of amino acids, N, for each protein.



CD-Monitored Guanidine-Induced Unfolding Studies

Thermodynamic stabilities of all insulin peptides in 10 mM potassium phosphate buffer (pH 7.4) at 25°C were determined using guanidine hydrochloride titrations monitored by CD at the α-helix-sensitive wavelength 222 nm as described (23). Using non-linear least squares regression, plots of ellipticity vs. guanidine concentration were fit to a two-state unfolding model (70):



where ΔG is the Gibbs free energy of unfolding, C is guanidine concentration, R is the ideal gas law constant, T is temperature, and ΘA and ΘB are baseline ellipticity values reflecting the folded and unfolded state. Baseline ellipticities were calculated via simultaneous fitting of linear equations ΘA(c) = ΘA + mAc and ΘB(c) = ΘB + mBc as described (71).



GSH-GSSH Assay

1SS-peptides (50 μg, 45 μM final concentration) were treated with 25 mM reduced glutathione (GSH) and 5 mM oxidized glutathione (GSSH) in 200 μL buffer (20 mM sodium phosphate [pH 8.2] and 100 mM NaCl) and allowed to attain equilibrium at 25°C. After 3 hrs, an aliquot was acidified with 6 M guanidine hydrochloride in 0.1% trifluoroacetic acid and analyzed by analytical rp-HPLC using 5-65% solvent B (0.1% TFA in acetonitrile) in solvent A (0.1% TFA in water) over 23 min.



Proinsulin Constructs

Plasmids expressing full-length human proinsulin or variants were constructed by polymerase chain reaction (PCR). Mutations in proinsulin were introduced using QuikChange™ (Stratagene). Constructions were verified by DNA sequencing.



Mammalian Cell Culture and ER Stress Assays

Human embryonic kidney 293T cells were purchased from American Type Culture Collection and cultured in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin as recommended. Transfections were performed using Lipofectamine 3000 as described by the vendor (Invitrogen). Transfected HEK 293T cells were subjected to the Bio-Rad one-step real-time qPCR protocol. Readouts were provided by the up-regulation of ER stress markers CHOP and BiP. The gene expression values were normalized by the expression of the gene encoding glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as internal control. The mRNA abundances were measured in triplicate. In Western blot assay probing ER stress markers (72, 73), after 24 hr post transient transfection, cells were lysed by RIPA buffer (Cell Signaling Technology; CST). Protein concentrations in lysates were measured by BCA assay (Thermo) and subjected to 4-20% SDS-PAGE and WB using anti-pPERK. Anti-PERK, anti-BiP and anti-CHOP antibodies (CST) at a dilution ratio of 1:1000; GAPDH provided a loading control.



Rat Experiments

Animals were maintained in accredited facility of Case Western Reserve University School of Medicine. All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) office of the University. Animal care and use was monitored by the University’s Veterinary Services.



Measurement of the Glucose-Lowering Effect of Insulins in Diabetic Rats

Male Lewis rats (average body mass of ~300 g) were rendered diabetic by streptozotocin (STZ) as described (23). Insulin analogs were dissolved in Lilly® Diluent buffer with the specified dose and injected in 100 µL/300 g rat. Lispro insulin (KP) was diluted as appropriate in Lilly® Diluent buffer. Control rats received the appropriate volume of the Lilly buffer. For intravenous (IV) injection, rats were anesthetized in a chamber for 5 min using a mixture of 5% isoflurane and 95% oxygen. Following cleaning of the tail, rats were injected while under anesthesia using the lateral tail vein. For subcutaneous (SQ) experiments, rats were injected under the skin into the soft tissue in the posterior aspect of the neck. Following injection, blood glucose was measured using a small drop of blood obtained from the clipped tip of the rat’s tail using a clinical glucometer (EasyMax® V Glucose Meter, Oak Tree Health, Las Vegas, NV). Blood-glucose concentrations were measured at time t=0, and every 10 min for the first hr, every 20 min for the second hr, every 30 min for the third hr, and then each hr for the rest of the experiment.



Molecular Modeling

Structural ensembles were calculated by simulated annealing using XPLOR-NIH (74–76). A model of the one-disulfide proinsulin intermediate (containing cystine B19-A20; see Box 1) was generated using distance restraints pertaining to residues A16-A21 and B15-B26 as observed in an engineered proinsulin monomer (7). A similar modeling protocol was employed to generate ensembles for 1SS-DesDi variants; selected distance restraints were extracted from NOESY spectrum of an engineered insulin monomer (23). For the parent 1SS DesDi model, helix-related distance restraints were corroborated by NMR [see companion study (64)]. To allow for protein flexibility in these partial folds, upper bounds on long-range distance restraints were increased by 3 Å relative to NMR-derived bounds obtained in prior studies of insulin and proinsulin (7, 23).




Results

Eleven 49-residue peptides were prepared by solid-phase peptide chemistry (Figure 3); the red segments represent a peptide bond between residues B28 and A1. Seven peptides contained insulin’s canonical six cysteines with intended disulfide pairing indicated in gold (Figure 3A). As expected (50), peptide N and N* (DesDi and [AspB10, GluA8]-DesDi, respectively) underwent oxidative folding with high efficiency to yield a single predominant product (Table 1). DesDi’s foldability was decreased or blocked by the MIDY substitutions in order SerB24 (least perturbed relative to the N parent peptide) >> ProA16 = ProB15 (no folded product detected). Introduction of N* substitutions AspB10 and GluA8 rescued inefficient but detectable folding of ProA16-N* but not ProB15-N* (Table 1). Four 1SS model peptides were also synthesized (Figure 3B). Because these contain only two cysteines, disulfide pairing was efficient in each case, including in the presence of ProA16 and ProB15. Reverse-phase HPLC retention times and molecular masses are given in Table S1. Two-chain versions of N/N* analogs and the parent 1SS model peptide were obtained following enzymatic cleavage with Lys-C protease (50). Analytical rp-HPLC chromatograms and LC-MS profiles are provided as Figures S1–S15.


Table 1 | Folding yields of DesDi synthetic precursors and thermodynamic stabilities.



CD studies were conducted of the native-state analogs as single chains (left-hand panels in Figure 4) and on cleavage of the LysB28-GlyA1 peptide bond (right-hand panels in Figure 4).1 MIDY mutations SerB24 and ProA16 are each associated with reduced α-helix content (Table 2).2 The extent of perturbation was more marked in the case of ProA16, especially in the two-chain context (Figure 4D and Table 2, row 8 versus row 10). Thermodynamic stabilities were inferred from CD-detected guanidine denaturation studies (Figures 4E, F). Application of a two-state model provided estimates of free energies of unfolding (ΔGu; Table S1, column 3). In accordance with their relative susceptibilities to guanidine-induced unfolding, apparent by qualitative inspection of the denaturation data, ProA16 is more profoundly destabilizing than is SerB24. In each case imposition of the B28-A1 peptide bond enhances stability [which may rationalize its utility as a vehicle for oxidative folding (50)]. The two-chain ProA16 N* analog did not exhibit a cooperative unfolding transition, and so its stability could not be estimated by this method. The stabilities of corresponding ProB15 native state analogs could not be assessed due to absence of folded product. Functional studies of two-chain versions of SerB24-N demonstrated reduced but substantial activity in a rodent model of DM (Figure S16) in accordance with past studies (23, 61, 78). The two-chain derivative of ProA16-N* was inactive as was the two-chain derivative of the 1SS parent peptide.


Table 2 | CD-derived secondary-structure contentsa.



CD studies of 1SS analogs are shown in Figure 5 in relation to the parent 1SS model (labeled d in panel B), insulin lispro (labeled e in panel B) and native-state domains N and N* (respectively labeled f and g in panel B); for clarity, a color code is shown at bottom. Qualitative inspection of the far-UV spectra at 4, 25 and 37°C (Figures 5A–C) suggest rank order N* (most structured) > N > insulin lispro >> parent 1SS model > 1SS-SerB24 > 1SS-ProA16 > 1SS ProB15 (least structured). These inferences are in accordance with CD deconvolution (Tables 2A, B) and two-state thermodynamic modeling (Table 1 and Table S1). Of the 1SS analogs, only the parent model peptide exhibits, to a small extent, a cooperative thermal unfolding curve at low temperatures3 (Figure 5D) and possibly a cooperative guanidine-denaturation transition with ΔGu < 1 kcal/mole (Figures 5E, F and Table S1).




Figure 5 | Folding and thermodynamic stability of 1SS variants and controls. (A–C) CD wavelength scans of all 1SS variants, N, and N* acquired at (A) 4°C, (B) 25°C, and (C) 37°C. The weak temperature dependence of each secondary structure is visualized with (D) a plot of 〈[θ]222±1nm〉 versus temperature. (E, F) Comparative CD-guanidine titrations of insulin lispro and all 1SS samples (solid lines are fits). Color legend: insulin lispro (orange), N* (green), N (black), 1SS-WT (purple), 1SS-SerB24 (blue), 1SS-ProA16 (brown) and 1SS-ProB15 (red). ΔGu values obtained by titration curve fitting are presented in Table 1 and Table S1. To enhance their unfolding transition, N and N* titrations were performed at 37°C and 50°C, respectively; all other titrations were performed at 25°C.



We imagine that the 1SS peptides exist as a conformational equilibrium between a disulfide-tethered random coil (at left in Figure 6A) and a collapsed conformation in which nascent α-helical structure occurs in the B domain (residues B9-B19; helix α1 in insulin and proinsulin) and A domain (A12-A18; helix α3 in insulin and proinsulin). Diffusion-collision of these nascent helices creates a molten proto-core engaging (in the parent model) LeuB11, ValB12, LeuB15, ValB18, PheB24, TyrB26, LeuA16 and TyrA19 in the neighborhood of internal cystine B19-A20. This scheme envisions that this molten-core functions as proinsulin’s specific folding nucleus (51) and is destabilized by the MIDY mutations but to different extents. Evidence supporting this hypothesis was provided by one-dimensional 1H-NMR spectroscopy (Figure 6B). Whereas native state analogs (single-chain N* and two-chain N*) exhibit marked chemical-shift dispersion as expected of native globular domains, such dispersion is attenuated among the 1SS analogs in order N* > parent 1SS model > 1SS-ProA16 > 1SS-ProB15. Preservation of chemical-shift dispersion in the proto-core of the parent 1SS peptide is remarkable, as evident by the upfield chemical shifts of aromatic resonances (PheB24, TyrB26 and TyrA19) and aliphatic resonances (LeuB11 and LeuB15). Qualitative interpretation of the NMR spectrum of SerB24 native state and 1SS analogs was confounded by the absence of the diamagnetic ring-current field of PheB24, a major source of chemical-shift dispersion in native insulin (79). These NMR features are investigated further by two-dimensional heteronuclear NMR in our companion study with focus on 13Cα and 1Hα secondary NMR shifts (64).




Figure 6 | Folding pathway of proinsulin model and NMR spectroscopy. (A) Model of proinsulin’s specific folding nucleus based on single-chain 1SS-DesDi analog. Initial pairing of B19-A20 disulfide in combination with the formation of two-helices (B9-B19 and A12-A20) are considered to be central events in the formation of folding nucleus. Dotted lines represent disordered regions. Larger circles represent the AspB10 and GluA8 substitutions. Key residues are highlighted by their sequence position [panel modified from reference (51)] (B) Stack plot of 1D 1H-NMR spectra of DesDi insulin analogs: aromatic (left panel) and methyl (right panel) region. (a) two-chain DesDi (N*’). Selected resonance assignments are as indicated in the top of signals. The well-resolved methyl resonances are indicated as a: LeuB15 δ1-CH3; b: IleA2 δ1-CH3; c: IleA10 δ1-CH3; d: LeuB15 δ2-CH3; e: IleA2 γ2-CH3; f/g: IleA2 γ2-CH3 and LeuB11 δ1-CH3; h: LeuB11 δ2-CH3; (b) single-chain DesDi (N*). The arrow indicates broadening signal of LeuB15 δ1-CH3. (c) single-chain DesDi model with one disulfide bond at [B19-A20]. CysA6 and CysA11 were replaced by alanine, and CysA7 and CysB7 were mutated by serine. The 1SS model exhibits a spectral property of native-like insulin as observed in the aromatic region and in the upfield-shifted methyl region (far right). Selected resonance assignments are as indicated in the top of signals. The well-resolved methyl resonances are indicated as i: LeuB15 δ1-CH3; j: LeuB11 δ1-CH3; k: LeuB15 δ2-CH3 and l: LeuB11 δ2-CH3. (d) single-chain 1SS-SerB24 analog. (e) single-chain 1SS-ProA16 analog and (f) single-chain 1SS-ProB15 analog. Aromatic and methyl resonances of signature residues for three 1SS variants shifted to downfield, as well as exhibited a reduction in chemical-shift dispersion. Spectra were acquired at pD 7.4 (direct meter reading) at 35°C in D2O.



The relative stabilities of the 1SS proto-cores, although inaccessible to guanidine denaturation studies (above), were instead probed by resistance to reduction at equilibrium in a defined redox buffer (25 mM reduced glutathione and 5 mM oxidized glutathione). Initial solutions contained only the disulfide-constrained peptides and were allowed to come to equilibrium as monitored by serial rp-HPLC chromatograms; representative steady-state chromatograms are shown in Figure 7A. Quantitation of the surviving disulfide-constrained elution peaks (arrows in Figure 7A) indicates a rank order of redox stability parent 1SS model (most stable) > 1SS-SerB24 > 1SS-ProA16 >> 1SS-ProB15 (least stable; histogram in Figure 7B). This trend is in accordance with effects of these mutations on native state DesDi folding yields (Table 1) and relative α-helix contents of the 1SS models (Figure 7C). Encouraged by this coherence, we speculate that the relative native state folding yields mirror the efficiency of initial closure of cystine B19-A20, in turn dependent on diffusion-collision of the proposed α-helical proto-core.




Figure 7 | Determination of equilibrium ratios of 1SS analogs in redox buffer containing glutathione reduced (GSH) and glutathione oxidized (GSSH) in 5:1 ratio. (A) Reverse-phase HPLC profiles of the equilibrium reaction mixtures after 3 h at 25 °C. Downward arrow indicates the remaining amount of polypeptide (in oxidized state) and asterisk (*) indicates the fully reduced polypeptide. Glutathione adducts were seen intermediate of the oxidized and reduced peaks. (B) Bar graph showing percentage remaining unreduced 1SS-polypeptides in the GSH-GSSH redox equilibrium buffer. (C, D) Correlations between the stability of 1SS-peptides in redox buffer with other biophysical and biological parameters reflects the same trend as the clinical severity of these mutants. Plots showing the amount of remaining unreduced 1SS-peptides correlates with their CD α-helical content (C) and ER-stress levels in a cell-based assay (D).



In an effort to connect the above chemical and biophysical properties to cell biology—and ultimately to the pathophysiology of the MPS in patients—we undertook studies of ER stress induced by transient expression of wild-type or mutant proinsulins in a human kidney-derived embryonic cell line readily grown in culture and amenable to transient transfection (HEK 293T cells). Although not related to β-cell lineages, Arvan and colleagues have shown the utility of these cells in studies of proinsulin biosynthesis (Figure 8A) (11). ER stress was probed through Western-blot studies of the pPERK/PERK ratio, induction of ER chaperone BiP (a member of the HSP70 family), and ER-stress-responsive transcription factor CHOP (Figure 8B). Changes in these markers (relative to the wild-type proinsulin baseline; horizontal dashed line in Figure 8B) are shown in Figures 8C (BiP on left and CHOP on right). The rank order of ER stress was ProB15 (highest ER stress) > ProA16 > SerB24 > WT > empty vector control. This pattern parallels the sensitivity of the 1SS models to reduction in a defined redox buffer (Figure 7D), 1SS α-helix contents (Figure 8D) and native-state DesDi folding yields (Figure 8E). Such extensive correlations provide evidence that the biophysical and biochemical properties of DesDi 1SS and native-state peptides relate to the pathophysiology of proinsulin biosynthesis in the ER of a human cell.




Figure 8 | Proinsulin mutants induce ER stress. (A) Schematic picture shows that the induced ER stress would be regulated by the expression of different proinsulin variants. Proinsulin variants give rise to accumulation of unfolded protein in the ER resulting in the phosphorylation of PERK and induction of ISR. As common markers, CHOP is a downstream response of the ISR and BiP is a chaperon, which would exhibit increased expression. Western blot was applied to test the protein levels of p-PERK and the accumulations of BiP and CHOP in panel (B) The transcription responses of these two ER stress markers were monitored by qPCR assay in panel (C). (B) Western-blot assays probing the ER stress markers including p-PERK/PERK, CHOP, and BiP. A total of 3 blots provided ER stress markers: (i) p-PERK alone (due to a specific protocol requirement for antibody), (ii) PERK and GAPDH and (iii) BiP and CHOP. Samples were obtained from the same lysate. WT proinsulin induces low ER stress. Representative gel images (above) shows the WB results and the histogram (bottom) presents the quantification of the WB signals (n=3, biological replicates). (C) Real-time qPCR assay probing the transcription responses of BiP and CHOP genes induced by WT (purple) and variants of proinsulin. Gene markers for ER stress were significantly activated by the expressions of ProB15 (red) and ProA16 (brown) variants but not the SerB24 (blue) proinsulin. Endogenous extent of GAPDH mRNA is applied as internal control to normalize the quantitative analysis of PCR gene expression. Asterisks (*) and (**) indicate p-value < 0.05 and < 0.01. The “ns” indicates p-value > 0.05 (ns - not significant). (D, E) Plots show the relationship between cellular ER stress activation and biophysics phenomena. (D) The plot shows the relationship between extents of fold of activated ER stress associated with different proinsulin variants (X-axis; using the representative ER stress marker pPERK/PERK ratio) and their percentage of helix contents evaluated by CD (Y-axis). (E) Plot showing the result of activated cellular ER stress correlating to the synthetic yield of these analogs in a three-disulfide containing DesDi model. N* indicates AspB10 and GluA8 substitutions that are used to rescue the folding in those cases.





