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Introduction

Maturity-onset diabetes of the young (MODY, OMIM #606391), defined as a dominantly inherited form of early-onset non-autoimmune diabetes, is the most common and widely characterized presentation of monogenic diabetes (MD) [START_REF] Vaxillaire | How Recent Advances in Genomics Improve Precision Diagnosis and Personalized Care of Maturity-Onset Diabetes of the Young[END_REF]. MODY has been estimated to account for two to five percent of young-onset diabetes cases from population-based studies and patient registries [START_REF] Johansson | Targeted next-generation sequencing reveals MODY in up to 6.5% of antibody-negative diabetes cases listed in the Norwegian Childhood Diabetes Registry[END_REF][START_REF] Shepherd | Systematic Population Screening, Using Biomarkers and Genetic Testing, Identifies 2.5% of the U.K. Pediatric Diabetes Population With Monogenic Diabetes[END_REF][START_REF] Delvecchio | Diabetes Study Group of the Italian Society of Pediatric Endocrinology and Diabetes (ISPED). Monogenic Diabetes Accounts for 6.3% of Cases Referred to 15 Italian Pediatric Diabetes Centers During 2007 to 2012[END_REF][START_REF] Johnson | Comprehensive genetic screening: The prevalence of maturity-onset diabetes of the young gene variants in a population-based childhood diabetes cohort[END_REF]. MODY can occur at different ages from childhood to early adulthood, while presenting with variable clinical features both at diagnosis and later in life [START_REF] Vaxillaire | How Recent Advances in Genomics Improve Precision Diagnosis and Personalized Care of Maturity-Onset Diabetes of the Young[END_REF][START_REF] Hattersley | Precision diabetes: learning from monogenic diabetes[END_REF]. Beyond MODY, the wide clinical spectrum of MD is substantially explained by genetic heterogeneity with various types of genetic defects in more than 30 genes, depending on the consensus of established causal genes, including some involved in rarer forms of early infancy-onset diabetes [START_REF] Vaxillaire | How Recent Advances in Genomics Improve Precision Diagnosis and Personalized Care of Maturity-Onset Diabetes of the Young[END_REF][START_REF] Hattersley | Precision diabetes: learning from monogenic diabetes[END_REF][START_REF] Jungtrakoon | Loss-of-Function Mutation in Thiamine Transporter 1 in a Family With Autosomal Dominant Diabetes[END_REF]. Importantly, a formal genetic diagnosis is the only way to recognize MD from common type 2 diabetes. A diagnosis of MD has important implications for prognosis and choice of treatment regimen, as well as family counseling and health care cost [START_REF] Hattersley | Precision diabetes: learning from monogenic diabetes[END_REF][START_REF] Vaxillaire | Monogenic diabetes: Implementation of translational genomic research towards precision medicine[END_REF]. Indeed, the policy of routine genetic screening for MD in pediatric or young adult populations has been shown to be cost-effective and to improve patients' quality of life [START_REF] Naylor | Cost-effectiveness of MODY genetic testing: translating genomic advances into practical health applications[END_REF][START_REF] Johnson | Cost-effectiveness Analysis of Routine Screening Using Massively Parallel Sequencing for Maturity-Onset Diabetes of the Young in a Pediatric Diabetes Cohort: Reduced Health System Costs and Improved Patient Quality of Life[END_REF]. This is largely due to the possible switch from insulin to sulfonylurea (SU) drugs in patients with a pathogenic variant in HNF1A, HNF4A, ABCC8 or KCNJ11 [START_REF] Johnson | Cost-effectiveness Analysis of Routine Screening Using Massively Parallel Sequencing for Maturity-Onset Diabetes of the Young in a Pediatric Diabetes Cohort: Reduced Health System Costs and Improved Patient Quality of Life[END_REF], and also because GCK-MODY patients generally do not require treatment unless in pregnancy [START_REF] Vaxillaire | How Recent Advances in Genomics Improve Precision Diagnosis and Personalized Care of Maturity-Onset Diabetes of the Young[END_REF].

Prevalence and genetic subtypes of MD, particularly MODY, are rather well documented in Caucasian populations from Europe, in Australia and in the USA [START_REF] Johansson | Targeted next-generation sequencing reveals MODY in up to 6.5% of antibody-negative diabetes cases listed in the Norwegian Childhood Diabetes Registry[END_REF][START_REF] Shepherd | Systematic Population Screening, Using Biomarkers and Genetic Testing, Identifies 2.5% of the U.K. Pediatric Diabetes Population With Monogenic Diabetes[END_REF][START_REF] Delvecchio | Diabetes Study Group of the Italian Society of Pediatric Endocrinology and Diabetes (ISPED). Monogenic Diabetes Accounts for 6.3% of Cases Referred to 15 Italian Pediatric Diabetes Centers During 2007 to 2012[END_REF][START_REF] Johnson | Comprehensive genetic screening: The prevalence of maturity-onset diabetes of the young gene variants in a population-based childhood diabetes cohort[END_REF], and through studies done in South and East Asian populations [START_REF] Yorifuji | Comprehensive molecular analysis of Japanese patients with pediatric-onset MODY-type diabetes mellitus[END_REF][START_REF] Mohan | Comprehensive genomic analysis identifies pathogenic variants in maturity-onset diabetes of the young (MODY) patients in South India[END_REF], while their estimate in Maghreb and Middle-East remains elusive, mainly because of poor access to genetic testing [START_REF] Kleinberger | Undiagnosed MODY: Time for Action[END_REF][START_REF] Anık | Molecular diagnosis of maturity-onset diabetes of the young (MODY) in Turkish children by using targeted next-generation sequencing[END_REF][START_REF] Pacaud | A description of clinician reported diagnosis of type 2 diabetes and other non-type 1 diabetes included in a large international multicentered pediatric diabetes registry (SWEET)[END_REF]. Yet, in these regions, the prevalence of diabetes is rising steadily, by affecting patients at an increasingly younger age [START_REF] Lascar | Type 2 diabetes in adolescents and young adults[END_REF]. Actually, most genetic studies from these populations handled only limited sets of candidate genes leading to partial conclusions on the genetic etiology of potentially MD cases [START_REF] Ağladıoğlu | Maturity onset diabetes of youth (MODY) in Turkish children: sequence analysis of 11 causative genes by next generation sequencing[END_REF][START_REF] Khelifa | Maturity Onset Diabetes of the Young (MODY) in Tunisia: Low frequencies of GCK and HNF1A mutations[END_REF][START_REF] Özdemir | Targeted next generation sequencing in patients with maturity-onset diabetes of the young (MODY)[END_REF][START_REF] Tatsi | Next generation sequencing targeted gene panel in Greek MODY patients increases diagnostic accuracy[END_REF].

Exome sequencing (ES) enables a comprehensive, quick and cost-efficient genetic diagnosis of all currently known MD subtypes, as for other rare genetic disorders [START_REF] Foucan | High Prevalence of Rare Monogenic Forms of Obesity in Obese Guadeloupean Afro-Caribbean Children[END_REF][START_REF] Montagne | CoDE-seq, an augmented whole-exome sequencing, enables the accurate detection of CNVs and mutations in Mendelian obesity and intellectual disability[END_REF]. ES is also very efficient to thoroughly investigate the relative prevalence of disease genetic subtypes at the population level [START_REF] Glotov | Whole-exome sequencing in Russian children with non-type 1 diabetes mellitus reveals a wide spectrum of genetic variants in MODY-related and unrelated genes[END_REF][START_REF] Li | High Prevalence of a Monogenic Cause in Han Chinese Diagnosed With Type 1 Diabetes, Partly Driven by Nonsyndromic Recessive WFS1 Mutations[END_REF][START_REF] Park | Identifying Pathogenic Variants of Monogenic Diabetes Using Targeted Panel Sequencing in an East Asian Population[END_REF]. In this study, we took advantage of this technology to provide diabetes specialists from eleven countries of the Mediterranean area with a comprehensive genetic diagnosis for MD. Our main aim was to assess the genetic subtypes and specificities of diabetes in young adults with a suspicion of MD in Southern European and other Mediterranean countries.

Subjects and Methods

Participants and study design

The Mediterranean Group for the Study of Diabetes (MGSD) has established a transnational multicenter population study of patients with a suspicion of MD from eleven countries of the Mediterranean area including Algeria, Cyprus, Greece, France, Lebanon, Malta, Morocco, Portugal, Serbia, Tunisia and Turkey (Figure 1). From these countries, thirty Endocrinology-Diabetology departments or outpatient clinics were involved under the responsibility of one national coordinator per country (online supplementary Exclusion criteria included: i/ presence of type 1 diabetes as documented by antibodies to at least three islet cell antibody tests (when searched for) and ii/ diabetes due to diseases of the exocrine pancreas or drug-related diabetes or diabetes related to endocrine diseases. In the present study, we excluded 33 patients as they were relatives of an index case, or the related DNA sample had poor quality and/or quantity (online supplementary Figure 1).

