Functional characterization and phenotypic spectrum of three recurrent disease-causing deep intronic variants of the CFTR gene
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INTRODUCTION

Cystic Fibrosis (CF) is an autosomal recessive disorder caused by pathogenic variations of the CFTR gene (OMIM #602421) that encodes the Cystic Fibrosis Transmembrane conductance Regulator (CFTR) chloride and bicarbonate channel expressed at the apical membrane of epithelial cells. Symptoms of classic CF include (but are not limited to) diffuse bronchiectasis (DB), positive sputum cultures for CF-associated pathogens (especially P. aeruginosa), exocrine pancreatic insufficiency, salt loss syndrome, sweat chloride level higher than 59 mmol/L, and obstructive azoospermia caused by congenital and bilateral absence of vas deferens (CBAVD) [START_REF] Farrell | Cystic Fibrosis Diagnostic Challenges over 4 Decades: Historical Perspectives and Lessons Learned[END_REF]. Other phenotypes associated with CFTR dysfunction that do not fulfill the CF diagnostic criteria (i.e., presenting only one of the CF clinical features) are designated as CFTR-Related Disorders (CFTR-RD) [START_REF] Bombieri | Recommendations for the classification of diseases as CFTR-related disorders[END_REF][START_REF] Farrell | Diagnosis of Cystic Fibrosis: Consensus Guidelines from the Cystic Fibrosis Foundation[END_REF]. Most patients with CF carry two severe CFTR variants (i.e., variants that always result in CF when in trans with another CFcausing variant), whereas patients with CFTR-RD mostly harbour one severe and one moderate variant (variants that do not result in CF but that may cause CFTR-RD when in trans with another CF-causing variant), or two moderate variants [START_REF] Castellani | Consensus on the use and interpretation of cystic fibrosis mutation analysis in clinical practice[END_REF]. The analysis of the 27 exons, their flanking intronic boundaries and the search of CFTR large rearrangements allows the identification of around 99% of alleles associated with CF manifestations [START_REF] Audrézet | Comprehensive CFTR gene analysis of the French cystic fibrosis screened newborn cohort: implications for diagnosis, genetic counseling, and mutation-specific therapy[END_REF]. Thus, approximately 1% of patients with CF and probably more patients with CFTR-RD are incompletely genotyped. However, for optimal medical care, personalized therapy [START_REF] Boeck | Progress in therapies for cystic fibrosis[END_REF], and genetic counselling to families, the clinical diagnosis must be confirmed by molecular data.

We recently developed an assay that allowed the complete sequencing of the CFTR locus in DNA samples from 18 patients with confirmed CF clinical diagnosis and harbouring an incomplete genotype [START_REF] Bonini | Small-scale high-throughput sequencing-based identification of new therapeutic tools in cystic fibrosis[END_REF]. This previous study provided the proof that small-scale Next-Generation Sequencing (NGS) approaches are suitable for the identification of new CFTR variants in non-coding regions. Indeed, we demonstrated that the c.1680-883A>G mutation, detected in three unrelated patients, leads to the creation of a new donor splice site and the activation of a cryptic acceptor splice site, resulting in the inclusion of an additional 53bp pseudo-exon (PE) and the complete loss of wild type (WT) CFTR transcripts [START_REF] Bonini | Small-scale high-throughput sequencing-based identification of new therapeutic tools in cystic fibrosis[END_REF].

Here, we characterized the impact on CFTR gene splicing of four deep intronic variants detected with our small-scale NGS approach [START_REF] Boeck | Progress in therapies for cystic fibrosis[END_REF] using minigenes and mRNA analysis of nasal epithelial cell (NEC) samples. We found that the newly identified c.2989-313A>T and two previously reported variants, c.3469-1304C>G (also named 3600+11.5kbC>G [START_REF] Monnier | A novel 3600+11.5 kb C>G homozygous splicing mutation in a black African, consanguineous CF family[END_REF]) and c.3874-4522A>G (also named 4005+5727A>G [START_REF] Roth | The K+ channel opener 1-EBIO potentiates residual function of mutant CFTR in rectal biopsies from cystic fibrosis patients[END_REF]), have a pathogenic effect. We then performed microsatellite marker analysis in the different families to define the haplotypes linked to these variants and to associate them, when possible, with specific ethnic groups.

Finally, we collected detailed clinical data to determine the phenotypic spectrum of these three pathogenic CFTR variants. DNA was extracted from lymphocytes of peripheral blood samples from 19 patients with CF or CFTR-RD and one control individual using standard protocols. NEC samples from patients and control were processed as previously described [START_REF] Bergougnoux | Nasal epithelial cells: a tool to study DNA methylation in airway diseases[END_REF][START_REF] Costa | A recurrent deep-intronic splicing CF mutation emphasizes the importance of mRNA studies in clinical practice[END_REF]. Total RNA from NEC samples was extracted using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions.

METHODS

Patients' clinical data, blood and NEC sample collection, mRNA and DNA extraction

CFTR Genotyping

For all 19 patients included in this study, all CFTR exons, their intronic boundaries and several deep intronic regions where known CF mutations have been reported were sequenced, as previously described [START_REF] Bareil | Comprehensive and rapid genotyping of mutations and haplotypes in congenital bilateral absence of the vas deferens and other cystic fibrosis transmembrane conductance regulatorrelated disorders[END_REF]. Additionally, Multiplex Ligation Probe Assay (MLPA) and Quantitative Multiplex PCR of Short Fluorescent Fragments (QMPSF) were used for assessing the presence of large rearrangements. The whole CFTR locus [START_REF] Bonini | Small-scale high-throughput sequencing-based identification of new therapeutic tools in cystic fibrosis[END_REF] was sequenced in six additional patients. Targeted Sanger sequencing allowed the detection of one of the four deep intronic variants in 13 patients (Table 1). No difficulty was reported for Sanger sequencing except for the c.2989-313A>T variant, located in a region of high sequence homology with other genomic regions. Long-range PCRs (LR-PCR; amplicon of 4520bp, see Table S1) were performed with a forward primer in exon 18 (LR-PCR-IVS18-F) and a reverse primer in exon 19 (LR-PCR-Ex19-R) of CFTR, followed by nested PCR (PCR-Seq-IVS18-F and PCR-Seq-IVS18-R primers).

Nomenclature of CFTR sequence variations

Variants were named following the international nomenclature recommended by the Human Genome Variation Society (http://www.hgvs.org/mutnomen/), in accordance with the CFTR gene numbering where nucleotide +1 in the cDNA reference sequence (GenBank NM_00492.3) corresponds to the A of the ATG translation initiation codon. For convenience, the legacy name of previously described mutations was added in brackets at their first occurrence.

A detailed description of the methods is in Supplementary Material.

RESULTS

Pathogenicity prediction of the putative disease-causing variants and confirmation by

Sanger sequencing

On the basis of the bioinformatics predictions, we selected four putative disease-causing variants identified by sequencing the whole CFTR locus [START_REF] Bonini | Small-scale high-throughput sequencing-based identification of new therapeutic tools in cystic fibrosis[END_REF]: c.53+3158A>G (intron 1), c.2989-313A>T (intron 18), c.3469-1304C>G (intron 21), and c.3874-4522A>G (intron 23).

The in silico predictions of their impact on splicing are described in Figure 1A and Suppl.

Figure 1A-C. We confirmed, or newly identify in some patients, the presence of these variants by targeted Sanger sequencing. We detected c.53+3158A>G and c.2989-313A>T as a complex allele in four patients from three families who also carried the synonymous variant c.627A>G (A209A); c.3469-1304C>G in five patients from four families; and c.3874-4522A>G in ten patients from eight families (Table 1).

Ex vivo CFTR and in vitro minigene transcript analysis

As NEC samples were not always available for all patients, we combined the analysis of endogenous CFTR transcripts and minigene assays, as described in the Method section (Supplementary material).

Analysis of CFTR transcripts in the NEC sample from patient P1 and minigene experiments indicated that the c.53+3158A>G variant and the cis-associated synonymous variant c.627A>G (only NEC analysis) did not have any impact on CFTR splicing (data not shown).

Conversely, we confirmed the inclusion of the predicted 118bp-PE for the c.2989-313A>T variant (NEC and minigene analyses) (Figure 1B-E Analysis of CFTR transcripts in the NEC sample from patients P10 (Suppl. Figure 3A), P12 and P14 (Suppl. Figure 3B) indicated that the c.3874-4522A>G variant produced a major transcript with the inclusion of a 125bp-PE. Sanger sequencing of transcripts from the NEC samples of patients P12 and P14 using two different primer pairs (located in CFTR exons 21 and 25, and exons 22 and 24, Table S1) showed the presence of the WT sequence and the 125bp-PE transcript, as well as of background sequences that corresponded to minor aberrant transcripts. Moreover, analysis of CFTR transcripts in the NEC samples from patient P13 did not reveal any transcript with a PE. To understand the discrepancies of the results obtained on endogenous CFTR transcripts, we analysed by fluorescent PCR the transcripts obtained from WT and mutant minigene constructs based on the pSPL3 vector and transfected in Beas-2B cells. In cells expressing the WT minigene (c.3874-4522A), we detected a major normal splicing pattern that accounted for 85% of transcripts, but no transcript containing the 125bp-PE (Suppl. Figure 3C and3D). In cell expressing the c.3874-4522A>G variant, we found that the inclusion of the 125bp-PE led to aberrant splicing in 76% of transcripts (Suppl. Figure 3D), corresponding to the use of the predicted de novo acceptor splice site and of the strongest cryptic donor site, according to the in silico analysis (Suppl. Figure 1C).

For each variant, PE inclusion, confirmed by sequencing (Suppl. Fig. 4), led to a premature stop codon and possibly to the production of a truncated protein. These results confirmed that the three variants c.2989-313A>T, c.3469-1304C>G, and c.3874-4522A>G are diseasecausing mutations.

Genotype-Phenotype correlations

To determine the phenotypic spectrum of these variants, we analysed the clinical data of the 19 patients of our cohort. All patients carried a second variant, classified as CF-causing and confirmed to be in trans by segregation analysis in nine of them. The familial segregation was partial for two patients and was not performed for the others. According to the criteria The phenotype associated with the c.2989-313A>T variant was variable. Patient P2, at the age of 32 years only had chronic bronchitis without bronchiectasis or functional airway alteration (FEV 1 : 101%), and patient P4 was initially addressed for male infertility at the age of 33 years. Conversely, patients P1 and P3 presented multiple and severe symptoms of CF, although with late onset (Table 2). These observations suggest that this variant is associated with a large phenotypic spectrum, from CF to CFTR, and should be considered as a potentially CF-causing variant for genetic counselling.

All patients with the c.3469-1304C>G variant (n=5) had symptoms from early childhood, including recurrent airway P. aeruginosa infections and/or sinusitis, pancreatic insufficiency and/or other digestive symptoms (Table 2). Therefore, c.3469-1304C>G could be considered a CF-causing mutation associated with classic CF. The c.3874-4522A>G variant was the most frequent in our group of patients (10 out of 19). In these patients, symptom onset was delayed, and some of them had only few symptoms, suggesting CFTR-RD (Table 2). For instance, patient P18 was infertile (CBAVD), and his sister (P17) had bronchiectasis and allergic bronchopulmonary aspergillosis with normal pulmonary function. The two oldest patients with the c.3874-4522A>G variant (P10 and P19) underwent major lung surgery (lobectomy and double-lung transplant, respectively). The variant c.1523T>G (p.Phe508Cys), which has been associated with CFTR-RD phenotypes [START_REF] Claustres | CFTR-France, a national relational patient database for sharing genetic and phenotypic data associated with rare CFTR variants[END_REF], was located in cis to the c.3874-4522A>G variant in two patients. The large spectrum of phenotypes associated with this mutation was in agreement with the 125bp-PE inclusion rate that varied among patients carrying the c.3874-4522A>G variant. Therefore, it has to be considered as a potentially CF-causing variant for genetic counselling.

Geographic origin of the intronic variants

The identification of the geographic origin of a CFTR variant, especially when it is a potential CF-causing mutation, is crucial for CF carrier screening strategies. To this aim, we centralized and analysed all available data about the geographic origin of patients carrying the identified intronic variants. We also assessed and compared the haplotypes at the CFTR locus associated with these variants (Suppl. Figure 5).

Although we did not find a specific origin for the c.2989-313A>T variant, we think that a CFTR haplotype could be linked to this variant on the basis of the conservation of the first five studied intragenic microsatellite markers in the three families (P1 to P4 families).

We identified the c.3469-1304C>G variant in one patient with CF from Guinea, one patient with CF from French Caribbean Islands, and three patients with CF from Senegal.

Conversely, we have not yet found this mutation in patients of Caucasian origin (unpublished data from the four French laboratories involved in this study). All patients carrying this variant had the same haplotype (P5 to P8 families).

Finally, patients with the c.3874-4522A>G variant were from different countries, from France to Middle-East (Iran), and Asia (Laos). Microsatellite markers analysis in the families of patient P14 and of patients P17 and P18 did not highlight any haplotype conservation, which is consistent with the various origins of this previously reported variant [START_REF] Roth | The K+ channel opener 1-EBIO potentiates residual function of mutant CFTR in rectal biopsies from cystic fibrosis patients[END_REF].

DISCUSSION

Increasing numbers of intronic sequence insertions as PEs in mature transcripts of various genes have been reported in the literature, and their role in human diseases has been largely demonstrated [START_REF] Dhir | Alternative splicing: role of pseudoexons in human disease and potential therapeutic strategies[END_REF][START_REF] Liquori | Whole USH2A Gene Sequencing Identifies Several New Deep Intronic Mutations[END_REF][START_REF] Romano | Role of pseudoexons and pseudointrons in human cancer[END_REF]. mRNA analysis could be proposed as a routine procedure to directly identify and characterize these splicing variants [START_REF] Costa | A recurrent deep-intronic splicing CF mutation emphasizes the importance of mRNA studies in clinical practice[END_REF][START_REF] Ramalho | Transcript analysis of the cystic fibrosis splicing mutation 1525-1G>A shows use of multiple alternative splicing sites and suggests a putative role of exonic splicing enhancers[END_REF], but various factors limit its use, particularly, sample accessibility, low quantity and stability, and the rate of transcript degradation caused by premature stop codons generated by intronic variants [START_REF] Will | Transcript analysis of CFTR nonsense mutations in lymphocytes and nasal epithelial cells from cystic fibrosis patients[END_REF]. The value of whole-genome sequencing for the identification of variants in genes involved in rare diseases is now recognized [START_REF] Wooderchak-Donahue | Genome sequencing reveals a deep intronic splicing ACVRL1 mutation hotspot in Hereditary Haemorrhagic Telangiectasia[END_REF][START_REF] Bagnall | Whole Genome Sequencing Improves Outcomes of Genetic Testing in Patients With Hypertrophic Cardiomyopathy[END_REF]. Sequence analysis of the whole CFTR locus recently revealed the second disease-causing variant in previously unexplored intronic regions [START_REF] Bonini | Small-scale high-throughput sequencing-based identification of new therapeutic tools in cystic fibrosis[END_REF][START_REF] Lee | Systematic Computational Identification of Variants That Activate Exonic and Intronic Cryptic Splice Sites[END_REF].

Until now, and to our knowledge, only six deep-intronic disease-causing variants have been identified in the CFTR gene [START_REF] Bonini | Small-scale high-throughput sequencing-based identification of new therapeutic tools in cystic fibrosis[END_REF][START_REF] Lee | Systematic Computational Identification of Variants That Activate Exonic and Intronic Cryptic Splice Sites[END_REF][START_REF] Chillón | A novel donor splice site in intron 11 of the CFTR gene, created by mutation 1811+1.6kbA-->G, produces a new exon: high frequency in Spanish cystic fibrosis chromosomes and association with severe phenotype[END_REF][START_REF] Faà | Characterization of a disease-associated mutation affecting a putative splicing regulatory element in intron 6b of the cystic fibrosis transmembrane conductance regulator (CFTR) gene[END_REF][START_REF] Highsmith | A novel mutation in the cystic fibrosis gene in patients with pulmonary disease but normal sweat chloride concentrations[END_REF][START_REF] Costantino | Fine characterization of the recurrent c.1584+18672A>G deep-intronic mutation in the cystic fibrosis transmembrane conductance regulator gene[END_REF]. In patients with moderate forms of CF and CFTR-RD, a residual quantity of full-length CFTR transcripts remains detectable [START_REF] Claustres | CFTR-France, a national relational patient database for sharing genetic and phenotypic data associated with rare CFTR variants[END_REF], and this seems to be correlated with the disease severity [START_REF] Chiba-Falek | The molecular basis of disease variability among cystic fibrosis patients carrying the 3849+10 kb C-->T mutation[END_REF]. Thus, in these milder phenotypes, deep-intronic variants may be even more frequent.

In this work, we fully characterized three disease-causing variants deeply located in introns of the CFTR gene that were previously predicted by in silico tools to induce aberrant splicing [START_REF] Bonini | Small-scale high-throughput sequencing-based identification of new therapeutic tools in cystic fibrosis[END_REF]. The splicing efficiency and specificity depend on the natural splice site strength, and the binding of splicing regulatory proteins that orchestrate exon recognition [START_REF] Homolova | The deep intronic c.903+469T>C mutation in the MTRR gene creates an SF2/ASF binding exonic splicing enhancer, which leads to pseudoexon activation and causes the cblE type of homocystinuria[END_REF].

Disease-causing deep-intronic variants mostly lead to the inclusion of an intronic portion of the gene that is recognized as a coding sequence (i.e., PE) due to a favourable gene architecture [START_REF] Dhir | Alternative splicing: role of pseudoexons in human disease and potential therapeutic strategies[END_REF]. This usually results from the creation or the activation of a novel donor or acceptor splice site associated with the use of a pre-existing cryptic acceptor or donor splice site, respectively, ignored by the splicing machinery in the WT sequence. Here, we demonstrated the activation of two donor (c.2989-313A>T and c.3469-1304C>G) and one acceptor (c.3874-4522A>G) splice sites that were efficiently predicted by in silico tools. However, our criteria to define cryptic exon recognition were "manually" set (i.e., length of the putative cryptic exon <300bp, predicted binding motifs for splicing regulatory proteins, and pre-existing non-canonical strong acceptor or donor splice sites). We also found that some intronic variants predicted to have a strong impact on splicing (e.g., the c.53+3158A>G variant; Suppl. Figure 1A) did not lead to splicing alterations ex vivo. Indeed, other parameters may influence exon recognition, thus making in silico predictions less reliable and accurate. These parameters include the presence of branch points [START_REF] Mercer | Understanding the regulatory and transcriptional complexity of the genome through structure[END_REF], gene architecture [START_REF] Hertel | Splice-site pairing is an intrinsically high fidelity process[END_REF], conserved RNA secondary structures [START_REF] Amit | Differential GC content between exons and introns establishes distinct strategies of splice-site recognition[END_REF], presence of Alu sequences in introns that potentially produce Alu-Alu dsRNA structures in mRNA precursors [START_REF] Shepard | Conserved RNA secondary structures promote alternative splicing[END_REF], differential GC content between exons and introns [START_REF] Lev-Maor | