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Introduction

Brugada syndrome (BrS; MIM #601144), firstly described in 1992, is an inherited disease characterized by an increased risk of sudden cardiac death owing to ventricular arrhythmias in the absence of structural heart disease (Brugada et al., 2012). The clinical diagnosis is based on the presence of a coved ST-segment and J-point elevation ≥0.2 mV in the right precordial leads. This rare disease, affecting mainly male patients in their third to fourth decade of life, has a global prevalence varying from 5 to 20 cases in every 10,000 inhabitants worldwide, and the syndrome is considered as endemic in Asian countries [START_REF] Sieira | Pathogenesis and management of Brugada syndrome[END_REF].

BrS is commonly considered as a mendelian disorder with autosomal dominant transmission and incomplete penetrance. Although identification of underlying etiology is important for management, therapy, and screening of at risk family members, molecular diagnosis remains challenging owing to large cohort of patients to investigate, number of putative disease-causing genes, and presence of a large spectrum of private mutations. To date, near from 20 genes were reported as linked with Brugada syndrome, but pathogenic mutations in the genes were identified in only about 30% of patients. Mutations in SCN5A, encoding the cardiac predominant sodium channel α-subunit, account for 20 to 30% of patients with Brugada syndrome. Other genes were described as involved in BrS, but their overall contribution to disease prevalence is still unclear (Le [START_REF] Scouarnec | Testing the burden of rare variation in arrhythmia-susceptibility genes provides new insights into molecular diagnosis for Brugada syndrome[END_REF]. Among these genes, TRPM4, the gene encoding the transient receptor potential cation channel subfamily M member 4 protein, is a member of a large family of transient receptor potential genes involved in conduction blockade and Brugada syndrome [START_REF] Duthoit | Brugada ECG pattern: a physiopathological prospective study based on clinical, electrophysiological, angiographic, and genetic findings[END_REF][START_REF] Liu | Molecular genetics and functional anomalies in a series of 248 Brugada cases with 11 mutations in the TRPM4 channel[END_REF]. A previous molecular study on 248 BrS cases suggested a role of TRPM4 in BrS accounting for 2.7 to 6% of cases but the physiological impact of these variations remained ambiguous as both gain-of-function and loss-of-function were reported [START_REF] Liu | Molecular genetics and functional anomalies in a series of 248 Brugada cases with 11 mutations in the TRPM4 channel[END_REF].

To provide new insights into the BrS pathophysiology, a mutational study was performed on a cohort of BrS probands using a fast, cheap, sensitive and high-throughput mutation detection method based on custom SeqCap EZ libraries and NextSeq500 Sequencer for sequencing a panel of 19 Brugada-associated genes [START_REF] Chanavat | A fast and cost-effective molecular diagnostic tool for genetic diseases involved in sudden cardiac death[END_REF]. These screening led us to identify, for the first time, a case with compound heterozygous TRPM4 null mutations.

Material and Methods

Subject

The proband was enrolled in this study after obtaining informed consent. The study was in accordance with the principles of the Declaration of Helsinki. A comprehensive assessment including a clinical examination, electrocardiogram (ECG), transthoracic echocardiography (TTE), angiography and coronarography was performed.

Next Generation Sequencing Analysis

Genomic DNA was tested by Next-Generation Sequencing (NGS) using a custom design based on a SeqCap EZ Solution-Based Enrichment strategy (Roche NimbleGen, Madison, Wisconsin). Targeted sequencing capture probes were custom designed by Roche NimbleGen.

The panel was designed to identify disease-causing mutations into 19 arrhythmia-causing genes (Table 1).

Target regions included coding exons (padding: 30 bp), 5'-and 3'-UTR regions. For each sample, 1 μg of high quality genomic DNA was fragmented with a Covaris M220 instrument (Covaris, Woburn, Massachusetts). Library preparation was performed with the Kapa Library Preparation Kit for Illumina platforms (Kapa Biosystems, London, UK). The manufacturer's DNA sample preparation protocol for Roche NimbleGen SeqCap EZ Library (Roche, SeqCap-EZ_UGuide_v5p0) was followed, using single index adapters (SeqCap Adapter Kit A et B). Pre-enrichment pools were performed by equimolarly pooling 12 samples. After performing the SeqCap EZ enrichment protocol, the 2 pools of 12 samples were equimolarly pooled to a single pool that was sequenced on a Next-Seq500 sequencer using the NextSeq500 Mid Output Kit v2 (300 cycles) chemistry (Illumina, San Diego, California). Each run allowed the targeted resequencing of 24 patients. Fastq files (8 fastq files/ patient) were uploaded and bioinformatics analyses were further performed using a private pipeline developed by Sophia Genetics (Sophia Genetics, Lausanne, Switzerland).

Putative identified pathogenic variants (SNV, indels) were verified by conventional dideoxy sequencing using Big Dye Terminator v.3.1 Cycle Sequencing Kit (Life Technologies, Carlsbad, California). According to the reported guidelines, specific standard terminology ("pathogenic," "likely pathogenic," "uncertain significance," "likely benign," and "benign") were further used to evaluate the putative pathogenicity of variants identified in studied genes [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]. Nomenclature for the description of these mutations is according to http://www.hgvs.org/mutnomen/using NM_017636.3 as the reference sequence.

Minigene splicing reporter assay

TRPM4 exons 8 and 9 with 331 flanking intronic bases in intron 7 and 138 flanking intronic bases in intron 9 was PCR amplified from the patient genomic DNA (total product size: 1000 bp). Wild-type (WT) and mutated polymerase chain reaction (PCR) products were inserted in the NdeI restriction site of the pTB minigene vector as previously reported [START_REF] Crehalet | Combined use of in silico and in vitro splicing assays for interpretation of genomic variants of unknown significance in cardiomyopathies and channelopathies[END_REF][START_REF] Millat | Functional characterization of putative novel splicing mutations in the cardiomyopathy-causing genes[END_REF]. Transfection in HeLa cells, reverse transcription -PCR (RT-PCR) procedures and analysis have been previously described [START_REF] Crehalet | Combined use of in silico and in vitro splicing assays for interpretation of genomic variants of unknown significance in cardiomyopathies and channelopathies[END_REF][START_REF] Millat | Functional characterization of putative novel splicing mutations in the cardiomyopathy-causing genes[END_REF]. Reverse transcription-PCR products were analyzed by agarose gel electrophoresis (2%) and Sanger sequencing.

Subcloning

A large genomic region (11076 bp) encompassing exon 9 to exon 11 was PCR amplified by the following primers (TRPM4-9infL: CTAAACAGCCACATATGGGCCTCCTCCATCCCTTTG; TRPM4-11infR: CCCCCCTCGACCATATG CCACGCCCCATCCCTGAT). PCR products were further purified and sub-cloned into pTB2 vector linearized by NdeI digestion thanks to In-Fusion HD Cloning Kits (ClonTech, Mountain View, California) according to the manufacturer's instructions. After transformation, isolated sub-clones were sequenced in both directions.

Results

A 64-years-old man presented with isolated exertional dyspnea (NYHA class: II-III).

He was dialyzed since many years due to a chronic kidney disease. Other medical features were: obesity, dyslipidemia, arterial hypertension, and obstructive sleep apnea syndrome. The electrocardiogram (ECG) showed a complete right bundle branch block pattern and suggested a Brugada type 1-like pattern with ST-segment elevation in leads V1-V2 (Fig. 1). Due to chronic kidney disease, the flecainide test was not performed. No family history of BrS or arrhythmia was reported. A multivessel coronary artery disease with normal left ventricular function was present. Trans-thoracic echocardiography showed moderate left ventricular hypertrophy.

Because of his abnormal ECG, the patient was referred to our laboratory. BrS genetic testing, based on a panel containing 19 genes, was performed (Table 1). Coverage analysis allowed us to observe that 100% of targeted regions were covered with a minimum of × 30 coverage. Thirty-two distinct SNPs and 2 short indels were identified. No CNV was detected.

A fine analysis of all detected variants led us to observ the presence of 2 TRPM4 variations expected to lead to premature termination codons : a splice intronic mutation [c.1150+1G>A; IVS9+1G>A] in intron 9 and a non-sense mutation [c.1575G>A; p.Trp525X] in exon 11 (Fig. 2A). These variations were previously reported in gnomAD consortium with a minor allele frequency of 0.0032% (9 occurrences) and 0.15% (386 occurrences), respectively. According to the ACMG guidelines, no other pathogenic or likely pathogenic variation was identified.

As no familial study could be performed, additional sub-cloning experiments allowed us to determine that these 2 variations are not on the same allele (Fig. 2B,C). Consequently, this proband is carrier of 2 TRPM4 mutated alleles that would result in the absence or, at least, a big decrease of protein amounts.

In silico analysis of c.1150+1G>A (IVS9+1G>A) in intron 9 predicted the loss of the canonical donor splice site and, consequently, the skipping of exon 9 (100 bp). HeLa cells transfected by the WT minigene (110 bp IVS 6 + exon 7 + IVS 7 + exon 8 + IVS 8 + exon 9 + 138 bp IVS 9) showed a major product of the expected size (600 bp) containing exon 9 (Fig. 3). Cells transfected with the mutant minigene showed a major product (500 bp) corresponding to exon 9 skipping, and an almost undetectable fragment corresponding to normal splicing. Exon 9 skipping creates a premature termination codon, p.Val351Profs*51 (Figure 3) and a probable haploinsuffiency by nonsense-mediated mRNA decay.

Previously reported TRPM4 variations

To date, 30 TRPM4 variations associated with cardiac channelopathies have been reported in the literature (Table 2) [START_REF] Daumy | Targeted resequencing identifies TRPM4 as a major gene predisposing to progressive familial heart block type I[END_REF][START_REF] Duthoit | Brugada ECG pattern: a physiopathological prospective study based on clinical, electrophysiological, angiographic, and genetic findings[END_REF][START_REF] Gualandi | Mutation Load of Multiple Ion Channel Gene Mutations in Brugada Syndrome[END_REF][START_REF] Hof | TRPM4 nonselective cation channel variants in long QT syndrome[END_REF][START_REF] Kruse | Impaired endocytosis of the ion channel TRPM4 is associated with human progressive familial heart block type I[END_REF][START_REF] Liu | Gainof-function mutations in TRPM4 cause autosomal dominant isolated cardiac conduction disease[END_REF][START_REF] Liu | Molecular genetics and functional anomalies in a series of 248 Brugada cases with 11 mutations in the TRPM4 channel[END_REF][START_REF] Stallmeyer | Mutational spectrum in the Ca(2+)--activated cation channel gene TRPM4 in patients with cardiac conductance disturbances[END_REF]. All were in a heterozygous status: 30 missense and 1 non-sense variations. Despite functional studies for some of them, clinical consequences of these variants remain difficult to evaluate.

Only eight are totally absent in public SNPs databases and a majority of them (17/30) were detected with more than 10 occurrences in gnomAD consortium. Mutation carriers were also reported into various clinical phenotypes such as right bundle branch block, atrio-ventricular block, progressive familial heart block type I, isolated cardiac conduction disease, Brugada syndrome and Long QT syndrome [START_REF] Kruse | TRPM4 channels in the cardiovascular system[END_REF]. Some variations, such as the gain-of function p.Glu844Asp mutation, were even reported both on LQTS, BrS or PFHB1 probands.

Finally, both gain-of-function and loss-of-function TRPM4 gene variants were reported on cohorts of Brugada or Long QT cases [START_REF] Hof | TRPM4 nonselective cation channel variants in long QT syndrome[END_REF][START_REF] Liu | Molecular genetics and functional anomalies in a series of 248 Brugada cases with 11 mutations in the TRPM4 channel[END_REF].

Because some previously reported variations were published as "putative pathogenic" based in part on their absence in only a small number of controls, we decided to reanalyze these variants according to ACMG guidelines [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 each variation, the following parameters were investigated: presence or not of functional characterization of the variant using in vitro systems (PS3), presence or not in gnomAD consortium (PM2), presence or not of a wide enough familial study to allow conclusive genomic linkage analysis (PP1), and computational evidence supporting a deleterious effect of the variation (PP3). According to ACMG guidelines, only p.Gly844Asp (NM_003476.4:c.172T>G) could be considered as a pathogenic variation as it combined 2 strong and 2 supporting evidences of pathogenicity.

These rules for combining criteria to classify sequence variants allowed also to highlight 6 variations that could be classified as likely pathogenic: p.Glu7Lys, p.Pro779Arg, p.Ile376Thr, p.Arg499Pro, p.Arg164Trp and p.Ala432Thr (Table 2).

Discussion

TRPM4 is located on human chromosome 19 and encodes 1214-amino-acid protein, whose tertiary structure features six transmembrane domains [START_REF] Launay | TRPM4 is a Ca2+ activated nonselective cation channel mediating cell membrane depolarization[END_REF]. The functional channel is a homotetramer. This non-selective cation channel is abundantly expressed in cardiac cells, being involved in several aspects of cardiac rhythmicity, including cardiac conduction, pace-making and action potential repolarization. Firstly, gain-of-function mutations were associated with human progressive familial heart block type I and cardiac conduction disorders [START_REF] Daumy | Targeted resequencing identifies TRPM4 as a major gene predisposing to progressive familial heart block type I[END_REF][START_REF] Kruse | Impaired endocytosis of the ion channel TRPM4 is associated with human progressive familial heart block type I[END_REF][START_REF] Liu | Gainof-function mutations in TRPM4 cause autosomal dominant isolated cardiac conduction disease[END_REF]. TRPM4 variations were further also reported in patients with Brugada or Long QT syndromes [START_REF] Duthoit | Brugada ECG pattern: a physiopathological prospective study based on clinical, electrophysiological, angiographic, and genetic findings[END_REF][START_REF] Gualandi | Mutation Load of Multiple Ion Channel Gene Mutations in Brugada Syndrome[END_REF][START_REF] Hof | TRPM4 nonselective cation channel variants in long QT syndrome[END_REF][START_REF] Liu | Molecular genetics and functional anomalies in a series of 248 Brugada cases with 11 mutations in the TRPM4 channel[END_REF][START_REF] Stallmeyer | Mutational spectrum in the Ca(2+)--activated cation channel gene TRPM4 in patients with cardiac conductance disturbances[END_REF]. However, understanding of the role of this channel is incomplete, and further developments are needed to better elucidate its involvement in inherited cardiac diseases. The small number of patients and the heterogeneity of their symptoms remain major obstacles to elucidate the functional impact of TRPM4 mutations in cardiology.

To date, only 30 TRPM4 variations associated with cardiac channelopathies were reported, all in heterozygous status. Considering only in silico and in vitro data available in the literature, we cannot exclude that most of previously reported variants may represent only genetic modifiers or even false positives, especially for LoF (loss-of-function) variations. Our suggestion was highlighted by the molecular analysis of our 64-years-old proband for whom electrocardiogram showed a right bundle branch block morphology of the QRS Complex and a Brugada type 1-like pattern. Molecular analysis led to the identification of compound heterozygous null mutations in the TRPM4 gene which result in a functional TRPM4 "knock out". The clinical phenotype of our case is quite similar to a first Trpm4 knock-out mice model which also exhibits both (i) ECG perturbations including conduction blocks, sinus pauses and enhanced ectopic atrial activity, and (ii) a moderate cardiac hypertrophy [START_REF] Demion | Trpm4 gene invalidation leads to cardiac hypertrophy and electrophysiological alterations[END_REF]. Interestingly, inactivation of the Trpm4 gene in 2 nd mice model also induces hypertension as observed in our patient [START_REF] Mathar | Increased catecholamine secretion contributes to hypertension in TRPM4-deficient mice[END_REF].

In conclusion, our study reports, for the first time, identification of compound heterozygous TRPM4 null mutations in a proband with a clinical phenotype combining hypertension, chronic kidney disease, coronary disease, complete right bundle branch block and Brugada-like electrocardiogram. These data suggest that LoF TRPM4 variations in a heterozygous status could not be considered as pathogenic or likely mutations. Interestingly, the pLI of TRPM4 (probability of LoF Intolerance) is null. This score, provided by the EXAC consortium, strengthens our suggestion that heterozygous TRPM4 variations, more particularly null ones, is not sufficient to develop Brugada syndrome or other inherited cardiac pathologies. Further identification of additional Brugada probands carrying TRPM4 variations are however needed to definitely validate this hypothesis.

Our molecular approach illustrates again the utility of the NGS approaches for the rapid and efficient identification of the genetic causes of cardiac channelopathies. Discovery of novel causing genes and/or novel mutations will provide new insights into the arrhythmia pathophysiology but is also crucial for clinical management of patients and their families as early, even pre-symptomatic intervention could prevent or ameliorate arrhythmia disorders. 
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