Discussion

How proteins fold and misfold define key problems at the intersection of biophysics, cell biology and medicine (80). The mutant proinsulin syndrome highlights the importance of foldability in the process of insulin biosynthesis (81). Mutational impairment of native disulfide pairing in the ER of pancreatic β-cells leads to ER stress, β-cell dysfunction and eventual death (17, 18). This syndrome ordinarily exhibits genetic dominance, implying that misfolding of a variant proinsulin impairs bystander biosynthesis of wild-type proinsulin (19). This monogenic diabetes syndrome thus illuminates structural determinants of specific disulfide pairing (20) and folding efficiency as an implicit evolutionary constraint (23). The present study sought to develop a peptide model of a one-disulfide proinsulin folding intermediate as a general platform for studies of a mechanistic subclass of MIDY mutations: those that impair the nascent conformational search leading to initial pairing of CysB19 and CysA20, an early step in biosynthesis (8, 24). We exploited this platform to investigate three clinical mutations, two with neonatal onset [ProB15 and ProA16 (82, 83)] and one with onset in early adulthood [SerB24 (11, 61, 62)]. The present study extends the use of peptide models of protein-folding intermediates (see Box 1 (25)] to investigate the molecular pathogenesis of a monogenic syndrome of toxic protein misfolding.

Our peptide model is a 49-residue “mini-proinsulin” based on the DesDi framework as developed by DiMarchi and colleagues to optimize the efficiency of disulfide pairing in an enzyme-cleavable synthetic precursor (50). This framework contains B-chain residues B1-B28 followed by A-chain residues A1-A21. Its LysB28-GlyA1 peptide bond (cleavable by protease Lys-C) enables productive folding even of mutant insulins otherwise refractory to classical insulin chain combination (50), presumably by constraining the orientation of A- and B-chain residues to stabilize a specific folding nucleus. We obtained a one-disulfide model through pairwise substitutions of cystines B7-A7 (by serine) and A6-A11 (by alanine). Choice of Ser or Ala was determined by solvent exposure of these disulfide bridges in native insulin (60). Nascent structure in the 1SS model, presumably stabilized by the B28-A1 peptide bond, was further favored by helicogenic substitutions HisB10→Asp (58) and ThrA8→Glu (59). Their additional negative charges were also intended to enhance solubility and mitigate the propensity of partial folds to aggregate via exposed nonpolar surfaces. In native state DesDi analogs introduction of these acidic side chains rescues the folding of a ProA16 analog, albeit in small yield. ProB15 blocks folding of DesDi even in the presence of AspB10 and GluA8. Insight into even such deleterious mutations can nonetheless be obtained through studies of corresponding 1SS peptide models.

We have characterized the above three clinical mutations in both native state and 1SS contexts. Physico-chemical properties included oxidative folding yield, nascent structure (including CD-defined α-helix contents), stability to chemical denaturation, and stability to reduction under defined redox conditions. A consistent trend in rank order of perturbations was observed: wild-type > SerB24 >> ProA16 > ProB15 (grossly perturbed). Although CD provides only a low-resolution structural probe, the wealth of prior information (including NMR studies of insulin, proinsulin and homologous growth factors) enables construction of molecular models (Figure 9). Intended as working hypotheses, these models highlight the following predicted features:

	Parent ensemble. The overall conformation is globular as a partial fold, stabilized by the confluence of a central B-domain α-helix (green ribbon in Figure 9A) and C-terminal A-domain α-helix (magenta ribbon). The mini-core contains a native-like cluster of nonpolar and aliphatic side chains (LeuB11, ValB12, LeuB15, ValB18 and LeuA16) near cystine B19-A20, extended by packing of a nascent C-terminal B-domain β-strand (PheB24 and TyrB26).

	SerB24 ensemble. Substitution of PheB24 by Ser would replace aromatic packing against ValB12, LeuB15 and CysB19 by a small hydrophilic side chain. Our model posits substantial retention of the parent α-helices but with increased flexibility in the N-terminal portion of the B-chain α-helix due to loss of stabilizing PheB24-ValB12 and PheB24-LeuB15 as well as transmitted destabilization of corresponding long-range TyrB26 contacts.

	ProA16 ensemble. Proline has low intrinsic helical propensity (84). Accordingly, substitution of LeuA16 by Pro would be expected to destabilize the nascent A-domain α-helix and perturb its packing against the B domain. Our model posits substantial retention of the parent B-domain super-secondary structure but with increased flexibility in these elements and as broadly transmitted in the globule.

	ProB15 ensemble. Substitution of LeuB15 by Pro would likewise be predicted to destabilize the nascent B-domain α-helix and also introduce multiple long-range perturbations, both to the C-terminal B-domain β-strand (PheB24 and TyrB26) and within the mini-core. Our model posits N-terminal shortening of both B- and A-domain α-helices in accordance with CD spectra (Figure 5 and Table 2B). These segmental and long-range perturbations would be associated with a global enhancement of conformational fluctuations.






Figure 9 | Predicted conformational ensembles of one-disulfide peptide analogs. (A) parent model; (B) SerB24 variant; (C) ProA16 variant and (D) ProB15 variant. The ensembles were generated by restrained molecular dynamics using the XPLOR-NIH software (75, 76) and visualized by PyMol (https://sourceforge.net/projects/pymol/). Nascent α-helices in the central segment of the B domain and C-terminal segment of the A domain are respectively shown in green and magenta (box at bottom); predicted helix lengths differ depending on the mutation in accordance with corresponding CD spectra (see Figure 5 and Table 2B).



Together, our experimental findings and molecular modeling are in accordance with genotype-phenotype relationships as SerB24 (only mildly perturbed in the peptide model) is associated with adult-onset disease (MODY) whereas the more severe Pro substitutions are associated with neonatal onset (PNDM). A direct connection between chemistry and biology was further suggested by correlations between our synthetic and biophysical findings and assays of ER stress induced by the corresponding proinsulin variants in a human cell line. Such coherence among diverse probes validates the present peptide model as a general platform for mechanism-based studies of MIDY mutations mapping near cystine B19-A20. In our companion study in this issue (64), we describe more detailed two-dimensional NMR studies in an effort to deepen the biophysical characterization of this platform. These findings validate major features of the parent model depicted in Figure 9A.

Pairing of CysB19 and CysA20 represents only a first step in a complex choreography of disulfide pairing leading to the native state (Figure 1C). Indeed, many MIDY mutations map outside of the present folding nucleus as exemplified by substitutions at positions B5, B8 and A4 (18, 20). We envisage that in the future peptide-based strategies can be extended to two-disulfide models that encompass such additional MIDY mutations. Together, reductionist approaches promise to dissect molecular events that underlie aberrant disulfide pairing in a monogenic disease of toxic protein misfolding (17, 18). The evolution of wildtype insulin at the edge of foldability (23) suggests that such studies may inform baseline mechanisms of β-cell ER stress in the natural history of non-syndromic Type 2 DM. Structural lessons of the mutant proinsulin syndrome (20) thus promise to uncover a new layer of understanding in deciphering the informational content of insulin sequences (60). This layer, although of only fleeting importance in biosynthesis and hidden once the native state is reached, may nonetheless underlie the phenomenon of β-cell “exhaustion” in Type 2 DM.

Peptide models can facilitate analysis of protein folding by reducing to a minimum the complexity of a globular protein architecture. In favorable cases such simplification can enable critical determinants of folding efficiency to be dissected. We nonetheless caution that such models can be a double-edged sword: the same simplification can lead other structural contributions to foldability (or kinetic obstacles) to be overlooked. In the present case omission of proinsulin’s C domain is likely to introduce offsetting advantages and disadvantages. On the one hand, 1SS DesDi exhibits a surprising richness of structure amenable to high-resolution NMR study (64). On the other hand, insertion of the long and flexible C domain, which impairs the in vitro refolding efficiency of single-chain insulin analogs, may allow a broader set of native and non-native disulfide bridges to be formed (8), some as off-pathway kinetic traps (43, 85, 86). Further, the present model pertains to only a subset of clinical mutations; other models may be required to investigate mutations distant from cystine B19-A20. These caveats notwithstanding, the complex biophysical chemistry of disulfide pairing in proinsulin, considered in its entirety, poses a foundational problem in protein science, central to the pathogenesis of β-cell dysfunction as a pandemic disease of civilization.
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Footnotes

1Normalized CD spectra are unaffected by changes in peptide concentration in the 20-90 μM range.

2CD -based estimates of secondary structure content are in good agreement with published values based on SELCON-3 deconvolution (77).

3For single-chain N and N* parent domains, their limited temperature dependence of in the range 4-40°C correlates with enhanced folding efficiency and increased thermodynamic stability.
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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.




Keywords: hypoglycemia, glucokinase, congenital hyperinsulinism, hyperplastic islets, MODY



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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Monogenic forms of diabetes mellitus may affect a significant number of patients of this disease, and it is an important molecular cause to be investigated. However, studies of the genetic causes of monogenic diabetes, especially in populations with mixed ethnic backgrounds, such as the one in Brazil, are scarce. The aim of this study was to screen several genes associated with monogenic diabetes in fifty-seven Brazilian patients with recurrence of the disease in their families and thirty-four relatives. Inclusion criteria were: Age of onset ≤ 40 years old, BMI < 30 kg/m², at least two affected generations and negative anti-GAD and anti-IA2 antibodies. MODY genes HNF4A, GCK, HNF1A, HNF1B, NEUROD1, KLF11, PAX4, INS, KCNJ11, and MT-TL1 were sequenced by Sanger sequencing. We identified a total of 20 patients with variants, 13 GCK-MODY, four HNF1A-MODY, and one variant in each of the following genes, HNF4A, HNF1B and MT-TL1. Segregation analysis was performed in 13 families. Four variants were novel, two in GCK (p.(Met115Val) [c.343A>G] and p.(Asp365GlufsTer95) [c.1094_1095insGCGA]) and two in HNF1A (p.(Tyr163Ter) [c.489C>G] and p.(Val380CysfsTer39) [c.1136_1137insC]). Here we highlight the importance of screening for monogenic diabetes in admixed populations.




Keywords: monogenic diabetes, MODY, mitochondrial disease, genetic diagnosis, rare disorders, variants



Introduction

Diabetes is a clinically and genetically variable group of metabolic diseases characterized by hyperglycemia. It is estimated that monogenic forms of DM represent approximately 2% of cases with early onset diabetes (1, 2). These patients are frequently undiagnosed or misclassified as having type 1 DM (T1DM) or type 2 DM (T2DM). Monogenic diabetes includes different types of the disease: Neonatal diabetes mellitus (NDM) is a rare form of diabetes, characterized by the onset before six months of life (3). Mitochondrial diabetes, caused by a single alteration in the MT-TL1 gene in mtDNA, in most cases by the m.3243A>G (4). And the most common form of monogenic diabetes, which is the Maturity-Onset Diabetes of the Young (MODY).

MODY is classically defined as a mild diabetes with autosomal dominant inheritance, early age at onset and impaired insulin secretion. In some cases, there is no insulin dependence (5). Since its first clinical description, variants in fourteen genes (HNF4A, GCK, HNF1A, PDX1, HNF1B, NEUROD1, KLF11, CEL, PAX4, INS, BLK, ABCC8, KCNJ11 and APPL1) were described associated to this condition, presenting phenotypic, metabolic and genetic heterogeneity [review in (6)]. However, variants in BLK, KLF11 and PAX4 genes have been recently been challenged as causes of MODY (7). The frequency of variants in each gene is variable, according to the genetic background of the population and the methodology applied. In this study, we aimed to screen for variants in nine important genes associated to MODY, and the mitochondrial MT-TL1, in a sample with clinical characteristics of monogenic diabetes from Rio de Janeiro, Brazil to understand the contribution of each one of these genes in this cohort.



Materials and Methods


Patients

In this cross-sectional observational study were included patients who were treated at the Clementino Fraga Filho University Hospital and at the State Institute for Diabetes and Endocrinology Luiz Capriglione, from Rio de Janeiro, Brazil and their relatives. The inclusion criteria were patients with age at diagnosis (AAD) equal or less than 40 years old; positive family history of DM in at least two other generations in the family, or two or more first degree relatives at the same side of the family; and negative anti-GAD (Glutamic Acid Decarboxylase) and anti-IA2 (Islet Antigen 2) antibodies. The exclusion criteria were patients with T1DM with positive antibodies, obesity (Body Mass Index [BMI] ≥ 30 kg/m² or ≥ 95th percentile at AAD), history of diabetic ketoacidosis at diabetes onset, clinical signs of insulin resistance and presence of secondary causes the disease. Patients were divided into two groups, GCK or HNF1A, according to their clinical manifestation, since these two genes represents together the major cause of MODY. The GCK group (tested for the GCK gene) comprised patients most often asymptomatic that presented mild fasting hyperglycemia since birth ranging from 100 to 154 mg/dL, increase in glycaemia < 54 mg/dL after 75 g anhydrous dextrose and HbA1c < 7.5% (58 mmol/mol); and a evolutionarily stable disease (even without antidiabetic drugs); the remaining patients were included in HNF1A group (tested for the HNF1A gene).

Medical records were reviewed and participants were interviewed in order to obtain the following clinical information: AAD, duration of the disease, familiar history of DM, current and previous treatment, anthropometric measurements (height, weight and BMI), blood pressure, laboratory blood tests (Fasting Plasma Glucose [FPG], HbA1c, anti-GAD, anti-IA2, C-reactive protein [CRP], thyroid-stimulating hormone [TSH], free thyroxine 4 [Ft4], thyroid anti-peroxidase [TPO]), and presence of retinopathy, nephropathy, neuropathy and renal cysts. This study protocol was approved by The Ethics and Research Committee of the Clementino Fraga Filho University Hospital (CAAE n° 04232512.4.0000.5257) and by the State Institute for Diabetes and Endocrinology Luiz Capriglione (CAAE n° 04232512.4.3001.5266). All participants were informed about the aim of this study and provided a written informed consent.

Nineteen probands were enrolled in GCK screening and 16 were studied for HNF1A. In addition, twenty-one negative patients for HNF1A and one patient negative for GCK, previous reported by our group (8), were included for the screening of the other MODY genes. All negative patients for GCK variants were analyzed for HNF1A gene. After GCK and HNF1A sequencing, 40 patients with no detected variants were screened for mutations in HNF4A, HNF1B, NEUROD1, KLF11, PAX4, INS, KCNJ11 and MT-TL1. A total of 34 relatives from 13 families were recruited 40 - 2.5%) (8 men and 16 women; average age 36.3 ± 20.7 years, ranging from 0 to 74 years), in which 21 presented DM and 13 did not report hyperglycemia. In total, 57 Brazilian probands were studied (Table 1). The study sample formation is show in the Figure 1.


Table 1 | Clinical description of the sample studied.






Figure 1 | Flow diagram of the sample tested in this study. The untested patients included 19 patients in the GCK-MODY group and 16 patients for being tested for HNF1A variants. We found 13 GCK carriers and 4 patients with HNF1A-MODY. The 6 GCK negatives probands were screened for HNF1A variants and they were all negatives. This study also included a cohort previously search for variants in in the HNF1A gene (21 patients) with negative results; and one patient negative for both genes. Forty patients presented no variant in the two major genes (GCK and HNF1A) and were tested for HNF4A, HNF1B, NEUROD1, KLF11, PAX4, INS, KCNJ11 and MT-TL1, resulting in the identification of three patients with variants.





Molecular Genetic Analysis

Genomic DNA from the probands was isolated from peripheral blood leukocytes using QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) and the genomic DNA from their relatives was collected and extracted from buccal epithelial cells according to the protocol in the literature (9). Primers were designed for all coding regions of 10 genes (HNF4A, GCK, HNF1A, HNF1B, NEUROD1, KLF11, PAX4, INS, KCNJ11 and MT-TL1) using Primer3Plus software (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The information of the primers, PCR reagents and cycling conditions were summarized in Supplementary Table S1. PCR products were purified by ExoSAP-IT® Reagent (Applied Biosystems, Vilnius, Lithuania), followed by Sanger sequencing reaction using the Big Dye Terminator Kit v3.1 (Applied Biosystems, Austin, TX, USA), conducted on an ABI 3130 Automatic Genetic Analyzer (Applied Biosystems). For variants considered to be likely pathogenic, orthogonal methodology was executed, including re-extraction of the sample, testing and sequencing of the forward and reverse strands of the area of interest a second time, and sequencing of the exon containing the variant identified in family members samples.



Classification of Variants

Previous occurrence of all variants identified were checked in the follow public databases: PubMed, Clinvar, dbSNP (https://www.ncbi.nlm.nih.gov/), HGMD (http://www.hgmd.cf.ac.uk/ac/), gnomAD (https://gnomad.broadinstitute.org/) and the Online Archive of Brazilian Mutations (ABraOM; http://abraom.ib.usp.br/) (10). We classified the variants identified by our group according the published criteria of pathogenicity of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP) (Richards et al., 2015) available on VarSome (https://varsome.com/) (11).

Variant nomenclature followed the recommendations by the Human Genome Variation Society (http://www.hgvs.org/mutnomen/). Mitochondrial DNA nomenclature followed the Revised Cambridge reference sequence (rCRS) (http://www.mitomap.org/MITOMAP/HumanMitoSeq). Polymorphisms or synonymous variants reported are not included in this study. Variants not described in databases or published in scientific articles were referred as novel.