Patient information, including demographics, family history of diabetes, age at diagnosis, initial treatment of diabetes, glycated hemoglobin A1c (HbA1c) and treatment of diabetes at inclusion, were provided through a dedicated electronic case report form (eCRF) (Table 1 and online supplementary Table 2). Information on C-peptide levels was not available in many patients of the study. At the inclusion visit, a salivary sample was collected for each participant using the Oragene-DNA self-collection kit (DNA Genotek, Ottawa, ON, Canada). Each participating center transmitted the salivary samples to Lille laboratory (UMR1283/8199, EGID, France) for DNA extraction and further genetic analyses.

This study was conducted according to the principles of the Declaration of Helsinki, and was approved by the Ethics committee of CPP Ile-de-France VI (GH Pitié Salpêtrière). Each national coordinator was responsible for regulatory and ethical issues according to local regulatory requirements. The local/national Ethics committee in each country approved the study protocol, the "Participant information and consent form" document, the list of investigators and the insurance documents. Each study participant provided written informed consent.

Target enrichment preparation, next-generation sequencing and variant detection

We To evaluate the pathogenicity of the variants, we applied the standards and guidelines of the American College of Medical Genetics and Genomics (ACMG) established in 2015 (online supplementary Tables 4 and5) [START_REF] Richards | Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology[END_REF]. For this purpose, we used the AlamutVisual version 2.11 software (Interactive Biosoftware), including ClinVar information, and the Human Gene Mutation Database Professional 2019.3 (HGMD-Pro, Qiagen). For the moderate pathogenic criterion PM2 and the supporting pathogenic criterion PP2, we used information from the gnomAD browser. The variants were classified independently by two geneticists into three categories: pathogenic (P), likely pathogenic (LP) or variants of uncertain significance (VUS) (online supplementary Table 5).

Statistical analysis

All statistical analyses were performed using the R software (version 3.4.2.) [START_REF] Team | A language and environment for statistical computing[END_REF].

The characteristics of the study participants were compared between the countries of recruitment and the studied groups (i.e., with and without P/LP variants) using one-way ANOVA for continuous variables or chi-squared test for discrete phenotypes. Post-hoc tests were performed using Tukey's honestly significant difference (HSD) method. A factor analysis of mixed data (FAMD) taking into account both continuous and categorical variables was performed to explore the dissimilarities between individuals and between the different phenotypes, using the R package FactoMineR [START_REF] Lê | FactoMineR: An R Package for Multivariate Analysis[END_REF]. Phenotypes with missing values (namely age at diagnosis and family history of type 2 diabetes) were imputed by the mean. A principal component analysis (PCA) was performed using the R package flashpcaR [START_REF] Abraham | Fast principal component analysis of large-scale genome-wide data[END_REF] to assess the ethnicity of study participants based on the first two genomics components. The PCA was performed on a combined dataset of 1,711 variants with MAF > 1% from ES data of the study participants and data from the 1,000 Genomes [START_REF] Siva | Genomes project[END_REF]. Further analyses were performed to test differences between were closest to EUR sub-populations (British in England and Scotland [GBR], Toscani in Italy

[TSI], Iberian populations in Spain [IBS], Utah residents with Northern and Western EUR ancestry [CEU] and Finnish in Finland [FIN]) from 1,000 Genomes project on the factorial plane using the first two principal components. Then, the predicted ethnicities were compared between the studied groups (i.e., samples with and without P/LP variants) using a chi-squared test. All results were considered significant when the p-value was below 0.05.

Results

Characteristics of the study participants

The study included 204 unrelated participants with a suspicion of MD from eleven countries of the Mediterranean area (Figure 1). stratify patients into phenotypic subgroups, we found that the main contributing variables were the treatment both at diagnosis and at inclusion in the study, and to a lesser extent the HbA1c levels at inclusion and ages at diagnosis and at inclusion (online supplementary Figure 2A).

Genetic diagnosis of MD

From the exome data of 204 unrelated individuals, we assessed the pathogenicity of each rare variant detected in 35 genes involved in MD (online supplementary Table 3) using ACMG criteria. We identified forty P/LP heterozygous variants in 36 (17.6%) patients (Table 2); of them, fourteen variants were novel, namely they have not been reported in the literature nor listed in gnomAD (Table 2).

Among these 36 participants diagnosed as MD cases, most of the P/LP variants were identified in GCK (37.5%), HNF1A (27.5%), ABCC8 (12.5%) and HNF4A (7.5%), while few other P/LP mutations were found in CEL, HNF1B, KCNJ11, PAX4, PDX1 and WFS1 (Table 2 and online supplementary Figure 3). Of note, three patients carried P/LP variants in two MD genes suggesting a likely digenic effect (HNF1A/ABCC8, GCK/HNF1B, ABCC8/ PAX4), yet no striking phenotypes were observed as they all developed diabetes after 25 years old (online supplementary Table 6). In contrast, one patient who developed early-onset diabetes (at 11 years old) carried two novel LP variants in ABCC8 (p.Phe295Leu and p.His1537Tyr) (Table 2 and online supplementary Table 6).

Clinical parameters of patients carrying a P/LP variant versus non-carriers

The participants with P/LP variants were significantly leaner (BMI: 23.4 ± 3.9 kg/m² vs. 26.3 ± 4.7 kg/m², p = 0.001) and their diabetes was better controlled (HbA1c: 6.8 ± 1.3% vs. 7.7 ± 2.2%, p = 0.016) at the time of inclusion in the study, when compared to non-carriers (Table 3 and Figure 2). It is to note that BMI and HbA1c values were not available at diagnosis.

Furthermore, the P/LP variant carriers were less likely to be treated with insulin both at diagnosis (13.9% vs. 35.7%, p = 0.019) and at inclusion (22.2% vs. 48.2%, p = 0.008), when compared to non-carriers (Table 3). In 171 patients with fully available information to calculate the MODY probability score [START_REF] Shields | The development and validation of a clinical prediction model to determine the probability of MODY in patients with young-onset diabetes[END_REF], we found that the mean value of this score was significantly higher in P/LP variant carriers when compared to non-carriers (56.7 ± 23.8% vs. 38.2 ± 28.7%, respectively, p = 0.001; online supplementary Figure 4). When we took into account a threshold value of 40% for this score [START_REF] Shields | The development and validation of a clinical prediction model to determine the probability of MODY in patients with young-onset diabetes[END_REF], we found that 67.7% of P/LP variant carriers compared to 47.8% of non-carriers had a MODY probability score above this value, showing the limitation of its use in older, non-EUR populations, as in the context of our study.

Interestingly, through FAMD analysis relying on individual phenotypic features, including both continuous and categorical variables (online supplementary Figure 2A), we looked for characteristics that could contribute to the stratification of patients in the entire study population.

As shown in online supplementary Figure 2B, the projection of all patients on the first plan and additional marking of the P/LP variant carriers compared to the non-carriers pointed that patients with P/LP variants were not discriminated at all from non-carriers; this implies the impossibility of distinguishing clinically these two groups of patients without a precise genetic diagnosis.

Specificities of MD subtypes per country

The distribution of MD subtypes per country is depicted in online supplementary Figure 3.

Importantly, we observed highly variable genetic diagnosis rates according to the country of recruitment, ranging from 0% in Morocco to 40% in Greece (Figure 1 and Table 1).

Furthermore, we found that P/LP variants in GCK were more frequent in patients from France and Malta, and that P/LP variants in HNF1A were more frequent in patients from Greece and Serbia (Table 2 and online supplementary Figure 3). In particular, the nonsense GCK-p.Gln26* variant identified in three Maltese patients (Table 2) has already been reported in seven Italian families living in the Veneto region of North-Eastern Italy with a suspected founder effect [START_REF] Costantini | Genetic and bioinformatics analysis of four novel GCK missense variants detected in Caucasian families with GCK-MODY phenotype[END_REF].

In addition, in two Algerian and Greek patients, we identified a previously reported loss-offunction GCK variant (p.Gly72Arg; Table 2), according to decreased enzyme activity and loss of stabilizing interaction with glucokinase regulatory protein [START_REF] Ralph | Biochemical characterization of MODY2 glucokinase variants V62M and G72R reveals reduced enzymatic activities relative to wild type[END_REF].

Furthermore, using targeted Sanger sequencing, we confirmed the presence of several P/LP variants in GCK, HNF1A or HNF4A in affected relatives in six independent families, which further substantiated a monogenic cause of diabetes in these families (online supplementary Figure 5). Notably, a complete co-segregation between the HNF4A-p.Arg231Gln variant and diabetes was found in six relatives over two generations in a family from Cyprus (including three cases diagnosed with diabetes at ages 16, 18 and 19 years) (online supplementary Figure 5). The functional causality of this missense HNF4A variant has previously been reported in a

Japanese family [START_REF] Hara | Maturity-onset diabetes of the young resulting from a novel mutation in the HNF-4alpha gene[END_REF].

Taking advantage of the individual genomic information from ES, we evaluated the ethnic components of each individual using the 1,000 Genomes project (online supplementary Table 7). As expected, specific ethnic diversity was observed according to the country of recruitment (online supplementary Table 7). Importantly, we found that the genetic diagnosis of MD was significantly higher in EUR participants when compared to non-EUR cases: among the carriers of a P/LP variant, 86.1% were defined as EUR while 13.9% were non-EUR, and among the noncarriers, 67.3% were defined as EUR while 32.7% were non-EUR (p = 0.040). We then assessed whether some clinical features might differ between the EUR and non-EUR participants from the entire study, which would explain this difference in genetic diagnosis. We found that EUR 

Impact of genetic diagnosis of MD on diabetes treatment

We also assessed the information on possible treatment adaptation following the genetic diagnosis. Eleven out of fourteen (78.6%) patients with P/LP variants in HNF1A or HNF4A

were treated by oral hypoglycemic agent (OHA) at inclusion in the study, and three patients received insulin injections. Six of those who were treated with OHA before genetic testing took SU or dipeptidyl peptidase-IV (DPP-IV) inhibitor or glucagon like peptide-1 (GLP1) agonist drugs, which have proven to be very effective in patients with mutations of HNF1A or HNF4A.

Importantly, two patients carrying a HNF1A mutation experienced a change in treatment after the genetic diagnosis with good metabolic control: patient ID-521000401 switched from insulin, metformin and DPP-IV inhibitor (treatment at study inclusion) to DPP-IV inhibitor and gliclazide (SU drug) with last HbA1c < 7% (current age 50 years old); patient ID-420003301 switched from metformin to gliclazide only with last HbA1c of 6.2% compared to 6.5% before switching treatment (current age 36 years old) (Table 2). Furthermore, patient ID-850000601 (Table 2) with a HNF4A mutation who was treated with metformin switched to gliclazide upon genetic diagnosis.

Seven out of fifteen (46.7%) patients with P/LP variants in GCK were treated by OHA (in six patients) or insulin (in one patient); after genetic diagnosis, drug therapy was stopped in two GCK-MODY patients, who were put on diet only and exercise with optimal metabolic control: patient ID-324000301 showed a HbA1c value of 6.1% at last examination (compared to 6.4% at inclusion visit; current age 32 years old), and patient ID-420000801 had a HbA1c of 5.8% at last examination (HbA1c < 6% at inclusion visit; current age 30 years old).

One patient bearing a LP variant in ABCC8 was on insulin treatment before genetic testing, which was identified as candidate for treatment switch to oral SU drug. In three participants, we found three variants, KCNJ11-p.Arg27Cys, ABCC8-p.Asp310Asn and ABCC8-p.Glu1506Lys, previously reported with experimentally validated (or presumed) loss-of-function on K-ATP channel activity (i.e., leading to channel closure and increased insulin secretion). Consequently, oral SU treatment might not be recommended for these patients.

Discussion

Our study provided a genetic etiology of MD in 36 patients with young-onset to middle-age diabetes from geographically more diverse populations than in previous studies on MD. In addition to reporting data on several novel variants of interest in MD genes, the (likely) pathogenic variants having been classified according to strict ACMG criteria, our findings do likely reflect real-world practice for genetic diagnosis. However, we must acknowledge the small number of cases in each country overall, which makes it difficult to accurately infer much about the entire population prevalence of MD in the participating countries.

From the entire study population, a genetic diagnosis of MD was revealed in 17.6% of the participants. Diagnosis rates differed widely by country of inclusion, with the highest rates observed in Greece (40%), Algeria (30%) and France (27.8%), and the lowest in Tunisia (8%)

and Turkey (12%) while no variant of interest were found in the Moroccan patients. By analyzing individual's ancestry background using exome data, the study participants were stratified according to whether or not they belonged to five EUR sub-populations, which allowed us to show a significant association between EUR ancestry and the presence of P/LP variants. This result strengthens previous observations that a lower genetic diagnosis of MD prevails in people from non-EUR origins, such as in South and East Asians or North Africans [START_REF] Mohan | Comprehensive genomic analysis identifies pathogenic variants in maturity-onset diabetes of the young (MODY) patients in South India[END_REF][START_REF] Kleinberger | Undiagnosed MODY: Time for Action[END_REF][START_REF] Park | Identifying Pathogenic Variants of Monogenic Diabetes Using Targeted Panel Sequencing in an East Asian Population[END_REF][START_REF] Misra | South Asian individuals with diabetes who are referred for MODY testing in the UK have a lower mutation pick-up rate than white European people[END_REF][START_REF] Donath | on behalf of the Monogenic Diabetes Study Group of the Société Francophone du Diabète. Next-generation sequencing identifies monogenic diabetes in 16% of patients with late adolescence/adult-onset diabetes selected on a clinical basis: a crosssectional analysis[END_REF][START_REF] Amara | Familial early-onset diabetes is not a typical MODY in several Tunisian patients[END_REF], underpinning yet unknown genetic and pathophysiological mechanisms for MD in these regions.

In our study, the average BMI of non-EUR participants did not significantly differ from the one in EUR participants; while ages at onset of diabetes in non-EUR cases were earlier with more severe presentations. Similarly, a recent study of 109 non-type 1 diabetes patients of Korean origin, using targeted gene panel sequencing, found that only 23 (21.1%) patients harbored P/LP variants (representing 1.1% of cases from the overall non-type 1 diabetes clinical cohort), which also had a lower BMI and lower C-peptide levels compared to those without pathogenic variants [START_REF] Park | Identifying Pathogenic Variants of Monogenic Diabetes Using Targeted Panel Sequencing in an East Asian Population[END_REF]. On the whole, our data still support the hypothesis that cases of non-EUR ancestry may have other forms of diabetes than the classical MODY or other known MD subtypes. It is therefore important to strengthen genetic studies in non-EUR populations (particularly in North-Africa and Middle-East people).

Of note, the referring physicians in each country may have influenced the observed differences in diagnosis rates in addition to the country of origin and ethnic differences. Another limitation is the heterogeneity of the population study, which is most probably related to the broadly defined inclusion criteria. Among the 40 P/LP variants identified in the study participants, 29 (72.5%) variants were found in the major MD genes (i.e., GCK, HNF1A, HNF4A); as it is very common in EUR populations [START_REF] Misra | South Asian individuals with diabetes who are referred for MODY testing in the UK have a lower mutation pick-up rate than white European people[END_REF][START_REF] Donath | on behalf of the Monogenic Diabetes Study Group of the Société Francophone du Diabète. Next-generation sequencing identifies monogenic diabetes in 16% of patients with late adolescence/adult-onset diabetes selected on a clinical basis: a crosssectional analysis[END_REF], and also more recently reported in Han Chinese and

Russian patients [START_REF] Glotov | Whole-exome sequencing in Russian children with non-type 1 diabetes mellitus reveals a wide spectrum of genetic variants in MODY-related and unrelated genes[END_REF][START_REF] Li | High Prevalence of a Monogenic Cause in Han Chinese Diagnosed With Type 1 Diabetes, Partly Driven by Nonsyndromic Recessive WFS1 Mutations[END_REF]. Five different ABCC8 variants have also been identified in four patients (age at diagnosis: 11-40 years), which emphasizes the broad phenotypic spectrum of this genetic subtype. We also observed a variable pattern of MD subtypes between the countries, namely GCK variants are more prevalent in patients from France and Malta, and HNF1A variants more prevalent in patients from Greece and Serbia. Noteworthy, in four out of the six Greek patients carrying a variant of interest, we identified three HNF1A variants supporting a relatively high proportion of HNF1A-MODY in this population [START_REF] Tatsi | The spectrum of HNF1A gene mutations in Greek patients with MODY3: relative frequency and identification of seven novel germline mutations[END_REF]. Furthermore, one of our findings was able to confirm a pathogenic effect of the HNF4A-p.R231Q variant dominantly inherited in a two-generation family from Cyprus; this variant had only been previously reported with reduced transcriptional activity in a single small family of Japanese origin [START_REF] Hara | Maturity-onset diabetes of the young resulting from a novel mutation in the HNF-4alpha gene[END_REF].

When analyzing the clinical phenotype-genotype correlations, we found that patients diagnosed with MD (i.e., those who are carriers of a P/LP variant) presented with a discrete clinical profile, that is mainly associated with a lower BMI and lower HbA1c values suggesting a less severe metabolic disease; as it was recently reported by Donath et al. from a multiethnic series of patients with adolescence or adult-onset diabetes, which have been subjected to targeted genetic screening with a pick-up rate of MD of 16.2% (representing 23.2% among EuroCaucasian patients) [START_REF] Donath | on behalf of the Monogenic Diabetes Study Group of the Société Francophone du Diabète. Next-generation sequencing identifies monogenic diabetes in 16% of patients with late adolescence/adult-onset diabetes selected on a clinical basis: a crosssectional analysis[END_REF]. Interestingly, some differences in the treatment modalities were also observed between the P/LP variant carriers and non-carriers, especially the carrier ones are less often treated by insulin (both at diagnosis and after years at the time of study inclusion); this disparity may be attributed to distinctive genetic subtypes requiring distinct diabetes management (notably owing to the metabolic defects due to GCK and HNF1A variants).

A strong point of our study is that it reflects real world clinical practice in the participating countries and as such it may express the true probability of yielding a positive genetic diagnosis among cases clinically suspected with monogenic diabetes or considered to have atypical diabetes. A secondary advantage of this study was to provide clinicians in different countries with a reliable and easy-to-use tool for genetic diagnosis in order to identify diabetes cases which may benefit from switching to simpler and equally or even more effective treatment regimens.

In conclusion, by looking at monogenic diabetes features in mostly adult patients from eleven Mediterranean countries, our findings highlight a broad clinical and genetic spectrum of youngonset to adulthood diabetes, partly explained by ancestry. In addition, a relevant aspect of our study is to illustrate how a comprehensive genetic analysis may provide a better understanding of diabetes subtypes and improved long-term patient monitoring even in adulthood.
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Figure 1 .

 1 Figure 1. Geographical map of the countries participating in the study with the genetic diagnosis rate per country. Each of the countries participating in the study is colored according to the genetic diagnosis rate, which is indicated as a percentage below the country name. The number of patients with diabetes studied in each country is indicated in brackets. A full list of the centers participating in the study is given in TableS1.
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 2 Figure 2. BMI and Hb1Ac levels in patients with and without pathogenic (P) or likely pathogenic (LP) variants in the MD genes.
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2.3 Variant annotation and selection, interpretation and classification of rare variants

  

	capture pools were subsequently amplified using the KAPA HiFi HotStart ReadyMix below 0.1% in 35 genes involved in MD (online supplementary
	(Wilmington, MA, USA) and quantified for paired-end sequencing using the Illumina NovaSeq
	system according to the manufacturer's instructions. The sequence reads from FASTQ files
	were aligned to the human genome (GRCh38/hg38) using Burrows-Wheeler Aligner (version
	0.7.15). The variant calling was performed using Genome Analysis ToolKit (GATK; version
	3.8.1) [26], for single nucleotide variants, small insertions and deletions. Only variants covered
	with ≥ 8 sequencing reads were kept for variant annotation and analysis. With a mean depth of
	coverage of 105 (±32) reads across the samples, 98.8 (±0.8) % of targeted bases were covered
	with at least 8 reads.
	Sanger sequencing was used to confirm the presence of pathogenic or likely pathogenic variants
	identified by ES in several relatives with diabetes from six families (when DNA sample was
	available). Primer sequences and PCR conditions are available upon request. Fragments were
	sequenced in both directions, and subsequently analyzed using the 3730xl DNA Analyzer
	(Applied Biosystems). Electrophoregram reads were assembled and examined using the
	SeqScape software (Applied Biosystems).
	All variants were annotated using the Ensembl Perl Application Program Interfaces (version 89),
	which integrate genomic data from dbNSFP 3.4a, including information on functional
	predictions (i.e., Polyphen-2_HumDiv, SIFT, MutationTaster), variant allele frequencies from
	several public databases including the Genome Aggregation Database (gnomAD v2.1.1) and our
	used the NimbleGen SeqCap EZ MedExome target enrichment kit (Roche, Basel, in-house database (including genetic variants identified in all individuals who have been
	Switzerland) for Illumina sequencing (San Diego, CA, USA). Briefly, 300 ng of DNA were sequenced at the LIGAN-PM sequencing platform, Lille). We investigated rare coding variants
	fragmented through sonication via the Covaris E220 Focused-ultrasonicator (Woburn, MA, (i.e., initiation codon variants, stop lost and stop gained variants, missense variants, splice donor
	USA), end-repaired with adapter ligation and PCR-amplified with individual sample barcodes, and acceptor variants, frameshift and inframe variants) with a minor allele frequency (MAF)
	then equimolar pools were hybridized to the biotin-labeled SeqCap EZ capture probe pool. The

Table 3, and information in [1,6,8]).

  

Table 1 .

 1 The clinical characteristics of the participants are shown per country in A total of 114 (55.9%) participants were female, the mean age at diagnosis

	was 26.1 ± 9.1 years, and 173 (84.8 %) participants had diabetes diagnosed at age ≤ 35 years, of
	them 89 (51.4%) were diagnosed at age ≤ 25 years; a first degree family history of diabetes was
	reported by 150 (73.5%) participants, with a significant variability among countries (p = 0.003;

Table 1 )

 1 

. At inclusion in the study, the mean age of the participants was 34.9 ±11.4 years and 169 (82.8%) participants were under glucose-lowering treatment, 89 (43.6%) of whom received insulin injections. Through FAMD analysis to assess the discriminating parameters enabling to

Table 1 .

 1 Clinical characteristics of the study participants and genetic diagnosis rate stratified per country at inclusion in the study. † P-values are given from χ 2 test for factorial variables and from ANOVA for continuous traits. BMI, body mass index; F, female; HbA1c, glycated hemoglobin A1c; M, male; OHA, oral hypoglycemic agent.

		Algeria	Cyprus	France	Greece	Lebanon	Malta	Morocco Portugal	Serbia	Tunisia	Turkey	P †
	N	10	10	18	15	7	33	17	12	32	25	25	
	Sex (F/M)	2/8	5/5	8/10	3/12	3/4	28/5	11/6	5/7	19/13	16/9	14/11	0.002
	Age at diagnosis,												
		22.9 (9.7) 26.1 (6.7) 27.8 (10.6) 32.1 (7.7) 17.3 (5.3) 26.8 (7.0) 20.4 (7.2) 27.0 (12.6) 26.0 (9.2) 25.6 (9.3) 27.2 (9.2)	0.022
	years (± SD)												
	Treatment at												
		9 (90.0)	10 (100.0) 16 (88.9)	10 (66.7)	7 (100.0)	15 (45.5)	16 (94.1)	6 (50.0)	25 (78.1)	19 (76.0)	23 (92.0)	<0.001
	diagnosis (n, %)												
	Insulin treatment at												
		5 (50.0)	3 (30.0)	6 (33.3)	1 (6.7)	3 (42.9)	5 (15.2)	8 (47.1)	2 (16.7)	9 (28.1)	13 (52.0)	10 (40.0)	0.037
	diagnosis (n, %)												
	OHA treatment at												
		4 (40.0)	7 (70.0)	10 (55.6)	9 (60.0)	5 (71.4)	12 (36.4)	8 (47.1)	5 (41.7)	17 (53.1)	10 (40.0)	17 (68.0)	0.339
	diagnosis (n, %)												
	Age at inclusion visit,												
		27.2 (11.2) 36.2 (10.8) 37.6 (11.4) 40.5 (8.4) 25.1 (13.3) 35.4 (7.8) 30.8 (8.2) 42.1(16.6) 36.5 (13.1) 28.9 (9.5) 38.0 (10.0)	<0.001
	years (± SD)												
	BMI (kg/m 2 )* (± SD)	23.8 (2.9) 24.9 (5.2) 25.8 (5.3) 25.9 (2.9) 26.6 (2.2) 25.6 (6.6) 25.7 (4.6) 26.3 (3.4) 25.1 (5.3) 26.7 (3.8) 27.1 (3.8)	0.814
	HbA1c (%)* (± SD)	6.9 (1.6)	8.7 (2.4)	7.4 (1.7)	6.8 (1.0)	7.5 (0.9)	6.4 (2.0)	8.6 (1.8)	8.2 (1.5)	6.63 (0.7)	8.6 (2.7)	8.4 (2.8)	<0.001
	Treatment at												
		6 (60.0)	10 (100.0) 16 (88.9)	12 (80.0)	7 (100.0)	14 (42.4) 17 (100.0) 11 (91.7)	29 (90.6)	22 (88.0) 25 (100.0)	<0.001
	inclusion visit (n, %)												
	Insulin treatment at												
		3 (30.0)	6 (60.0)	10 (55.6)	3 (20.0)	2 (28.6)	7 (21.2)	12 (70.6)	9 (75.0)	14 (43.8)	10 (40.0)	13 (52.0)	0.007
	inclusion visit (n, %)												
	OHA treatment at	3 (30.0)	7 (70.0)	7 (38.9)	12 (80.0)	7 (100.0)	7 (21.2)	5 (29.4)	8 (66.7)	20 (62.5)	16 (64.0)	17 (68.0)	<0.001

* 

Table 3 .

 3 Clinical characteristics of the participants in the entire study and according to the presence or absence of P/LP variants

	With P/LP		
	Total	No variant	P †
	variants		

*Chr., chromosome; † Fourteen novel variants were not present in gnomAD (v2.1.1), neither reported in the HGMD-Pro (2019.3) or ClinVar databases; all other variants have previously been reported in genetically characterized cases with MD. ¶ Pathogenic (P) and likely pathogenic (LP) variants were defined according to ACMG criteria (for details see online supplementary Tables4 and 5). § ClinVar accession numbers are given for two mutations previously and publicly reported in ClinVar.
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