Bioinformatics Analysis

The potential impact of the identified variants was tested by calculating prediction scores using eight prediction software: MutPred, FATHMM (v.2.3), VEST (v.4.0), SIFT, PolyPhen-2, Mutation Taster, PROVEAN, and Mutation Assessor. Conservation scores were calculated by five software: LRT, GERP++, SiPhy, PhastCons, and PhyloP. Revel was also used to scores of these thirteen software. All analysis were done by the Ensembl Variant Effect Predictor (VEP) and the results were retrieved from the dbNSFP.

More details of each software are present in Supplemental Information.




Results


Molecular Screening Findings

In the present study, we identified 20 patients with variants in our cohort: thirteen patients with variants in the GCK 40 - 2.5%) (3/19 - 68.4%), four patients with variants in the HNF1A (4/16 - 25%) and one variant in each of the following genes HNF4A, HNF1B and MT-TL1 40 - 2.5%) (/40 - 2.5%) (Table 2; Supplementary Figure S1). Clinical characteristics of the patients with variants described by our group are presented in Supplemental Table 2. We did not observe any variants in KCNJ11, KLF11 and INS genes. Concerning the segregation study, 24 individuals from the 34 relatives showed the variant described in this study present in the probands. Among them, 20 individuals presented DM. Four relatives with variants in the GCK gene did not report DM at the moment of this study. Among the remaining ten relatives, one reported DM. Segregation analyses are shown in the Figure 2.


Table 2 | Variants identified in the Brazilian sample described by our group.






Figure 2 | Pedigree of families with variants in genes associated to monogenic diabetes. Filled black symbols, grey symbols and empty symbols represent diabetic patients, impaired tolerance glucose patients and healthy individuals, respectively. Small black circles represent miscarriage [(J), individual IV-2; (M), individuals IV-2 and IV-4]. The present age of the individuals are show in blue and age at diagnosis in green, both are represent in years or months (m) when the age is followed by the (M). Genotypes are expressed by homozygous normal allele (NN) and heterozygous mutated allele (MN) in red. Oblique lines through symbols represent deceased individuals. An arrow indicates the index case. In the pedigree 75 (C) < 25 indicates that the AAD was prior to the AAD usually observed for clinical criteria for MODY. In the pedigree 58 (I) the age of the individual II-5 was informed to be approximately (~) 50 years old. In the pedigree 23 (M) the family reported that the subject III-2 was diagnosed with MODY, although we are not able to confirm this information.





GCK-MODY (OMIM # 125851)

GCK screening showed 11 different variants in 13 probands: seven men and six women. Two of the observed GCK variants were novel, the p.(Met115Val) (c.343A>G) and the p.(Asp365GlufsTer95) (c.1094_1095insGCGA); variant p.(Met115Val) was reported in gnomAD (Frequency: 0.00001193), however, no phenotype characteristics were available. The missense p.(Met115Val) variant was observed in a female patient (P46) (Figure 2E; individual III-3) diagnosed in her first pregnancy at the age of 25 years. This variant was observed segregating from her father (Figure 2E; individual II-2) with diabetes and was found in her two brothers (Figure 2E; individuals III-1 and III-2). The patient P55 (Figure 2G; individual II-3), harboring the frameshift p.(Asp365GlufsTer95) variant, was diagnosed at 26 years of age in a routine exam (BMI at diagnosis: 22.3 kg/m²). At the age of 32 years, when he entered in this study, he showed FPG varying from 109 to 128 mg/dL and HbA1c of 6.1% and he was controlling his hyperglycemia with diet. This variant was also observed in his father (Figure 2G; individual I-1) diagnosed at 40 years old and in his 5-year-old son (Figure 2G; individual III-3), diagnosed at birth. His son was born prematurely, before 32 weeks of gestation. Both, the proband and his son, control their glycemic level with nutritional diet.



HNF1A-MODY (OMIM # 600496)

Among the 16 patients screened for HNF1A, four presented variants, one man and three women. The screening of HNF1A revealed two novel variants, one frameshift, p.(Val380CysfsTer39) (c.1136_1137insC), and one nonsense, p.(Tyr163Ter) (c.489C>G). They were absent in gnomAD and ABraOM population databases. The p.(Val380CysfsTer39) frameshift variant was found in a patient (P56) diagnosed at 35 years, with a BMI at diagnostic of 28.2 kg/m². At the time of this study, at the age of 36 years (BMI: 25.3 kg/m²), she showed a FPG of 133 mg/dL and HbA1c of 6.9%, (TSH 0.73 mIU/L; Ft4 of 1.4 ng/dL). She has been treated with alogliptin (25 mg/day). She reported eight family members with DM: her father and her mother (AAD: 30 and 50 years old, respectively), one brother (AAD: 40 years old), two sisters (AAD: 32 and 36 years old), two nieces and one nephew with AAD before the age of 25 years. The family members were not available to participate in our study. The novel nonsense p.(Tyr163Ter) variant was observed segregating from the patient P52 (Figure 2K; individual II-2) to her daughter (Figure 2K; individual III-1). The patient AAD was 15 years old. She presented polyuria, polydipsia and weight loss. Glyburide was initiated and she maintained good glycemic control for almost 26 years and at the age of 41 years, her treatment was switched for insulin (NPH and Regular) and Metformin XR (2000 g/day). At the time of this study, at the age of 49 years, she had a BMI of 25.8 kg/m², and HbA1c of 8.34%. She presented retinopathy and hypertension. The patient had continued the treatment with insulin (0.76 U/kg/day), and Metformin XR (2000 g/day) and gliclazide was started (60 mg/day). The patient’s daughter was diagnosed at 15 years old and has been treated with gliclazide (120 mg/day) and insulin (30 U/day).



HNF4A-MODY (OMIM # 125850)

A nonsense variant in the exon 4 of HNF4A, p.(Arg163Ter) (c.487C>T) was found in a woman (P23), the AAD was 19 years in a routine exam (BMI at diagnosis: 20 kg/m²) (Figure 2M; individual II-2). At the age of 49 years, she presented a FPG of 294 mg/dL, managed with OAD (Glimepiride 4 mg/day) and, at the age of 53 years, she was initiated on insulin therapy. The variant segregated to her daughter (Figure 2M; individual III-3), with AAD of 9 years old, and FPG of 125 mg/dL. The proband’s daughter has 24 years of diagnosis and presents polyneuropathy, renal insufficiency and retinopathy, and has been treated with insulin therapy (10 U/day) with poor glycemic control. The proband’s daughter gave birth to a baby (Figure 2M; individual IV-1) with congenital heart malformation who died with three months of life. Later she also had two miscarriages (Figure 2M; individuals IV-2 and IV-4) and two children (Figure 2M; individuals IV-3 and IV-5). Her son (Figure 2M; individual IV-5) was born with birth weight of 1.400 g and breathing problems. The children and their fathers were not available for testing. The proband’s younger daughter (Figure 2M; individual III-5) also presents DM, diagnosed at the age of 10 years old. However, she was not available for test.



HNF1B-MODY (OMIM # 137920)

The screening of the entire coding region of HNF1B showed a nonsense variant in the exon 4, p.(Arg276Ter) (c.826C>T). The patient (P65) is a woman of 19 years old, clinically diagnosed with T1DM at 14 years old with symptoms of decompensated diabetes (at diagnosis: FPG > 500 mg/dL; BMI 23.6 kg/m²). At the moment of this study, she presented a BMI of 21.9 kg/m², a HbA1c of 12.1%, and she was on insulin therapy (1.7 U/kg/day). The patient was initiated on insulin therapy since her diagnosis and presents no complications of DM; she reports nephrolithiasis. Furthermore, it was informed that her father, uncle and grandfather had DM, and both her uncle and grandfather deceased in young age from DM complications.



MT-TL1 (OMIM * 590050)

The variant m.3243A>G in the MT-TL1 gene was identified in a male patient (P26) with clinical diagnosis of T1DM at 28 years old (BMI at diagnosis: 21.9 kg/m²). At entry in the study, he was 30 years old, showing an HbA1c of 5.6%, FPG of 116 mg/dL (2-hour postprandial glucose: 145 mg/dL), plasmatic fasting insulin of 5.1 mcU/mL (postprandial insulin: 17.7 mcU/mL) and C-peptide of 2.1 ng/mL. He reported that his mother, father and eight siblings had DM. He did not show any sensorineural hearing loss. At the age of 37 years, he has been treated with insulin (0.12 U/kg/day) and gliclazide (60 mg/day). His family was not available for testing.



Bioinformatics Analysis

The 16 different variants identified in genomic DNA in this study were evaluated through in silico predictions algorithms. All ten missense variants were predicted as pathogenic at least for seven of the nine programs used to predict the pathogenicity. Besides, they were predicted as conserved at least for three out of four conservation predictions algorithms (Supplemental Table S3). According to the ACMG classification of pathogenicity, from the 16 variants in genomic DNA described by our group, ten were characterized as pathogenic and 6 variants as likely pathogenic (Supplemental Table S4).




Discussion

In this study, patients were screened firstly for the GCK or HNF1A genes, according with their phenotypic manifestation, and then for HNF4A, HNF1B, NEUROD1, KLF11, PAX4, INS, KCNJ11 and MT-TL1. We observed 13 cases of GCK-MODY and 4 cases of HNF1A-MODY, respectively. Concerning the others MODY subtypes, we found one variant in each HNF4A, HNF1B, and MT-TL1 (Table 1).

Until now, variants in 14 genes have been recognized to cause monogenic diabetes type MODY, and variants on GCK and HNF1A represent the major cause worldwide. The frequency of each MODY subtype varies according to recruitment criteria and genetic background (6). In UK, variants in HNF1A were responsible for 52% of all MODY cases, followed by 32% of GCK-MODY (12). A retrospective database study of MODY cases reported in Brazil described GCK-MODY as the most common form, followed by HNF1A-MODY (13). Depending on the genetic cause, each MODY subtype may present a different clinical profile, with variable age at onset, treatment response, and with some subtypes having a higher risk of long-term complications of DM, and extra pancreatic manifestations (14).

In our GCK-MODY cohort, the age at diagnosis ranged from 9 months to 26 years (Supplemental Table S1) and the majority of the patients were diagnosed in routine exams. This findings was expected since the diagnosis is usually incidental and at any age (15). Among our 13 GCK-MODY patients, four were diagnosed in their childhood as having T1DM, three of them were treated with insulin therapy. Out of these 13, four patients were being treated with OAD at the moment of the study. Misdiagnosis of GCK-MODY patients or misclassification as T1DM are frequent (16), which reinforce the importance to screen patients with clinical phenotype for GCK-MODY. Therefore, after our molecular diagnostic analysis, six patients stopped allpharmacological treatment. Typically, patients with GCK-MODY with less than 40 years old show an HbA1c ranging from 5.6 to 7.3% and a FPG range of 5.6 to 8.0 mmol/L (17). Our patients had the HbA1c (6-7.2%) and FPG (6-7.7 mmol/L) within these ranges.

The screening of the coding region of GCK revealed 11 different variants; the likely pathogenic missense variants p.(Arg36Trp), p.(Ala188Thr), p.(Glu221Lys), and p.(Phe423Tyr) were previously described by other groups in Brazilian probands (13, 18–20). The p.(Phe423Tyr) was the only one to appear in more than one patient, it was found in three unrelated probands (P45, P58 and P63). To the best of our knowledge, this is the first report of the GCK p.(Arg43His), p.(Gly44Ser), p.(Thr209Arg), and p.(Pro359Leu) missense variants in Brazilian patients. We observed the first two segregating in their families (Figures 2C, D). Unfortunately, both P59 (p.(Thr209Arg)) and P68 (p.(Pro359Leu)) proband’s families were not available for analysis. Among the observed variants in the GCK, two were novel, the missense p.(Met115Val) (c.343A>G) and the frameshift p.(Asp365GlufsTer95) (c.1094_1095insGCGA). The p.(Met115Val) is registered in dbSNP under the number rs771677681 and is found in gnomAD with an allele frequency of 0.00001193; however, this variant was not reported associated to diabetes in the databases. This variant was observed in the proband P46 (Figure 2E individual III-3) and in her two older brothers, inherited from their father with diabetes; the proband’s middle brother did not report hyperglycemia, and his blood tests were not available. The p.(Asp365GlufsTer95) was observed segregating with DM through three generations (Figure 2G).

Variants in the HNF1A gene usually have high penetrance and patients are usually diagnosed between the ages of nine to 40 years (21, 22). The age at diagnosis of our patients ranged from 14 to 35 years old (Table 1). Patients with hyperglycemia caused by HNF1A variant can remain sulfonylurea responsive for many years (23). Patients P44 and P56 were switched from insulin to OAD, after 15 years and 1 year since their diagnosis, respectively. However, some patients require insulin treatment, as is the case for patient P52.

The screening of HNF1A showed three different variants;. The HNF1A p.(Arg271Trp) (c.811C>T), found in two unrelated patients (P44 and P70) segregates among several individuals with DM from the P44 proband’s family (Figure 2L). The P70 proband’s family was not available. This variant seems to decrease the HNF1A affinity and binding to DNA (24, 25). We also found a novel nonsense variant p.(Tyr163Ter) (c.489C>G), segregating from the patient P52 to her daughter with diabetes (Figure 2K), both diagnosed at the age of 15 years old. Additionally, we found a novel frameshift variant p.(Val380CysfsTer39) (c.1136_1137insC) in the patient P56; the P56 patient’ family was not available. According to ACMG guidelines the HNF1A p.(Tyr163Ter) and p.(Val380CysfsTer39) are classified as pathogenic and p.(Arg271Trp) as likely pathogenic, supporting the evidence of these variants as the cause of diabetes in these families.

Variants in the HNF4A gene seem to be a rare cause of monogenic diabetes in Brazil (26). The nonsense variant p.(Arg163Ter) was described by Lindner and coworkers (1997) as the second variant found in the HNF4A associated to MODY in a family from German ancestry (27). The patients from the reported family were treated by OAD or insulin, and patients with longer time of the disease showed retinopathy and peripheral polyneuropathy (27). This variant was found in our study in the proband P23 (Figure 2M; individual II-2), segregating to her daughter (Figure 2M; individual III-3). The HNF4A works as a heterodimer and the premature stop codon results in a truncated protein that loses the transactivation domain (27, 28) and the ability to form heterodimers (29). Laine and coworkers (2000) observed the same variant with a dominant-negative effect (28). Lindner and coworkers (1997) reported patients with the same variant with coronary heart disease and no nephropathy (27). The family members in our study reported renal insufficiency and no heart disease. The proband’s daughter (Figure 2M; individual III-3) presented peripheral polyneuropathy.

The nonsense HNF1B p.(Arg276Ter) was described in two Japanese patients with small kidneys and multiple renal cysts (30, 31). More information from this patients and renal ultrasound was not available, however a review of her medical chart revealed nephrolithiasis.

In this study, we also described one male patient carrying the MT-TL1 m.3243A>G variant. The patient did not present any other clinical manifestations of MIDD, as sensorineural hearing loss. It has been described a wide spectrum of clinical variability for MT-TL1 m.3243A>G variant, ranging from asymptomatic carriers to lethal multisystem disorders (32). These findings highlight the importance of screening this genetic variant in patients with familiar recurrence of diabetes despite the lack of other clinical characteristics related to MIDD and MELAS syndrome.

This study has some limitations worth noting: 1) small sample size; 2) DNA samples from relatives were extracted from saliva, different from the DNA source of the patients (blood) and it may cause false negatives due to somatic mosaicism; 3) segregation analysis of HNF1A p.(Val380CysfsTer39) and GCK p.(Met115Val) were not possible in unaffected relatives to ensure absence of variant and were also not possible in some of the families; 4) by using sanger sequencing instead of NGS we were unable to test other rare genes associated to monogenic diabetes commonly present in NGS panels and we cannot rule out the presence of large duplications and deletions; 5) not all rare forms of diabetes were included here, e.g. neonatal diabetes;

Here we highlight the importance of screening for monogenic forms of diabetes in patients with familial history of diabetes. An accurate diagnosis with molecular confirmation of monogenic diabetes can improve the choice for a better therapeutic management of patients and their families.
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The clinical manifestation of hepatocyte nuclear factor-1-alpha (HNF1-alpha) maturity-onset diabetes of the young (MODY) is highly variable. This study aims to investigate the clinical characteristics of patients with HNF1-alpha MODY in general, by geographical regions (Asian or non-Asian), HNF1-alpha mutations, and islet autoantibody status. A literature review and a chart review of patients with HNF1-alpha MODY were performed. The means and proportions from studies were pooled using the inverse variance method for pooling, and subgroup analyses were performed. A total of 109 studies involving 1,325 patients [41.5%, 95% confidence interval (CI): 35.2, 48.1; male] were identified. The mean age of diagnosis was 20.3 years (95% CI: 18.3–22.2), and the mean glycated hemoglobin was 7.3% (95% CI: 7.2–7.5). In comparison, Asian patients exhibited significantly higher HbA1c (p = 0.007) and 2-h post-load C-peptide (p = 0.012) levels and lower levels of triglyceride (TG) (p < 0.001), total cholesterol (TC) (p < 0.001), and high-density lipoprotein cholesterol (HDL-c) (p < 0.001) and less often had macrovascular complications (p = 0.014). The age of diagnosis was oldest in patients with mutations in the transactivation domain (p < 0.001). The levels of 2-h post-load C-peptide (p < 0.001), TG (p = 0.007), TC (p = 0.017), and HDL-c (p = 0.001) were highest and the prevalence of diabetic neuropathy was lowest (p = 0.024) in patients with DNA-binding domain mutations. The fasting (p = 0.004) and 2-h post-load glucose (p = 0.003) levels and the prevalence of diabetic neuropathy (p = 0.010) were higher among patients with positive islet autoantibodies. The study demonstrated that the clinical manifestations of HNF1-alpha MODY differed by geographical regions, HNF1-alpha mutations, and islet autoantibody status.
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Introduction

Maturity-onset diabetes of the young (MODY) is a monogenic diabetes syndrome, characterized by onset before 25–35 years of age, autosomal dominant inheritance, negative islet autoimmunity, and lack of the typical features of type 2 diabetes (T2DM). Mutation in the hepatocyte nuclear factor-1-alpha (HNF1-alpha) gene is one of the most common causes of MODY (1–5). The HNF1-alpha MODY phenotype is characterized by early-onset diabetes and progressive β-cell dysfunction with defective insulin secretion (6). HNF1-alpha MODY is caused by the mutation of the HNF1-alpha gene, consisting of dimerization domain, DNA-binding domain, and transactivation domain, which regulates multiple genes involved in glucose metabolism in the pancreas, kidney, and liver (7, 8). Though the clinical manifestations of HNF1-alpha MODY overlap with type 1 diabetes mellitus (T1DM) and T2DM, patients with HNF1-alpha MODY are generally more sensitive to sulfonylureas (9, 10). Thus, the accurate identification of HNF1-alpha MODY is of utmost importance for the optimal management and prevention of diabetes-associated micro- and macrovascular complications, which are not infrequent in HNF1-alpha MODY.

About 1–5% diabetes and 0.83–6.5% of diabetic children and adolescents were identified as MODY (2, 11–16). The prevalence of HNF1-alpha MODY varies among nations and healthcare systems. In a study involving 101 families (95% Caucasian in the United Kingdom), Frayling et al. found that 63% of patients with MODY fit the HNF1-alpha MODY criteria (17). In a retrospective observational study involving 565 children and adolescents with newly diagnosed diabetes in Southern Italy, HNF1-alpha MODY accounted for 13.5% of MODY cases (2). The detection rate of HNF1-alpha MODY was 13.9% in Japanese (18) and 15.79% in Chinese pedigree MODY genetic screening studies (19). Previous studies showed that genetic modifiers and in utero exposure to hyperglycemia led to a variability in the clinical presentation of HNF1-alpha MODY (20, 21). It is unclear if the genetic and environmental factors of different geographic regions may result in different phenotypes of patients with HNF1-alpha MODY.

Severe hyperglycemia usually occurs after puberty in patients with HNF1-alpha MODY, which may lead to the misdiagnosis of T1DM. Genetic testing that is required for the diagnosis of HNF1-alpha MODY is usually sought only in individuals negative for islet autoantibodies, including glutamic acid decarboxylase antibody (GAD), protein tyrosine phosphatase antibody (IA2), and islet cell antibody (ICA) (22), and individuals originally considered as T1DM but who were negative for islet autoantibodies (12). However, some studies reported that a proportion of patients with HNF1-alpha MODY were positive for islet autoantibodies (15, 23–30). There is currently a lack of research on whether the clinical phenotype of HNF1-alpha MODY differs by geographic regions, HNF1-alpha mutations, and islet autoantibody status. In this study, we analyzed the clinical characteristics of patients with HNF1-alpha MODY in general and by geographical regions, HNF1-alpha mutations, and islet autoantibody status through literature and chart review.



Materials and Methods


Study Selection

A literature search was conducted through Pubmed, Web of Science, Embase, Wanfang, and the China National Knowledge Infrastructure Databases from inception of the database to December 2021 using medical subject headings or Emtree thesaurus as well the following key terms: “Maturity-Onset Diabetes of the Young, Type 3”, “MODY3”, “MODY, Type 3”, “hepatic nuclear factor 1 alpha”, “HNF1A”, “HNF1-alpha”, “nuclear protein LF-B1”, “LF-B1 transcription factor, human”, and “HNF1 homeobox A protein, human”. A detailed search strategy for database is listed in the Supplementary Material. The search results were imported into endnote software where duplicated results were identified based on the title, journal, publication year, and authors and were removed automatically. The remaining references were screened through the title and abstract for relevance to this study. Studies dedicated to animal or in vitro experiments were excluded. The relevant studies identified, i.e., studies reporting the clinical characteristics of patients with HNF1-alpha MODY, were subjected to full-text review for eligibility. The eligible studies met the following criteria: (1) the diagnosis of HNF1-alpha MODY was confirmed by genetic testing and (2) individual-level or aggregate data were reported for at least one of the following: fasting plasma glucose (FPG), 2-h post-load glucose (2h PG) in an oral glucose tolerance test, or glycated hemoglobin (HbA1c).



Data Extraction

Clinical data, including the geographical region, gender, age of diagnosis, body mass index (BMI), familial history, HbA1c, FPG, 2h PG, fasting and 2-h post-load C-peptide, triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), islet autoantibody status, diabetic complications, and anti-diabetic therapies, were abstracted. Besides this, information regarding amino acid substitution, position, and type of mutations in the HNF1-alpha gene were abstracted. Literature search, study selection, and data extraction were conducted by two independent reviewers, and disagreement was resolved by consensus with a third reviewer.



Statistical Analysis

Statistical analysis was conducted using R, version 3.5.3 (http://www.r-project.org/). The means and percentages from case reports were calculated and pooled with aggregated data from cohort studies and case series using the inverse variance method for pooling in random effect models with the metamean and metaprop function in the meta package in R. The results were presented with means, proportions, and respective 95% confidence intervals. A comparison among subgroups was performed. P-value less than 0.05 was statistically significant.




Results

Among 5,970 publications identified, 1,153 articles were excluded due to duplication, and 2,660 articles were excluded due to being irrelevant after screening through the title and the abstract. After a full-text review, 109 studies involving 1,325 patients were identified (Figure 1). Detailed information and citations of these included studies are provided in the supplementary material (Supplementary Table S1).




Figure 1 | Flow chart.




Clinical Manifestations of HNF1-alpha MODY in General

A total of 1,325 patients [41.5%, 95% confidence interval (CI): 35.2, 48.1; male] with HNF1-alpha MODY were included in our study. The mean values of the clinical data were as follows: age, 32.6 years (95% CI: 28.5–36.7); age of diagnosis, 20.3 years (95% CI: 18.3–22.2); BMI, 23.1 kg/m2 (95% CI: 22.3–23.9); HbA1c, 7.3% (95% CI: 7.2–7.5); and FPG, 8.1 mmol/L (95% CI: 7.6–8.5). Among the patients identified, 89.8% (95% CI: 54.1–98.5) had a family history of diabetes, 47.6% (95% CI: 30.6–65.2) had microvascular complications, 21.5% (95% CI: 14.5–30.8) had diabetic retinopathy, 16.6% (95% CI: 10.3–25.5) had diabetic kidney disease, 11.8% (95% CI: 6.2–21.2) had diabetic neuropathy, 11.1% (95% CI: 7.3–16.6) had macrovascular complications, 17.0% (95% CI: 13.2–21.6) received lifestyle management, 40.3% (95% CI: 32.4–48.6) were prescribed with oral hypoglycemic drugs, 35.5% (95% CI: 31.3–40.0) were prescribed with insulin, and 9.5% (95% CI: 5.4–16.2) were prescribed with oral hypoglycemic drugs plus insulin.



Clinical Manifestations of HNF1-alpha MODY by Geographical Regions

Among 109 studies identified, 37 studies involving 183 patients were from Asia, while 72 studies including 1,142 patients were from geographic regions other than Asia. Compared to non-Asian patients, BMI [20.8 kg/m2 (95% CI: 20.3–21.3) vs. 24.1 kg/m2 (95% CI: 23.6–24.6), p < 0.001], TG [1.14 mmol/L (95% CI: 0.81–1.48) vs. 2.09 mmol/L (95% CI: 1.69–2.49), p < 0.001], TC [4.70 mmol/L (95% CI: 4.46–4.94) vs. 5.76 mmol/L (95% CI: 5.23–6.29), p < 0.001], and HDL-c [1.37 mmol/L (95% CI: 1.29–1.45) vs. 1.75 mmol/L (95% CI: 1.59–1.92), p < 0.001] were lower in Asian patients. Their HbA1c [7.9% (95% CI: 7.5–8.4) vs. 7.3% (95% CI: 7.1–7.4), p = 0.007] and 2-h post-load C-peptide levels were higher [2.16 ng/ml (95% CI: 1.61–2.72) vs. 1.44 ng/ml (95% CI: 1.34–1.54), p = 0.012]. They less often had macrovascular complications [2.7% (95% CI: 0.7–10.0) vs. 14.3% (95% CI: 10.7–18.9), p = 0.014], while age, age of diagnosis, diabetes duration, gender, family history, the prevalence of microvascular complications, diabetic retinopathy, diabetic kidney disease, diabetic neuropathy, and anti-diabetic therapies did not differ by geographical regions (Table 1).


Table 1 | Characteristics of patients with HNF1-alpha MODY by geographical regions.





Clinical Manifestations of HNF1-alpha MODY by Mutations

Among those reporting the site and type of mutations of the HNF1-alpha gene, 432 patients had mutations in coding regions, consisting of 15 (3.5%) in the dimerization domain, 179 (41.4%) in the DNA-binding domain, and 238 (55.1%) in the transactivation domain (Figure 2). Age of diagnosis was oldest in patients with mutations in the transactivation domain [26.0 years (95% CI: 21.7–30.3) vs. 18.9 years (95% CI: 11.5–26.3) for the dimerization domain and 20.5 years (95% CI: 17.3–23.7) for the DNA-binding domain, p < 0.001]. The levels of 2-h post-load C-peptide [4.22 ng/ml (95% CI: 2.17–6.26) vs. 2.71 ng/ml for the dimerization domain and 1.92 ng/ml (95% CI: 1.17–2.67) for the transactivation domain, p < 0.001], TG [1.82 mmol/L (95% CI: 0.27–3.36) vs. 1.70 mmol/L for the dimerization domain and 1.23 mmol/L (95% CI: 0.81–1.64) for the transactivation domain, p = 0.007], TC [5.39 mmol/L (95% CI: 2.07–8.71) vs. 3.96 mmol/L for the dimerization domain and 4.54 mmol/L (95% CI: 3.59–5.49) for the transactivation domain, p = 0.017], and HDL-c [1.59 mmol/L (95% CI: 0.64–2.54) vs. 0.72 mmol/L for the dimerization domain and 1.12 mmol/L (95% CI: 0.89–1.35) for the transactivation domain, p = 0.001] were highest, while the prevalence of diabetic neuropathy was lowest [10.9% (95% CI: 5.0–22.2) vs. 33.3% (95% CI: 8.4–73.2) for the dimerization domain and 37.0% (95% CI: 21.2–56.2) for the transactivation domain, p = 0.024] in patients with DNA-binding domain mutations. BMI, HbA1c, FPG, 2h PG, fasting C-peptide, LDL-c, family history, gender, diabetic retinopathy, diabetic kidney disease, macrovascular complications and anti-diabetic therapies did not differ significantly (Table 2). The mutation domain did not differ significantly between Asian and non-Asian patients (Table 3).




Figure 2 | Distribution of HNF1-alpha mutations. *means nucleotide number and indicates translation stop codon.




Table 2 | Characteristics of patients with HNF1-alpha MODY by genetic domains.




Table 3 | Differences in domain mutations between Asian patients and non-Asian patients.



In our study, the HNF1-alpha mutations included missense mutations (n = 227, 46.1%), frameshift mutations (n = 198, 40.2%), nonsense mutations (n = 30, 6.1%), synonym mutations (n = 2, 0.4%), and non-coding mutations (n = 35, 7.1%). Patients with non-coding mutations had the highest levels of HbA1c [9.5% (95% CI: 8.0–11.0), p < 0.001] and 2h PG [20.7 mmol/L (95% CI: 19.7–21.8), p < 0.001] and the lowest BMI [20.5 kg/m2 (95% CI: 19.5–21.6), p < 0.001] and fasting C-peptide [0.43 ng/ml (95% CI: 0.33–0.53), p < 0.001], and they most often had diabetic kidney disease [80.0% (95% CI: 30.9–97.3), p = 0.046]. In terms of lipid profiles, due to the incomplete data of patients with nonsense, synonymous, and non-coding mutations, we only compared the difference of lipid profiles between patients with missense mutations and frameshift mutations. We found that the TC [5.03 mmol/L (95% CI: 4.82–5.24) vs. 4.52 mmol/L (95% CI: 4.10–4.94), p = 0.034] and HDL-c [1.36 mmol/L (95% CI: 1.25–1.47) vs. 1.09 mmol/L (95% CI: 0.98–1.20), p < 0.001] levels were significantly higher in patients with missense mutations compared with those with frameshift mutations. Age of diagnosis, FPG, TG, LDL-c, gender, diabetic retinopathy, diabetic neuropathy, and anti-diabetic therapies did not differ by types of HNF1-alpha mutations (Supplementary Table S2).



Clinical Manifestations of HNF1-alpha MODY by Islet Autoantibody Status

A total of 15 patients from 9 articles were identified to be positive for islet autoantibodies (GAD, IA2, or ICA). Compared with patients with negative islet autoantibodies, patients with positive islet autoantibodies had higher levels of FPG [12.1 mmol/L (95% CI: 9.9–14.2) vs. 8.6 mmol/L (95% CI: 7.8–9.5), p = 0.004] and 2h PG [19.7 mmol/L (95% CI: 17.4–21.9) vs. 16.0 mmol/L (95% CI: 15.0–17.0), p = 0.003] and lower levels of HDL-c [0.99 mmol/L (95% CI: 0.85–1.13) vs. 1.49 mmol/L (95% CI: 1.30–1.67), p < 0.001], and they more often had diabetic neuropathy [50.0% (95% CI: 20.0–80.0) vs. 11.3% (95% CI: 5.7–21.0), p = 0.010]. The levels of TG, TC, and LDL-c and the prevalence of macrovascular complications did not differ by islet autoantibody status (Table 4).


Table 4 | Characteristics of patients with HNF1-alpha by islet autoantibody status.






Discussion

In this study, we analyzed the clinical characteristics of patients with HNF1-alpha MODY through literature review and found that the clinical manifestations of HNF1-alpha MODY differed by geographical regions, HNF1-alpha mutations, and islet autoantibody status. Asian patients with HNF1-alpha MODY had a higher HbA1c or 2-h post-load C-peptide levels, lower lipid profile levels, and, less often, macrovascular complications. Patients with transactivation domain mutations were diagnosed at an older age. The levels of 2-h post-load C-peptide, TG, TC, and HDL-c were highest, while the prevalence of diabetic neuropathy was lowest in patients with DNA-binding domain mutations. Patients with non-coding mutations had higher levels of HbA1c or 2h PG and a higher prevalence of diabetic kidney disease but with lower fasting C-peptide levels. In addition, hyperglycemia and diabetic neuropathy were more frequent in patients with positive islet autoantibodies.

The prevalence of HNF1-alpha MODY vary among nations and healthcare systems. We thus hypothesized that the clinical manifestations of HNF1-alpha MODY could also vary by geographical regions due to diversity in genetic background and environmental factors. In this study, Asian patients exhibited higher HbA1c levels compared with non-Asian patients despite similar fasting and post-load blood glucose. The genetic factors that determine the correlation between HbA1c levels and blood glucose levels could partially explain this discrepancy. In a meta-analysis involving data from 49,238 individuals without diabetes, the HbA1c values are higher in Asians compared to White persons (31). In addition, the postprandial glycemic responses are higher in Asians compared with Caucasians following the ingestion of breakfast cereal and rice (32–35), which could result in higher post-prandial blood glucose and HbA1c levels, but not reflected in post-load glucose levels. In our study, Asian patients with HNF1-alpha MODY had a lower BMI but had higher 2-h post-load C-peptide levels. Asians are more likely to have less muscle mass and more visceral fat and are more insulin resistant at a lower BMI (36). The higher levels of 2-h post-load C-peptide in Asian patients may be associated with insulin resistance. In a study involving 94,952 Chinese adults (37), approximately 24.4% of the incidents of diabetes could be attributed to insulin resistance and 12.4% could be attributed to β-cell dysfunction, which, in part, suggested that insulin resistance show a stronger association with incident diabetes than does β-cell dysfunction in Asia. Asian patients with HNF1-alpha MODY had lower TG, TC, and HDL-c levels and less often had macrovascular complications despite a higher HbA1c level. The lower lipid profiles among Asians are associated with lifestyle and dietary factors (38). Some single-nucleotide polymorphisms in Asians are also closely related to dyslipidemia, which could independently influence the occurrence of macrovascular complications (39). Age, age of diagnosis, and diabetes duration did not differ between Asian and non-Asian patients with HNF1-alpha MODY. Thus, our study suggested that the macrovascular complications of HNF1-alpha MODY may be impacted by race and blood lipid. However, a further study, with individual-level patient data, is needed to discern associations between risk factors and macrovascular complications among patients with HNF1-alpha MODY. With respect to microvascular complications, in a study involving 667 affected members of HNF1-alpha MODY, the prevalence of proliferative retinopathy and proteinuria was 21 and 19%, respectively, higher than GCK-MODY and other MODY types (40). The pooled results of our study were similar to the above-mentioned report. Among HNF1-alpha MODY patients identified in our study, the prevalence of microvascular diabetic retinopathy was 21.5% (95% CI: 14.5–30.8), and the prevalence of diabetic kidney disease was 16.6% (95% CI: 10.3–25.5). Isomaa B et al. found that the risk of microvascular complications in HNF1-alpha MODY was closely related to poor glycemic control, diabetes duration, and HNF1-alpha mutations (41). In our study, the prevalence of microvascular complications was similar between Asian and non-Asian patients despite the Asian patients having higher HbA1c levels.

HNF1-alpha, as a widely expressed tissue-specific transcription factor located at q24.31 on chromosome 12, is composed of 631 amino acids and contains 10 exons (42). In pancreatic β-cells, HNF1-alpha regulates the expression of genes associated with β-cell maturation, growth, and function, including glucose transport/metabolism and insulin secretion (43); in the liver, HNF1-alpha regulates the expression of tissue-specific regulatory proteins and participates in the metabolism of glucose, fat, and other substances (44); in the kidney, HNF1-alpha regulates the expression of SGLT2 and controls glucose reabsorption in proximal tubules (45). The HNF1-alpha protein comprises 3 functional domains: dimerization, DNA-binding, and transactivation domains, of which DNA-binding (41.4%) and transactivation domain (55.1%) were predominant in our research. It has been shown that the transactivation domain was more accommodating to mutations causing minor changes in the HNF1-alpha protein structure than the dimerization domain or the DNA-binding domain (46) such that mutations in the transactivation domain may not be associated with overt diabetes or a severe phenotype, in line with the observation in our study that the age of diagnosis of patients with transactivation domain mutations was older. However, in the dimerization domain or the DNA-binding domain, there were some crucial sites for the function of HNF1-alpha protein, such as exons 1, 4, and 6 (47). Our study also showed that, in patients with dimerization or DNA-binding domain mutations, the age of diagnosis was younger than those with transactivation domain mutations. Moreover, in our study, different types of mutations of HNF1-alpha are spread throughout the entire sequence of the gene, including missense mutations, frameshift mutations, nonsense mutations, synonym mutations, and non-coding mutations. In comparison, patients with non-coding mutations had the highest levels of HbA1c or 2h PG and the highest prevalence of diabetic kidney disease but with the lowest levels of BMI or fasting C-peptide among different types of HNF1-alpha mutations. The result of this study suggested that more attention is needed for the clinical characteristics of HNF1-alpha MODY in different mutations, especially the rare mutations in non-coding regions.

In patients with HNF1-alpha MODY, severe hyperglycemia usually occurs before 25–35 years of age and may lead to the misdiagnosis of T1DM. Islet autoantibodies, as an important basis for the diagnosis of T1DM, can be detected in 87–94% of T1DM but are less common in other diabetes (48). In current guidelines for the molecular genetic diagnosis of MODY, absence of islet autoantibodies is one of the criteria for testing for MODY in children and young adults with diabetes and a strong family history of diabetes (49). However, some studies have shown that the islet autoantibodies can be detected in parts of patients with T2DM or MODY and the general population. The initial publication reported that less than 4% of the general population had positive autoantibodies (50). Some studies found islet autoantibodies in 21–33% of children and young people with a clinical diagnosis of T2DM (51, 52). In a study involving 508 patients with MODY (including 229 HNF1-alpha MODY patients), GAD positivity, defined as >99th centile of 500 adult control subjects, was detected in 5 patients (<1%, 3 of which were HNF1-alpha MODY patients). Among the 5 MODY patients with positive autoantibodies, 4 patients had a clinical course consistent with MODY, while 1 patient was consistent with T1DM (53). In our study, 15 out of 1,325 HNF1-alpha MODY patients were found to have positive islet autoantibodies, which was consistent with the above-mentioned reports. Then, we further investigated the special characteristics of patients with positive islet autoantibodies in HNF1-alpha MODY. It was noted that patients with positive islet autoantibodies had higher blood glucose levels and more likely had diabetic neuropathy in our study, suggesting that the features of T1DM is present in some MODY patients with positive autoantibodies. In this subset of patients, double diabetes may be the appropriate diagnosis rather than either MODY or T1DM (53). However, there was only approximately 1% of patients with double DM; hence, conducting islet autoantibody testing for all patients with HNF1-alpha MODY may be not necessary. Thus, further studies are needed to explore and determine whether islet autoantibody testing is necessary for patients with HNF1-alpha MODY.

The intent of this study was to summarize the available published information regarding the clinical characteristics of HNF1-alpha MODY. The study has the following limitations: firstly, some studies identified were not included due to the unavailability of key clinical information indicated in the eligible study criteria. Secondly, not all geographic regions were represented in the results—for example, no studies reporting HNF1-alpha MODY patients in Africa were identified. Thirdly, the ethnicity of the majority of participants was not specified. Fourthly, due to the limited clinical data in enrolled studies, there was a restriction of further statistical analyses like regression analysis to investigate the association between clinical variables (e.g., diabetes duration and type of treatment) and chronic complications. More studies with individual-level patient data are needed in the future. Lastly, although we observed more severe clinical characteristics in patients with dimerization/DNA-binding domain mutations or non-coding mutations, further studies are needed to explore the effect of variants in dimerization/DNA-binding domain or non-coding regions for the purpose of understanding the precise molecular mechanism of HNF1-alpha MODY.

In conclusion, our study demonstrated that the clinical manifestations of HNF1-alpha MODY differed by geographical regions, HNF1-alpha mutations, and islet autoantibody status. Asian patients with HNF1-alpha MODY had a lower prevalence of macrovascular complications despite higher HbA1c or 2-h post-load C-peptide levels. Patients with transactivation domain mutations were diagnosed at an older age. The levels of 2-h post-load C-peptide, TG, TC, and HDL-c were highest and the prevalence of diabetic neuropathy was lowest in patients with DNA-binding domain mutations. Patients with non-coding mutations had higher levels of HbA1c or 2h PG and a higher prevalence of diabetic kidney disease but with a lower fasting C-peptide level. Hyperglycemia and diabetic neuropathy were more frequent in patients with positive islet autoantibodies.
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Aims

Maturity-onset diabetes of the young type 5 (MODY5), a rare disease, is very easy to be misdiagnosed as type 2 diabetes. To get better understanding of the disease, we analyzed the clinical characteristics and gene mutations of MODY5.



Methods

PubMed, Cochrane, the China National Knowledge Infrastructure, and Wanfang were searched with the following search terms: “MODY5” OR “HNF1B maturity-onset diabetes of the young” OR “maturity-onset diabetes of the young type 5” OR “renal cysts and diabetes syndrome”. Clinical characteristics and gene mutations of MODY5 were analyzed. The demography, clinical characteristics, and blood indicators of patients were described utilizing simple summary statistics. Variables were analyzed by t-test, Wilcoxon signed rank test, and Fisher exact test. Spearman’s correlation analysis was used for bi-variate analysis. All tests were two-sided, and a p-value < 0.05 was considered statistically significant. Statistical analysis was performed using the Statistical Package for the Social Sciences version 26 for Windows (SPSS).



Results

A total of 48 literatures were included in this study, including 61 eligible patients and 4 different mutations. Of the 39 patients with available body weight index, 15 (38.46%) were underweight, 21 (53.85%) were normal weight and 3 (7.69%) were overweight or obese. Of the 38 patients with available family history, 25 (65.79%) reported a family history of diabetes. Of the 34 patients with available age of diabetes diagnosis, the median age of diabetes diagnosis was 16.00 years old and 88.24% (30/34) of patients were under 25 years old when they were first diagnosed with diabetes. Renal cysts were presented in 72.41%, hypomagnesemia in 91.67%, and pancreatic dysplasia in 71.88% of the patients. Patients with hepatocyte nuclear factor 1B (HNF1B) deletion had lower serum magnesium, serum creatinine, and higher eGFR than patients with other gene mutations, and the difference was statistically significant.



Conclusions

The young onset of diabetes with low or normal BMI, renal cysts, hypomagnesemia, and pancreatic dysplasia should be recommended to genetic testing in order to differentiate MODY5 from other types of diabetes earlier.





Keywords: MODY5, diagnosis, HNF1B, gene mutation, renal cysts and diabetes syndrome



Introduction

Globally, diabetes is a widely distributed disease which is a chronic metabolic disease that seriously affects human health. Due to advances in genetic testing technologies, an increasing number of monogenic diabetes are differentiated from type 2 or type 1 diabetes. Maturity-onset diabetes of the young (MODY) is a monogenic diabetes accounting for approximately 1% – 2% of diabetes (1), and currently at least 14 types of genes have been confirmed to be associated with MODY, which include GCK, HNF1A, HNF1B, HNF4A, PDX1, NEUROD-1, KLF-11, CEL, PAX4, INS, BLK, ABCC8, KCNJ11, APPL1 (2). The incidence of MODY5 is low, accounting for less than 5% in MODY (3). MODY5 was first described by Horikawa and noted to be related to HNF1B (4). Since there was considerable variability in the clinical features of MODY5, it was often misdiagnosed as type 1 diabetes or type 2 diabetes (5). Unfortunately, no systematic summary of MODY5 has been performed to date. In order to get a better understanding of MODY5, this study analyzed the clinical features and gene mutations of MODY5 to help physicians to differentiate MODY5 from other types of diabetes early.



Materials and Methods


Data Sources and Study Patients

PubMed, Cochrane, China National Knowledge Infrastructure (CNKI) and Wanfang were searched from the date of inception to February 27, 2022 using the following search terms: “MODY5”, “HNF1B maturity-onset diabetes of the young”, “maturity-onset diabetes of the young type 5”, and “renal cysts and diabetes syndrome”. All the enrolled studies met the following criteria: ① the diagnosis of MODY5 was confirmed by genetic test and the mutated sites were described; ② the literature provided the data of FBG or HbA1c; ③ the language of the literature was English or Chinese. The flow chart (Supplementary Figure 1) showed the reasons for identification of eligible studies.

The following clinical and laboratory variables were studied: (1) country; (2) gender; (3) age at diagnosis; (4) site and type of gene mutation; (5) family history; (6) BMI; (7) treatment of diabetes; (8) fasting blood-glucose; (9) fasting C-peptide; (10) HbA1c; (11) serum magnesium; (12) other serum indices; (13) renal manifestations; (14) pancreatic manifestations; (15) reproductive manifestations.



Statistical Analysis

The demography, clinical characteristics, and blood indicators of patients were described utilizing simple summary statistics. Variables were analyzed by t-test, Wilcoxon signed rank test, and Fisher exact test. Spearman’s correlation analysis was used for bi-variate analysis. All tests were two-sided, and a p-value < 0.05 was considered statistically significant. Statistical analysis was performed using the Statistical Package for the Social Sciences version 26 for Windows (SPSS).




Results


General Data

A total of 48 literatures were included in this study, including 61 eligible patients from 15 countries involving 5 continents (Figure 1). The top four were China (15/61, 24.59%), Japan (12/61, 19.67%), France (8/61, 13.11%) and The United States (7/61, 11.48%). The patients were distributed in Asia (30/61, 48.2%), Europe (20/61, 32.8%), North America (7/61, 11.5%), South America (3/61, 4.9%) and Oceania (1/61, 1.6%).




Figure 1 | (A) Continent distribution ratio among the patients (%), (B) Country distribution ratio among the patients (%).





Clinical Features

The clinical data of the patients were shown in Supplementary Table 1, Supplementary Table 2 and Figure 2. Among the 61 patients, 36 patients (36/61, 59.02%) were male and 25 patients (25/61, 40.98%) were female. Among the 38 patients mentioning family history, 25 patients (25/38, 65.79%) had a family history of diabetes. A total of 39 patients were recorded with the body-mass-index (BMI). The median of BMI was 19.60 kg/m². According to WHO standard, 15 patients (15/39, 38.46%) were underweight (< 18.5 kg/m2), 21 patients (21/39, 53.85%) were normal weight, 2 patients (2/39, 5.13%) were overweight (25~29.9 kg/m2), and 1 patient (1/39, 2.56%) was obese (≥ 30 kg/m2).




Figure 2 | Clinical characteristics of patients with MODY5. (A–D) The proportion of several clinical characteristics in enrolled patients: (A) gender (N: 61), (B) family history of diabetes (N: 38), (C) BMI (N: 39), and (D) Age of diabetes diagnosis (N: 34).



Fasting blood-glucose (FBG) was recorded in 38 patients with a median of 8.37 mmol/L (normal range 3.9-6.1 mmol/L). In addition, 2-hour postprandial blood glucose (2h-PG) was recorded in 9 patients with a mean of 17.24 mmol/L (normal range 4.4-7.8 mmol/L). Fasting C-peptide (FCP) was recorded in 35 patients with a median of 1.23 ng/mL (normal range 1.1-4.4 ng/mL). HbA1c was recorded in 55 patients with a median of 9.40 (normal range 4-6%). Serum magnesium was recorded in 25 patients, with an average of 0.52 mmol/L (normal range 0.70-1.00 mmol/L) and hypomagnesemia occurred in 91.67% of patients. Esti mated glomerularfiltrationrate (eGFR) was recorded in 26 patients with a median of 72.00 ml/min per 1.73m2. Serum uric acid level was recorded in 20 patients with an average of 446.01 μmol/L (normal range < 420 μmol/L), of which 13 patients (13/20, 65.00%) had serum uric acid ≥ 420 μmol/L. Serum creatinine was recorded in 34 patients with a median of 96.74 μmol/L (normal range < 106 μmol/L).

Among the 34 patients with recorded age of diabetes diagnosis, the median age of diabetes at diagnosis was 16.00 years old, 88.24% of patients developed diabetes before 25 years old, and 14.71% of patients developed diabetes before 10 years old. There were 10 patients (10/61, 16.39%) had experience of ketoacidosis. Renal morphology was recorded in 58 patients, and 42 patients (42/58, 72.41%) had renal cysts, including left renal cysts (8/42, 19.05%), right renal cysts (3/42, 7.14%), double or multiple renal cysts (25/42, 59.52%), and not classified (6/42, 14.29%). There were 11 patients (11/58, 18.97%) with renal dysplasia, 2 patients (2/58, 3.45%) with renal calculus, 1 patient (1/58, 1.72%) with renal cystic nodules. Pancreatic dysplasia was recorded in 23 patients (23/32, 71.88%), including pancreatic atrophy or agenesis (22/32, 68.75%) and annular pancreas (1/32, 3.13%). Exocrine pancreatic insufficiency was described in 9 patients (9/13, 69.23%), with tests including fecal elastase and p-aminobenzoic acid excretion index. Five patients were with reproductive system abnormalities, including saddle uterus, seminal vesicular cyst with azoospermia, double horn uterus, and double uterus.

The treatments regimens were recorded for 51 patients. Forty-one patients (41/51, 80.39%) were treated with insulin, 6 patients (6/51, 11.76%) underwent diet therapy only and 4 patients (4/51, 7.84%) were given oral hypoglycemic agents without insulin. Among the 41 patients receiving insulin, 4 patients (4/41, 9.76%) combined oral hypoglycemic drugs, 1 patient (1/41, 2.44%) combined liraglutide and 36 patients (36/41, 88.80%) received insulin monotherapy.

The clinical data of patients with HNF1B deletion and other mutations were shown in Supplementary Table 3. In patients with HNF1B deletion, the median of FBG was 8.67 mmol/L, FCP was 1.40 ng/mL, serum creatinine was 84.86 μmol/L, and the mean of serum magnesium was 0.48 mmol/L, serum uric acid was 429.15 μmol/L. In patients with other mutations, the median of FBG was 7.82 mmol/L, FCP was 1.08 ng/mL, serum creatinine was 134.37 μmol/L, and the mean of serum magnesium was 0.61 mmol/L, serum uric acid was 466.62 μmol/L. Patients with HNF1B deletion had lower serum magnesium, serum creatinine, and higher eGFR than patients with other gene mutations, and the difference was statistically significant. However, there was no significant difference in the incidence of pancreatic dysplasia.

The correlation analysis of renal cysts and serum parameters was shown in Table 1. In MODY5, there was no correlation between the occurrence of renal cysts and eGFR, serum creatinine, serum magnesium, and serum uric acid. The proportion of hypomagnesemia in MODY5 patients with or without polycystic kidney disease was presented in Figure 3. Hypomagnesemia was presented in 11 patients (11/13, 84.62%) with polycystic kidney disease. And hypomagnesemia was presented in 8 patients (8/9, 88.89%) without polycystic kidney disease. There was no significant correlation between polycystic kidney disease and hypomagnesemia in MODY5.


Table 1 | Spearman’s correlation analysis evaluating the association between serum parameters and renal cysts of MODY5 patients.






Figure 3 | Correlation analysis of hypomagnesemia and polycystic kidney disease in MODY5 patients.





Gene Mutations

The gene mutations of the patients were shown in Table 2 and Figure 4. Totally 4 types of mutations were identified, which included substitution (29/61, 47.54%), HNF1B deletion (28/61, 45.90%), frame shift (3/61, 4.92%) and small deletion (1/61, 1.64%). The genetic information of the patient’s parents was recorded in 14 cases, and de novo mutations were confirmed in 11 patients (11/14, 78.57%).


Table 2 | HNF1B mutations of MODY5 patients.






Figure 4 | (A) The percentage of different mutation types (N: 61), (B) The percentage of de novo mutations (N: 14).






Discussion

MODY5 was caused by HNF1B mutations due to changes in its effectors. Since MODY5 was first described, there have been some reports about this disease. However, most reports were case reports. Unlike previous studies, our study summarized the clinical features and genetic mutations of 61 patients with MODY5, and demonstrated the MODY5 patients had the following clinical characteristics: (1) high incidence of renal cysts (72.41%), hypomagnesemia (91.67%), and pancreatic dysplasia (71.88%); (2) early onset of diabetes; (3) normal or underweight (92.31%).

As for diagnosis, most MODY5 patients were misdiagnosed as type 1 diabetes or type 2 diabetes (5). Therefore, it was crucial to identify the clinical features of diabetes in MODY5 patients. Our study showed that most patients (88.24%) developed diabetes before 25 years old, and the median onset age of diabetes in MODY5 patients were 16.00 years old, which was different from previous studies (6–9). A multi-clinical center study showed that the onset age of diabetes in MODY5 patients were more than 25 years old (6). Another multicenter retrospective cohort study of patients with HNF1B mutation showed that the mean age of diagnosis of diabetes was 26 years old (7). In the Japanese study (8), only 6% of patients developed diabetes during adolescence. Lim et al. reported 4 patients (29%) developed diabetes before 14.6 years old (9). The reasons for these different conclusions might be as follows: The results might be affected by different inclusion criteria. In our study, glucose-related data must be recorded when data literatures were included. While in the most above-mentioned study, age was set in the inclusion criteria. Notably, although the onset of diabetes in most patients was under 25 years old, only 14.71% of patients developed diabetes before 10 years old. Teo et al. indicated that compensatory mechanisms in the pancreatic transcription factor network due to HNF1B mutations (10). Therefore, MODY5 often occurred in adolescence rather than in the neonatal period. Different mechanisms were involved in the development of MODY5 diabetes. Firstly, pancreatic dysplasia was presented in most patients (71.88%). A study in monozygotic twins with MODY5 showed that impaired insulin secretion was not due to pancreatic B cell functional defects, but pancreatic dysplasia (11). It has also been previously reported that pancreatic dorsal dysplasia was associated with HNF1B mutations (12). Therefore, pancreatic dysplasia might be involved in the development of diabetes. Secondly, some mutations might be related to changes in GLUT2-related signaling pathways, such as p.Arg276* mutation and p.Pro159Leu mutation (13). Previous studies have shown that glucose-stimulated insulin secretion was significantly reduced when the p.Arg276* mutation occurred (14). However, this change in insulin secretion was not presented in KCl stimulation. Because HNF1B might play a role in intracellular ATP production and indirectly regulate K+ current through ATP-sensitive K+ channels (14). There were individual differences in diabetes among MODY5 patients. This also explained why MODY5 was easily misdiagnosed as type 1 diabetes or type 2 diabetes.

The renal manifestations were prominent in MODY5 patients. Renal cysts (72.41%) were the most common morphological abnormalities, with the majority presented as multiple renal cysts. Although multiple renal cysts were a common renal phenotype in MODY5 patients, they needed to be differentiated from other polycystic kidney diseases. In a study of children with cystic kidney disease (15), hypomagnesemia appeared to be a marker of differential diagnosis between autosomal dominant polycystic kidney disease (ADPKD), autosomal recessive polycystic kidney disease (ARPKD) and MODY5. Patients with MODY5 often had hypomagnesemia, but it was uncommon in patients with ADPKD or ARPKD. Hypomagnesemia was presented in 84.62% of MODY5 patients with multiple renal cysts. Therefore, multiple renal cysts with hypomagnesemia should raise suspicion for MODY5 diagnosis. In addition, the correlation between hypomagnesemia and multiple renal cysts was analyzed in MODY5 patients. The results showed that there was no significant relationship between hypomagnesemia and multiple renal cysts. At the same time, the correlation between serum magnesium and renal cysts was studied in MODY5 patients, and no association was presented. Therefore, hypomagnesemia might be helpful to differentiate different polycystic kidney diseases. This depended on the high incidence of hypomagnesemia in MODY5 rather than polycystic kidney itself.

The renal function of MODY5 varied greatly from normal to end-stage renal failure (16), but there was no unified conclusion about the correlation between gene mutation types and renal function. In our study, patients with a total gene deletion had a better renal prognosis than those with other gene mutations. Firstly, additional deleted genes within HNF1B might include genes that impair renal functional. But the effect has not been reported thus far (6). Secondly, patients with HNF1B deletion may be affected by 17q12 deletion. This led to underexpression of certain genes and indirectly reduced kidney damage (17). But another study showed no correlation between genotype and renal functional (9). Although renal malformations appeared to be the common manifestation of HNF1B mutations, progression to end-stage renal disease (ESKD) in patients with HNF1B mutations seemed to be rare (18). The specific mechanism needs to be further explored. Furthermore, our study did not find an association between renal function and renal cysts. Renal function might not be affected by renal cysts.

Pancreatic abnormalities in MODY5 were mainly dysplasia. Ventral pancreatic dysplasia was the most prominent, because HNF1B was related to ventral pancreatic development, its mutation could cause pancreatic dysplasia (19–21). It was also reported that patients might have pancreas divisum, intraductal papillary mucinous tumo, yet these manifestations were extremely rare (6). In MODY5, in addition to insufficient insulin secretion due to pancreatic dysplasia, pancreatic exocrine function was also often impaired. Pancreatic exocrine dysfunction was also presented in MODY5 patients. These patients might present with abdominal pain, loose stools and weight loss. Fecal elastase was a convenient indicator of pancreatic exocrine function (22). Therefore, fecal elastase test was recommended for patients with suspected MODY5.

Hypomagnesemia was common in patients with MODY5. The deficient HNF1B downregulated the expression of FXYD2. The downregulated FXYD2 blocked the encoding of the γ subunit of the Na+-K+-ATPase and indirectly led to hypomagnesemia (23–25). Although hypomagnesemia was a common presentation in patients with MODY5, patients had varying degrees of hypomagnesemia in different mutation types. Patients with HNF1B deletion had worse hypomagnesemia than those with other mutations. The reason might be that patients with other mutations have worse renal function relative to patients with HNF1B deletion, which might reduce renal magnesium loss (15). Therefore, this should be fully considered in patients with renal insufficiency.

In addition, patients with MODY5 were prone to hyperuricemia, and some patients developed gout. Hyperuricemia is defined as serum uric acid level ≥ 420 μmol/L. In our study, 65.00% of MODY5 patients met the diagnosis of hyperuricemia. Previous studies indicated that hyperuricemia was a common early manifestation of MODY5 in children, but its utility as a predictor of the disease was limited (26). However, hyperuricemia might serve as a supplement to raise our suspicions about MODY5.

In our study, reproductive system abnormalities presented in 5 patients, included saddle uterus, eminal vesicular cyst with azoospermia, double horn uterus, and double uterus. Evaluation of the reproductive system was necessary in patients with reproductive needs or the young people. The correlation between neurological abnormalities and HNF1B was still unclear. Currently, it was generally believed that neurological abnormalities were more likely to come from genes other than HNF1B (27). Therefore, it was necessary to consider expanding the scope of genetic testing when neurological symptoms were prominent.

Clinical management is critical for MODY5 patients. Our study showed that most of the MODY5 patients (80.39%) received insulin therapy. Only a minority of patients did not use insulin after the onset of diabetes. Sulfonylureas were suitable for patients with a certain reserve of pancreas islet function (28), and they were not suitable for patients with severe pancreatic dysplasia. Notably, recent reports have provided some new therapeutic possibilities. A patient with HNF1B deficiency MODY5 who was treated with liraglutide restored endogenous insulin secretion and stopped insulin injection (29). This might be due to the upregulation of PAX6 by glucagon-like peptide 1 receptor agonists (30), which promoted the regeneration of insulin-secreting cells. In addition, MODY5 patients might benefit from Bacillus Calmette – Guerin (BCG) vaccination (31). Studies showed that BCG treatment might regenerate pancreatic B cell (32, 33). This might compensate for the deficiency caused by pancreatic dysplasia. Management of pancreatic exocrine dysfunction is often neglected. Early pancreatic replacement therapy for these patients can improve their symptoms and normalize their weight (22). For hypomagnesemia patients, inorganic magnesium treatment was less effective, there were side effects of diarrhea. Organomagnesium such as magnesium aspartate was recommended (34). At the same time, thiazide diuretics should be carefully used in patients with hypomagnesemia, which could aggravate hypomagnesemia (35). In MODY5 patients with hyperuricemia, drugs that promote uric acid excretion were prohibited. Allopurinols were recommended to control serum uric acid levels and delay renal damage (36).

Our study has several limitations. Firstly, in order to comprehensively understand the clinical characteristics of MODY5 patients, all articles were limited to at least recording diabetes-related indicators, which might lead to selection bias in our study. Secondly, because of the low incidence of MODY5, some rare clinical manifestations are difficult to analyze. Finally, the mechanism of different mutations leading to various clinical features still remains confused and further studies are needed to explain its molecular mechanism.

In summary, our study shows that MODY5 often has multiple clinical manifestations. Diabetes usually starts before 25 years old and often with pancreatic dysplasia. Patients with HNF1B deletion have a better renal prognosis and worse hypomagnesemia than patients with other gene mutations. The young onset of diabetes with low or normal BMI, renal cysts, hypomagnesemia, and pancreatic dysplasia should be recommended to genetic testing earlier in order to differentiate MODY5 from other types of diabetes.
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7:44149813
7:44149778
7:44145674
7:44145666
7:44145266
12:120988993
12:120994261
12:120996571
20:44413795
17:37731814
m.3243A>G

Exon

COODOMWNNNN

ArOBANG

RefSeq Gene position

g9.49768C>T
9.49777_49779del
9.49790G>A
g.49792G>A
g.50880A>G
9.53185G>A
9.63358C>G
9.53393G>A
g.67497C>T
9.57515_57518C>TinsGCGA
g.57905T>A
9.15248T>C
9.20516C>T
0.22826_22827insC
9.62995C>T
9.18293C>T

Variant cDNA level

¢.106C>T
¢.115_117delAAG
c.128G>A
c.130G>A
C.343A>G
c.562G>A
€.626C>G
C.661G>A
¢.1076C>T
©.1094_1095insGCGA
C.1268T>A
¢.489C>G
c.811C>T
©.1136_1137insC
c.487C>T
c.826C>T

Variant protein level

p.(Arg36Trp)
p.(Lys39del)
p.(Arg43His)
p.(Gly44Ser)
p.(Met115Val)
p.(Ala188Thr)
p.(Thr209Arg)
p.(Glu221Lys)
p.(Pro359Leu)
p.(Asp365GlufsTeras)
p.(Phe423Tyr)
p.(Tyr163Ter)
p.(Arg271Trp)
p.(Val380CysfsTer39)
p.(Arg163Ter)
p.(Arg276Ter)

Reference

©3)
(84)
©5)
(36)
Novel
@7)
(@8)
39)
(40)
Novel
(41
Novel
“2)
Novel
@7)
(30)
(43)

[

®

Ensembl HGVS: GCK: ENSG00000106633.17, ENST00000403799.8, NM_000162.5, NP_000153.1, NG_008847.2; HNF1A: ENSG00000135100, ENST00000257555.11,
NG_011731.2, NM_000545.8, NP_000536.5; HNF4A: ENSG00000101076, ENST00000316099.9, NG_009818.1, NM_000457.5, NP_000448.3; HNF1B: ENSG00000275410,
ENST00000617811.5, NG_013019.2, NM_000458.4, NP_000449.1; MT-TL1: NC_012920, gi:251831106, AC_000021.2.
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Search articles with key words through pubmed,
web of science and emAbase (n=3658), Wanfang 175 articles obtained from Human
and China National Knowledge Infrastructure Gene Mutation Database
Databases (n=2137)

5970 articles secreened

3813articles excluded due to irrelevant
(n=2660) or duplicate content (n=1153)

2157 articles assessed for eligibility

858 articles about animals or cells;

775 artlcle's .exclude' after full-text assessment; 109 arficles irchidedin Hiis paper
228 not original articles;

187 missing clinical data or detailed mutation;
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promotor/-187C>T(15nt)
promotor/-119delG(12nt)
promotor/-119G>A(12nt)
promotor/-97T>G
promotor/-62C>G
promotor/-8-9deletion

¢.162T>C/p.Leu54Pro

¢.55G>C/del CACGCGG

¢.121G>T/p.E41X
GGG-GAG/Gly-Glu/G47Ep.Asn62Lysfs93*

¢.526+1delGTAA
IVS2nt-1G>A ¢.1107+9C>G/IVS5nt+9C>G

¢.956-2A>G

¢.1501+7G>A/IVSTnt+7G>A
IVS7nt-6G>A

promotor/-218T>C(>35nt)
promotor/-207-206ins27(>35nt)

¢.326+91A>G/IVSInt+91A>G

¢.526+1G>A

CAG-CAA/IVS3nt-G>A

IVS4nt-1G>T

I
DNA-binding domain Transactivation domain
i p.Serb6Arg i c.815G>A/p.Arg272His ¢.608G>A/p.Arg203His G191D
i ¢92G>A/p.G31D i c.675delC/p.Ser225Argfs*8 ¢.788G>T/R263L K205Q )
; c.51C>G/pp-Leu17Lcu : c.7o9A>Gp ¢ ¢.618G>A/p.W206X CGG-CAG/Arg271GIn ¢.872dupC/p.Gly292Argfs*25 ¢.1204A>T/p.Asn402Tyr P293fsinsC
i ¢ 79A>C/p.Jle27Leu i ¢.512G>A/p.Argl71Gln ¢ 771C>T/Q250X R272C ¢.1192C>T/p.Glu398 stop c.1136C>G/p.Pro379Arg 584-585/insertion of CT
I CTCCTG/AI5A i ¢391C>T/p.Argl31Trp ¢.779C>T/p. T260M Arg271Tip ¢.1129delC/p.Leu377fsX7 ¢.1136-1137delCT/p.pro379fs 392/ACA-CA '
i GCCGCA/LITL ¢.814C>A/p.Arg272Ser ¢.391C>T/p.R131W -237G>A/G237A ¢.1375C>T/p.Leud59Leu ¢.1745A>G/p.His582Arg 559/GCA(Ala)-GCAA(frameshift)
i ATCCTC/127L I c293C>T/p.A9SV ¢.788G>A/p.R263H T196fsdelCCAA ¢.1460G>A/p Ser487Asn ¢.872dupC/p.Gly292fs L518p519fsTCC-A/T521L+V617L
! R45X (CGA-TGA) i ¢323T>G/p.L108P ¢392G>A/p.R131Q TCC-ACC/S256T/Ser-Thr ¢.1130-1131insC/p.V380Cfs*39 ¢.1351A>G/p.Ser451Gly CAG>TAG/GIn>stop/Q474X
i ¢.24-35dup12/p.GIn9-Leul2du i ¢.779C>T/p. Thr260Met ¢.598C>T/p.R200W CGG-TGG/R271W/Arg-Trp ¢.A1398G/p.X466W C-Sﬁdl;p_l/_li-Gl)lﬂggA\;glfsTerzs exon7-9 deletion '
i c.66C>G/p.Ser22Arg 1 c.G812A/p.R271Q ¢.499G>A/R200Q GCC-GAC/A276D/Ala-Asp ¢.865dupC/p.G292R f5*25 c917G ;;.G{1 6Va 379/CCT(Pro)-CC(frameshift)
i 12 CTC-CAC i ¢.368T>C/p.Leul23Pro c.1155-1156insA/L283fsinsA ~ CGG-TGG/R159W ¢.961C>A/p.R321S C-}gj(‘)C;L%TVf3T5§r“5’I:;AI Tars 447/CCG(Pro)-CTG(Leu)
i c73G>C/A25P i C244C>T/p Pro224Ser ¢.802T>C/p.phe268LewF268L  CGC-CAC/R272H ¢.872dup/p.Gly292fs i st SRR
i LI2H i ¢.608G>C/p.R203H ¢.803T>C/p.phe269Lew/F268L  deletionA/D135fsdelA ¢.1785C>T/p.Pro588Ser °-872d A PI;2f9°1 . g L584S585fsinsTC
i c.66C>G/P.Ser22Arg i C751G>A/p.A251T/A2S1T ¢.804T>C/p.phe270Lew/F268L  CCG-CTG/Pro-Lew/P112L ¢.1256C>G/S419* ¢ e 13 lclj- P3945f T392fsdelA
i pGly3lAsp i C751G.A/p.A25ITIN ¢.599G>A/p.Arg200Gln CGA-TGAArg-stop/R171X c.1469T>G/M450R Sfie b T539f5delC
: asite mutaiton +102G-C i .598C>T/p.Arg200Trp p.Serl42Phe CGA-CAA/R229Q ¢.872dup/p.Gly292ArgfsTer25 0.379(‘ e CP~ S CCG?CTG/PTO447L3}J
1 ¢.8C>G/Ser3Cys I ¢.397G>A/p.Vall33Met ¢.686G>A/p.Arg229GIn CGT-TGT/Arg-Cys/R263C ¢.1739C>T/p.Pro580Leu P-P 25911'1; " CCAinsCfs/Pro291fsinsC
i c.92G>A/G31D i ¢.586A>G/p.Thr196Ala ¢.593delA/p.Lys198fs PA98V polymorphism+Q495X stop ¢.824-826del AAG/E275del P<G'l°508]f‘"5 G-A/Ala-Thi/A301T
L i .704A>G/p.Glu235Gly ¢.653A>G/p.Tyr218Cys 131/CGG-CAG ¢.872dupC/G292fs gGG“GGC)’ézng C-T/Thr-lle/T4921
i c811C>T/p. Arg271trp ¢.607C>T/R203C CCA-ACA/P129T ¢.1177delT/S393fs G415RE619K
i c319C>T/RI3IW ¢.682-684delGAG/E228del 128/ATC-AAC/Ile-Asn ¢.1331-1332del AG/S445fs ACGACA/T515T E620K
i c481G>C/AL61P ¢.685C>T/R229X 143/CAC-TAC/His-Tyr c.1501G>A/AS01T GS545£5X556 E621K
I c.493T>C/W165R ¢.788G>A/R263H 224/CCT-TCT/P224S ¢.1051delCA/1051delCA P292fsinsC E622K
i ¢.599G>A/R200Q p.Leu254GIn 191/GGT-GAT ¢.1043T>C/p.L348P deletionCA/A443fsdelCA E623K
i C.666-668delGAA/p Lys222del  ¢.415G>A/RI31Q 205/AAG-CAG ¢.873-874insC/p.291fsinsC i‘g%‘;ﬁ?&jﬁf\g T537R
¢.415C>G/p.Leul39Val CGG-CAG/Argl31Gln 263/CGT-TGT c.1323delG/R442£sX456 Sk ;4;8R T538R
¢.335C>T/p.Prol 12Leu CGG-TGG/Argl159Trp GCCGTC/A98V ¢.1051delCA el SYTG;g/ 437 T539R
¢.523C>G/p.GIn175Glu Alal74fsdelCGCAGCGTAAG ~ CAGCAA/Q141Q ¢.1501G>A/p.Ala510Ser i ToTH/Lenp P475L

¢.392G>C/R131P
¢.436C>G/Q146E

TGG>TGA/Trp-Stop/W267X
GAG>AAG/Glu-Lys/E132K

¢.872C>T/p.Pro291Ser/P291S
¢.872-873insC/p.P291fs

CAG-TAG/Glu-STOP/Q446X
AGC-ACC/Ser-Thr/S531T
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Variables n GCK-MODY group (n=20) n HNF1A-MODY group (n=37)
Sex 20 37

women 10 22

men 10 15
Age of diagnose (years) 20 16.45 + 11.53 (0,38) 37 18.16 + 10.88 (2,37)
Current BMI (kg/m?) 19 21.54 + 3.99 33 24.38 + 3.44
Fasting glucose (mg/dL) 15 127.72 + 23.08 17 150.64 + 65.41
Glycated hemoglobin (%) 138 6.29 + 0.66 31 7.73 £2.01
Treatment 20 37

Insulin

Yes 5 26

No 15 11

Oral hypoglycemic agents

Yes 5 21

No 15 16
Clinical diagnose suspicion 18 35

Without classification 2 6

Prediabetes 1 0

DM type 1 8 19

DM type 2 0 8

MODY 7 2






OPS/images/fendo.2022.842937/table1.jpg
Test

Plasma Glucose
C-Peptide

Insulin

Pro-Insulin
Betahydroxybutyrate
HbA1c

Sulphonylurea screen
Insulin antibodies

Thyroid stimulating hormone
Free T4

Cortisol

Insulin-like growth factor-1
Human growth hormone
Amino acids

Lactate

Ammonia

*The patient blood sample was drawn in non-fasted state at 11.30 am.
'Reference range for normoglycemia in fasted state.
2Betahydroxybutyrate in fasted, hypoglycaemic state would be 2-4 mmol/L.

Value

23

904
17.8
37.1
<0.01
3.6
Negative
Negative
3.65
139
265

18

<0.1
Non diagnostic profile
1.5

55

Reference range

3.0 - 7.7 mmol/lL
268-1275 pmol/L'
3-25 mUL!

<13 pmol/L
0-0.61 mmol/L'2
4.0-6.0%

0.5-4.7 miU/LL
11.5-22.7 pmol/L
100-535 nmol/L
12-42 nmol/L.
0-1.7 ug/L

0.5-2.2 mmolL
16-53 pmolL
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Time Glucose (mmol/L) Insulin (mU/L) C-peptide (pmol/L) Pro insulin (pmol/L) B-hydroxy butyrate (mmol/L) Comments
1200 (+0 hrs) 3.8 Fasting from 1200
1800 (+6 hrs) 25 24 126 >100 0.08
2000 (+8 hrs) 23 7 94 371 0.05
2200 (+10 hrs) 1.9 7 359 - 0.05 No symptoms

Given glucagon 1mg
2210 (+1010 hrs) 6.1
2220 (+1020 hrs) 52
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B Homologous DCAF17: ¢.1488_1489delAG

mutant allele GAAACCCAACAGTCTTCAGC
mutantallele GAAACCCAACAGTCTICAGC

Heterozygous DCAF17: c.1488_1489delAG

/"‘ m &

1 H’« ‘\H’mf‘\.,MM WA

oo widdype allle GAAACCC AACAG AGTCTTC
Woodhouse-Sakati syndrome mutantalele GAAACCC AACAGTCTTCAG

%
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Exon

Forward primers (3'-5’)

Reverse primers (3'-5’)

Product length (bp)

Exon-1a
Exon-1b
Exon-1c
Exon 2
Exon 3
Exon 4
Exon 5
Exon 6
Exon 7
Exon 8
Exon 9
Exon 10

TCCACTTCAGAAGCCTACTG
AGCAGGCAGGAGCATCTCTG
GAACTCGGGCCTCACATG
TGTGCAGATGCCTGGTGA
TAATATCCGGGCTCAGTCACCT
TAGCTTGGCTTGAGGCCGTG
GCAGCCACGAGGCCTATCTC
CCAGCACTGCAGCTTCTGTG
AGCCGCCTTTCCATTGTT
CCTCCCTCGTGCCTGCTGAT
ACTGTCGGAGCGACACTCAG
CGCCCGGTAATGAATGTGG

GTTTGAGCCTCAGAATCTGA
CTTTGCACTGGGAGAGCAGC
GGATTGTTAGGACAGCCTG
CACTCCCAGACTCACAGCC
CAAGGCCATGCAGGATCTCAG
CCAGAGGAACTCTGCCTTCA
CAGCACTGCCTGCCTTTCTC
CTTCCAGACTGCTGAGGCTC
AAAAGCAAACTGACAATCCGTT
ACTTGGTCTCAGGGCGACG
TGCGGTTCCCAAGCTCCAAG
CCACAGCACCCAGGCTCCAT

195
149
252
343
298
272
195
176
451
279
367
269
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So.5 (MM)* ATP-Km (mM) Glucose-Kcat* ATP-Kcat Hill coefficient (h) * Inflection point (mM)*

Wild-type 2.42 £0.14 1.00 +0.24 332+06 43.8 +3.9 244 +0.29 1.69 +0.10
Mutant 7.95 £0.92 1.00 + 0.25 303« 1.2 452 + 4.1 1.75+0.30 3.78 £ 0.44

Means + SD are given. The S0.5 value, ATP-Km, Kcat value for glucose (Glucose-Kcat), ATP (ATP-Kcat), Hill coefficient and inflection point were obtained from the allosteric sigmoidal
equation. Note that the Hill coefficient (h) is unitless.
0 < 0.05.
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A The percentage of different mutation types The percentage of de novo mutation:
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Subjects Case

Renal cysts (yes/no)

r P
eGFR 25 0.198 0.344
Serum creatinine 32 -0.087 0.638
Serum magnesium 23 0.329 0.125
Serum uric acid 20 -0.310 0.183

eGFR, estimated glomerularfiltrationrate.
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Subject Total (n = 1,325) Negative (n = 1,310) Positive (n = 15) P-value

Age of diagnosis (years) 20.1 (162, 24.0) 19.8 (15.7, 23.9) 23.4(18.3, 28.5) 0.282
BMI (kg/m?) 227 (21.5, 23.9) 22,6 (21.4, 23.9) 23.8 (21.3, 26.9) 0.399
HbA1c (%) 77(7.3,80) 76(7.3,7.9) 8.9(7.4,10.3) 0.094
FPG (mmolL) 89(8.0,9.8) 86(7.8,9.5) 12.1(9.9, 14.2) 0.004*
2-hour PG (mmol/L) 16.6 (14.5, 18.7) 16.0 (1.0, 17.0) 19.7 (17.4,21.9) 0.008*
Fasting C-peptide (ng/mi) 1.07 (054, 1.60) 1.06 (0.48, 1.63) 1.19 (063, 1.74) 0.747
2-h post-load C-peptide (ng/mi) 2.11 (1.61, 2.60) 2,17 (1.59, 2.76) 1.83 (1.26, 2.40) 0.407
TG (mmol/L) 112 (092, 1.32) 1.12 (0.90, 1.35) 1.14 (086, 1.41) 0942
TC (mmol/L) 4.73 (4.43, 5.04) 4.77 (4.44, 5.10) 4.40 (3.67, 5.13) 0.365
HDL-c (mmol/L) 1.42 (1,24, 1.60) 1.49 (1.0, 1.67) 099 (0.85, 1.13) <0.001*
LDL-c (mmol/L) 2.81(2.54, 3.08) 2.80 (2.05, 3.10) 2.87 (2.33, 3.41) 0.821
Male (%) 41.1(34.7, 47.9) 415 (34.9, 48.4) 30.8 (12.0, 59.1) 0.450
Family history (%) 87.2 (515, 97.8) 88.0 (46.3, 98.4) 86.7 (59.5, 96.6) 0929
Microvascular complications (%) 48.4(31.0, 66.2) 47.5(29.3, 66.3) 62.5 (28.5, 87.5) 0.461
Diabetic retinopathy (%) 20.8 (14.2, 29.4) 20.6 (13.8, 29.7) 25.0 (6.3, 62.3) 0.769
Diabetic kidney disease (%) 15.3 (9.0, 24.7) 16.3 (9.7, 25.9) 100 (0, 100) 1.000
Diabetic neuropathy (%) 12.8 (6.7, 23.9) 11.3 (6.7, 21.0) 50.0 (20.0, 80.0) 0010*
Macrovascular complications (%) 11.6 (7.7, 16.8) 11.4 (7.5,17.0) 12,5 (1.7, 53.7) 0925
Lifestyles (%) 17.0 (13.2, 21.6) 172 (13.4, 21.9) 9.1(1.3, 439 0.490
OHA (%) 307 (31.7, 48.9) 401 (31.9, 49.0) 27.3(9.1, 58.6) 0.408
INS (%) 36.2 (31.8, 40.9) 35.8 (31.4, 40.5) 54.6 (26.8, 79.7) 0213
OHA + INS (%) 8(5.1,18.0) 9.8(4.7,19.3) 9.1(1.3,43.9) 0939
Dimerization domain (%) 5.8 (3.5,9.6) 56(3.3,9.4) 11.1 (1.5, 50.0 0.498
DNA-binding domain (%) 22.5(8.7, 47.1) 28.7 (130, 52.2) 0 (0, 100) 1.000
Transactivation domain (%) 68.3 (47.6, 83.7) 64.1(42.8,81.1) 88.9 (50.0, 98.5) 0.193

BMI, body mass index; HbATc, glycated hemoglobin; FPG, fasting plasma glucose; 2-hour PG, 2-h post-load glucose; TG, triglyceride; TC, total cholesterol; HDL-c, high-density
lipoprotein cholesterol: LDL-c, low-density lipoprotein cholesterol; OHA, oral hypoglycemic drugs; INS, insulin; *p < 0.05.
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A Gender B Family history of diabetes

M Male M Female M Yes B No

C BMI D Age of diabetes diagnosis

55.26% ‘ .

¥ underweight ' normal weight M overweight M obese W < 25years old M > 25years old
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Subject

Age (years)

Age of diagnosis (years)
Duration (years)

BMI (kg/m?)

HbA1c (%)

FPG (mmol/L)

2h PG (mmol/L)

Fasting C-peptide (ng/mi)
2-hour post-load C-peptide (ng/ml)
TG (mmol/L)

TC (mmol/L)

HDL-c (mmol/L)

LDL-c (mmol/L)

Male (%)

Family history (%)

Microvascular complications (%)
Diabetic retinopathy (%)
Diabetic kidney disease (%)
Diabetic neuropathy (%)
Macrovascular complications (%)
Lifestyles (%)

OHA (%)

INS (%)

OHA + INS (%)

Total (n = 1,325) Asian (n = 183) Non-Asian (n = 1,142) P-value
326 (28.5, 36.7) 29.4 (24.9, 33.9) 33.5 (28.6, 38.5) 0.229
20.3 (18.3, 22.2) 18.0 (14.8, 21.3) 20.9 (18.8, 23.0) 0.153
13.1 (10.5, 15.6) 13.6 (9.3, 18.0) 13.0 (10.0, 16.0) 0.809
23.1(22.3, 23.9) 20.8 (202, 21.3) 24.1(23.6, 24.6) <0.001*
7.3(7.2,75) 7.9(7.5,84) 7.3(7.1,7.4) 0.007*
8.1(7.6, 8.5) 7.9(7.0,8.8) 1(7.5,87) 0.618
15.6 (14.8, 16.5) 16.1(14.5, 17.8) 16.3 (14.4, 16.3) 0.432
1 15 (0.84, 1.46) 0.96 (0.46, 1.46) 1.25 (0.86, 1.65) 0.360
00 (1.40, 2.59) 216 (1.61,2.72) 1.44 (1.34, 1.54) 0.012*
1 79 (1.49, 2.09) 1.14 (0.81, 1.48) 2.09 (1.69, 2.49) <0.001*
5.46 (5.04, 5.88) 4.70 (4.46, 4.94) 5.76 (5.23, 6.29) <0.001*
1.66 (1.52, 1.79) 1.37 (1.29, 1.45) 1.75 (1.59, 1.92) <0.001*
2.83 (2.60, 3.06) 2.63 (2.40, 2.87) 2.94 (2.58, 3.31) 0.161
415 (352, 48.1) 43.0 (335, 53.1) 41.0(33.7, 48.7) 0.751
89.8 (54.1, 98.5) 92.6 (22.2, 99.8) 87.4 (41.5, 98.5) 0.794
47.6 (30.6, 65.2) 31.7 (6.1, 79.9) 51.6 (33.3, 69.5) 0.474
21.5(14.5, 30.8) 22.2 (6.0, 56.2) 20.7 (13.9, 29.7) 0913
16.6 (10.3, 25.5) 10 728,329 18.4 (11.0, 29.1) 0.417
11.8(6.2,21.2) 8(0.7, 43.5) 13.1 (7.2, 22.7) 0.559
11.1 (7.3, 16.6) 7(0.7, 10.0) 14.3(10.7, 18.9) 0.014*
17.0 (13.2, 21.6) 155(106 22.3) 16.8 (12.3, 22.5) 0.759
40.3 (32.4, 48.6) 41.9 (34.2, 50.0) 40.5 (30.8, 51.0) 0.829
35.5 (31.3, 40.0) 35 8(28.5, 43.8) 35 1(30.3, 40.3) 0.882
9.5 (5.4, 16.2) .1(3.7, 16.9) .9 (4.7, 19.6) 0.717

BMI, body mass index; HbATc, glycated hemoglobin; FPG, fasting plasma glucose; 2h PG, 2-h post-load glucose; TG, triglyceride; TC, total cholesterol: HDL-c, high-density lipoprotein
cholesterol: LDL-c, low-density lipoprotein cholesterol: OHA, oral hypoglycemic drugs; INS, insulin; *p < 0.05.
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Subject

Age of diagnosis (years)

BMI (kg/m?)

HbA1C (%)

FPG (mmol/L)

2h PG (mmol/L)

Fasting C-peptide (ng/ml)

2-h post-load C-peptide (ng/ml)
TG (mmol/L)

TC (mmol/L)

HDL-c (mmol/L)

LDL-c (mmol/L)

Male (%)

Family history (%)
Microvascular complications (%)
Diabetic retinopathy (%)
Diabetic kidney disease (%)
Diabetic neuropathy (%)
Macrovascular complications (%)
Lifestyles (%)

OHA (%)

INS (%)

OHA + INS (%)

Total (n = 432)

19.7 (17.6,21.8)
22.8 (22.1,23.6)
8.0(7.6,84)
9.3(80,105)
15.9 (149, 16.9)
1.14 (1.08, 1.25)
3.06 (081,5.32)
1.51(0.98, 2.08)
4.97 (4.13,5.81)
1.34 (0.88, 1.81)
3.01 (2:82,3.21)
40.0 (29.1, 52.0)
83.9 (75.2, 90.0)
36.6 (26.2, 48.3)
26.1 (16.8, 38.3)
14.0 (7.5, 24.8)
19.8 (9.9, 35.6)
53(17,15.1)
19.4 (14.7,25.2)
40.4 (29.6,52.2)
28.5 (24.2, 33.3)
4.2(1.9,9.0)

Dimerization domain

(n=15)

18.9 (1.5, 26.3)
22.8 (20.9, 24.7)
8.0(6.5,9.5)
12.4 (4.6,203)
16.8 (8.6, 25.1)
1.28 (0.71, 1.85)
271
1.70
396
072
3.02 (1.81,4.24)
462 (22.4,71.8)
92.9 (63.0,99.0)
50.0 (16.8, 83.2)
33.3(8.4,73.2)
16.7 (2.3, 63.1)
33.3(8.4,732)
0(0, 100)
16.7 (4.2, 47.7)
66.7 (37.6, 86.9)
16.7 (4.2, 47.7)
0(0, 100)

DNA-binding domain

(n=179)

205 (17.3,23.7)
23.6 (22.2, 25.1)
8.2(7.4,9.0)
9.1 (7.2,11.0)
16.1 (12,8, 19.4)
1.13 (0.87, 1.40)
4.22 (2,17, 6.26)
1.82 (0.27, 3.36)
5.39 (2.07, 8.71)
1.59 (0.64, 2.54)
289 (1.18, 4.24)
47.8(37.7,58.1)
80.4 (55.3,93.2)
28.9 (17.6, 43.6)
22,0 (11.8,37.1)
23.5 (12,2, 40.5)
10.9 (5.0, 22.2)
83(2.1,27.9)
18.8 (13.4, 25.8)
326 (15.2, 56.7)
27.9 (21.4, 35.5)
59 (2.7,125)

Transactivation domain

(n =238)

26.0 (21.7, 30.3)
22.1(20.8, 23.5)
7.8(7.2,85)
8.7(7.6,98)
15.5 (13.0, 18.0)
1.04 (0.73, 1.35)
1.92 (1.17, 2.67)
1.23 (0.81, 1.64)
4.54 (3.59, 5.49)
1.12 (0.89, 1.35)
3.19 (2.24, 4.14)
28.3(17.8, 41.8)
83.0 (75.7, 88.4)
41.5 (24.8, 60.4)
28,6 (12.8, 52.2)
8.4 (3.0,213)
37.0(21.2, 56.2)
3.7 (0.5, 22.1)
20.8 (13.7, 30.9)
42.6 (34.4,51.3)
29.7 (23.9, 36.2)
35(0.9,126)

P-value

<0.001*
0.227
0.641
0.126
0.751
0.370

<0.001*
0.007*
0.017*
0.001*
0.662
0.072
0.618
0.406
0.760
0.209
0.024*
0.792
0.903
0.192
0.620
0.799

BMI, body mass index; HbATc, glycated hemoglobin; FPG, fasting plasma glucose; 2h PG, 2-h post-load glucose; TG, triglyceride; TC, total cholesterol; HDL-c, high-density lipoprotein
cholesterol: LDL-c, low-density lipoprotein cholesterol: OHA, oral hypoglycemic drugs; INS, insulin; *p < 0.05.
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Subject Total (n = 1,325) Asian (n = 183) Non-Asian (n = 1,142) P-value

Dimerization domain (%) 6.4(3.9,10.4) 3.8(1.2,11.0) 7.8(4.5,13.2) 0.241
DNA-binding domain (%) 33.0 (17.2, 53.9) 48.8 (38.0, 59.6) 29.2 (12.9, 53.6) 0.144
Transactivation domain (%) 59.9 (40.7, 76.4) 47.5 (36.8, 58.4) 63.0 (40.0, 81.4) 0.231
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60

Heteroplasmy levels (%)
Max
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48.25
41.35
32.00
67.50
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MIDY mutant INS-induced diabetes of the young

MODY maturity-onset diabetes of the young

MPS mutant proinsulin syndrome

PNDM permanent neonatal diabetes mellitus

DesDi single-chain insulin analog containing Lys®?® and lacking residues
B29 and B30

N DesDi insulin template with all three native disulfide bonds

N* DesDi insulin control with solubility enhancements

[B19-A20]  DesDi variant based on N* retaining only the B19-A20 disulfide inkage
ER endoplasmic reticulum

SCl single-chain insulin

CD circular dichroism

NMR nuclear magnetic resonance

rp-HPLC reverse-phase high-performance liquid chromatography
LC-MS liquid chromatography-mass spectrometry

MALDI-TOF matrix-assisted laser desorption ionization - time of flight
IGF insulin-like growth factor

NOE nuclear Overhauser enhancement

NOESY nuclear Overhauser enhancement spectroscopy
TOCSY total correlation spectroscopy

HSQC heteronuclear single-quantum coherence.

Insulin residues are denoted by residue type (in standard three-
letter code) followed by the chain and position (e.g., Phe®2*
designates a phenylalanine at the 24™ position of the B chain)
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native state peptide domain

single-chain (N)°
single-chain (N*)°
Ser®* single-chain (N)°
Pro™® single-chain (N)*
Pro'® single-chain (N¢
Pro®'® single-chain (N)°®
Pro®'® single-chain (N*)°®

isolated yield (mg)®

21.7 mg
21.2mg
12.0 mg
0

2.1 mg
0

0

AGy(kcal/mol)®

>4°
7.6+04°
34 +0.1°
0901

m value(kcal/mol/M)

N.D.°
0.99 £ 0.02
0.69 +0.02
051 +0.02

Cmia(M)

N.D.¢
7.68 £0.1
4.93+0.1
1.76 £ 0.1

“Isolated yield represents amounts after rp-HPLC purification from a folding reaction of 100 mg reduced polypeptide.

®AG, values provided were obtained from curve fitting of CD-guanidine titrations to a two-state unfolding transition model as described in Methods (23).
°CD-guanidine titrations performed at 37°C for N and 50°C N* (see Figure 4) yielded partially folded peptides at the maximum guanidine concentration. Fitting of the N* titration was
successful (R? = 0.9994), but analysis of the N titration curve could only place a lower limit on thermodynamic stabilty of 4 kcal/mol.
INo product obtained. Folding was nonetheless rescued in part by Asp®'° and GIL/*® substitutions (N").

°No isolable product obtained. In the case of Pro’

815

' inclusion of stabilizing substitutions Asp®’° and GIL A€ (N*) did not rescue foldability: only disulfide isomers were observed.
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sample Name o-helix
A)

insulin fispro 38 - 40%
wild-type insulin® 47 - 56%
single-chain (N) 49 - 64%
single-chain (N*) 49 - 58%
Ser®* single-chain (N) 55 -61%
Pro*'® single-chain (N*) 43 - 48%
two-chain DesDi (N) 47 - 53%
two-chain DesDi (N*) 56 - 61%
two-chain Ser®2* (N) 50 - 58%
two-chain Pro*'® (N*) 25 - 26%
B)

188-WT 27 - 30%
188-Ser®* 19 - 20%
18S-Prof® 12-14%
188-Pro®® 10-11%

B-sheet

9-10%
3-10%
2-10%
4-10%
3-7%
1-14%
10-12%
7-10%
5-6%
22 -23%

18-20%
26-27%
32 -33%
29 - 32%

disordered

32 - 33%
24 - 29%
24 -27%
24 - 26%
27 - 28%
27 - 28%
26 - 28%
24 - 26%
27 - 29%
31-32%

30-31%
31-32%
30-31%
32 - 34%

#Total percent a-helix, B-sheet, and disordered coil were obtained from spectra acquired at discreet temperatures of 4°C, 25°C, and 37°C using the SELCON-3 algorithm (66-68).
Estimated percentages are presented as the minimum to maximum content calculated across the three sampled temperatures.
bEstimates were calculated from WT insulin spectra to confirm that SELCON-3 processing of our own CD data gives values that match those published in the literature (77).
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Location

Genomical DNA

Exon 1

Exon 1

Exon 1

Exon 2
Exon 2
Exon 3
Exon 3
Exon 4
Intron 5
Exon 4
Intron 7

Codon

31
55,56
98
142
171
224
230-236
272
Splice site
27
Splice site

Nucleotide Change at DNA Level

C.92G>A
¢.161-165delGAGGG
©.283C>T
c.425C>T
c.511C>T
¢.670C>T
©.687_707del
c.815G>A
C.955+2 T>A
c.811C>T*
¢.1502-6G>A"

Mutation

p.G31D
RE5G56(sdelGAGGG
p.ABV

p.S142F

P.RI71X

p.P224S
p.E230_C236dkel
p.R272H

IVSBnt + 2T—A
p.R271W
IVS7nt-6G>A

Age of Onset of the Subject (Yrs)

15
17

14
NA
13
NA
20
15
17

Sex

Male
Male
Male
Female
Female
Male
Female
Male
Male
Female
Female

I1BM

15.9
24.6
NA
27.2
20.9
NA
22
NA
241
NA
NA

Ref

EEGED
S3O0RNRD =

G EGOEEEOED
Q990902000 =

o
o))

*This SNP was related to Renal malformations.

NA, Not available.
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Location Nucleotide Change at DNA Level Mutation Age of Onset of the Subject (Yrs, range) BMI Ref

Genomical DNA Codon

Promoter Promoter  g.-568A>C HNF4a binding site 22/23 NA (31)
Exon 1 47 ©.140G>A p.G47E 12 NA 32
Exon 1 48 c.142C>A p.E48K 12 NA (33)
Exon 1 54 ¢.160C>T p.R54X 14-29 21.6-29.7 (34, 35)
Exon 1 108 ¢.307G>A p.V103M 25 236 (36)
Exon 1 107 ¢.319C>G p.L1071 23.5+5.8(6/2) 253 +3.5 (37)
Exon 2 112 ©.335C>T p.P112L 9.9 203 (38)
Exon 2 114 ©.340C>T p.R114C 21 226 (36)
Exon 2 128 ¢.383T>C p.1128N 16 212 (27)
Exon 2 131 ¢.392C>T p.R131W 10-20 NA (32)
Exon 2 143 c.427C>T p.H143Y 7 215 @7)
Exon 2 171 c.511C>G p.R171G 21 18.2 (36)
Exon 2 171 c.511C>T p.R171X 11-26 NA (32)
Exon 3 196 ©.587_590delCCAA T196fsdelCCAA 31 NA (32)
Exon 3 229 C.686G>A p.R229Q 21-36 NA (32)
Exon 3 235 ©.703G>C p.E235Q 23 20.8 (36)
Intron 3 Intron C.714-1G>A IVS3-1G>A 24 NA (32)
Exon 4 241 c.721T>G p.C241G 12 NA (393)
Exon 4 245 €.733G>C p.G245R 25 255 (36)
Exon 4 263 C.788G>A p.R263H 17 16.3 (36)
Exon 4 263 c.787C>T p.R263C 13-27 NA (32)
Exon 4 271 c.812G>A p.R271Q 14 16.6 (36)
Exon 4 271 c.811C>T p.R271W 16 NA (32)
Exon 4 276 C.827C>A p.A276D 24 NA (32)
Exon 4 291 ¢.873delA Pro291fsdelA 12 NA (33)
Exon 4 291 ©.8743elC P291fsinsC 6-54 NA (32)
Exon 5 349 ¢.1047C>G p.H349Q 23 242 (36)
Exon 6 379 ©.1136-1137delT P379fsdelT 13 21.4 27)
Exon 6 379 ¢.1136-1137delCT P379fsdelCT 11-20 NA 32
Exon 7 445 ©.1333_1334delAG S445fsdelAG 12-13 NA (32)
Exon 7 447 €.1340C>T p.P447L 18 22.1 (27)
Exon 7 447 ©.1340C>G p.P447L 17 NA (32)
Exon 7 487 ¢.1460G>A p.S487N 20 18.9 (36)
Exon 8 531 ©.1692G>C p.S631T 35 NA (32)
Exon 9 559 ¢.1677A1678insA AB559fsinsA 19 229 @7

NA, Not available.
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Pedigree

A family from U.K.

B family from China

Kindred/Generation Subject

]2
I:1
Il: 2
l: 1
ll: 2
L
Il: 1

Sex

mTmZTETEZ T

Relation

Grandmather
Mother

Mother's brother
Proband
Brother

Mother

Proband

Age at Diagnosis

Adolescence
18
29
14
17
27
19

NA
25.2
NA
297
216
NA
22

Treatment

Insulin

Insulin

NA

Insulin

Insulin

sulphonylurea (gliclazide)
insulin,glybenclamide

Ref

(34)

(35)

NA, Not available.
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Patient First Visit Last Visit
Disease HbA1c Treatment Disease HbA1c Treatment
Duration (y) (%) Duration (y) (%)
Insulin (Dose U/kg/d) Other Antidiabetic Drugs (Dose)
1 3 13 Premixed human 17 74 0.35 (Premixed insulin -
insulin 30R aspart 50)
2 3 7.8 Intensive insulin 17 8.6 1.19 (Aspart, detemir) -
therapy
3 13 11.6  Oral drugs and insulin 21 8 0.91 (Aspart, glargine) Linagliptin (6mg qd), dapaglifiozin (10mg qd)
4 1 - Premixed human 16 109 1.05 (Glulisine, Sitagliptin (100mg qd), canaglifiozin (100mg qd)
insulin 30R degludec)
5 14 9.1 Metformin, vildagliptin 17 72 0.43 (Glulisine, Acarbose (50mg tid), sitagliptin (100mg qd)
degludec)
6 2 59 Metformin, glimepiride 4 72 0.38 (Aspart, degludec)  Dulaglutide (1.5mg qw), dapaglifiozin (10mg qd)
7 3 79 Insulin glargine 5 6.4 0.48 (Glulisine, glargine) -
8 1 63  Insulin 5 72 0.09 (Degludec) Voglibose (0.3mg tid), sitagliptin (100mg qd)
9 14 9.3 Acarbose 17 8.6 1.23 (Aspart, glargine) Pioglitazone (15mg qd), acarbose (100mg tid),
sitagliptin (100mg qd)
10 3 9.3 Metformin 5 6.2 = Glimepiride (1mg qd)
11 0 129 Insulin aspart, insulin 1 105 0.53 (Premixed insulin -
glargine aspart 30)
12 4 75 Acarbose 11 7 0.47 (Premixed insulin —

lispro 50)

HbA1c, hemoglobin Alc.
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No. Country Gender cDNA Protein
1 China F ¢.1007A>G p.His336Arg
2 The United States F c.1127C>T p.Thr376lle
3 China M ¢.1132C>T p.GIn378*

4 Japan M C.457C>A p.His153Asn
5 Malta F c.1580G>A p.Arg527GIn
6 Japan M C.434T>A p.Leu145Gin
7 France F €.443C>G p.Ser148Trp
8 China M C.443C>T p.Ser148Leu
9 The United States M C.443C>T p.Ser148Leu
10 Turkey F ©.443C>T p.Ser148Leu
11 Germany M C.443C>T p.Ser148Leu
12 Korea F C.476C>T p.Pro159Leu
13 China F C.494G>A p.Arg165His
14 Japan M ¢.503T>C p.Leu168Pro
15 China M ¢.530G>A p.Arg177GIn
16 China F c.541C>T p.Arg181*
17 Rumania M c.715G>C p.Gly239Arg
18 Poland M C.742C>T p.GIn248*

19 Poland M C.742C>T p.GIn248*
20 China F ¢.826C>T p.Arg276*

21 Japan M C.826C>T p.Arg276*
22 France M C.884G>A p.Arg295His
23 France M C.884G>A p.Arg295His
24 France M c.143delT p.Leudsfs

25 Brazil M €.983delC p.Pro328Leufs*48
26 Norway F €.409_483del p.Arg137_Lys161del
27 The United States F ©.1149delinsTGGCC p.Arg351Leufs*10
28 Japan E p.Leu264Ser
29 Norway M p.Phe148Leu
30 Poland M c.1046-15T>A

31 France M ©.544+4A>C

32 Japan F c.544+1G>T

33 Japan M g.37731831C>G

34 China F HNF1B deletion

35 China M HNF1B deletion

36 Japan F HNF1B deletion

37 Japan M HNF1B deletion

38 The United States F HNF1B deletion

39 France M HNF1B deletion

40 France F HNF1B deletion

41 Brazil M HNF1B deletion

42 Brazil M HNF1B deletion

43 New Zealand F HNF1B deletion

44 China M HNF1B deletion &

45 China F HNF1B deletion &

46 China F HNF1B deletion &

47 China M HNF1B deletion &>

48 China F HNF1B deletion &

49 Japan F HNF1B deletion &>

50 Japan F HNF1B deletion &

51 Japan M HNF1B deletion &

52 The United States M HNF1B deletion &

53 The United States M HNF1B deletion &

54 The United States M HNF1B deletion &

55 France M HNF1B deletion &

56 Poland M HNF1B deletion &

57 Turkey M HNF1B deletion >

58 Germany F HNF1B deletion &

59 Netherlands M HNF1B deletion &

60 China M HNF1B deletion §

61 Greece P HNF1B deletion 1

Gender: F, female; M, male. § Exon2~9del. *HNF 1B deletion is accompanied with 17q12 deletion. JHNF 1B deletion is accompanied with a HNF1A mutation (c.685C>T, p.Arg229%).
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MD patients (n = 6)

Gender, male, n (%)
Age at onset, y

Age at exercise tests, y
Height, cm

Weight, kg

BMI, kg/m?

Fasting C-peptide, ng/ml
HbAtc, %

3(66.7%)
30.17 + 10.57
42.58 + 12.06

161 +7.45
48.67 + 13.47
18.61 + 4.14

059+ 0.31
7.93 +1.49

T1DM patients” (n = 6)

1(16.7%)
40.5 + 14.85
46.75 £ 16.72
166.17 £ 5.6
64.23 +8.25
23.29 +2.98
0.09 £0.02
6.9 +1.02

p-value

0.242
0.593
0.155
0.02
0.026
0.007
0.148

MD, Mitochondirial diabetes; T1DM, Type 1 diabetes mellitus.
matched by age and HbA1c¢ at the time of the test.

*Clinical and laboratory findings of patients with T1DM were obtained from our institution’s medical record retrieval system
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OPS/images/fendo.2022.835570/table1.jpg
Patient Diagnosis Gender  Age at Age at Follow-Up  Height, Weight, BMI Resting Family history of
onset, y Baseline, y time, y cm kg (kg/m?) lactate,
mmol/L Diabetes Hearing
abnormalities
1 3243 A>G F 38 al 14 167 39.5 16.02 = Mother, sister, Mother,
daughter daughter, sister,
niece
2 3243 A>G F 15 18 14 157 54 21.91 1.67 Mother, Mother,
grandmother, aunt grandmother,
aunt, aunt’s
daughter
3 3243 A>G M 36 48 9 170 57 19.72 1.7-1.9  Mother N
4 Mult F " " 16 159 57 22.55 1.7-3.1  Father, mother, -
mtDNA uncle, grandfather,
PM grandmother
5 3243 A>G M 37 51 3 168 58 20.55 1:9 Aunt, brothers Brothers
6 m.15662 M 23 24 3 171 80 27.36 0.76-27 - =
A>G
7 3243 A>G F 40 43 2 162 33 14.28 2327 - Sister, daughter
8 3243 ASG F 37 38 4 150 45 20 18 Brother Mother, brother
9 3243 A>G F 27 41 3 159 39 15.43 2.6 Mother, brother, aunt Mother, brother,
uncles
10 3243 A>G F 26 29 2 160 42 16.41 15 Father, mother, =
grandfather,
grandmother, uncle
1 m.1438 M 26 26 1 172 47.5 16.06 0.98 Father, aunt, uncle Sister
A>G
12 3243 A>G F 46 50 6 157 32 12.98 = Mother, sister, Niece ~ Mother,

daughter, sister,
niece

BMI, body mass index; M/F, male/female; PM, point mutation.
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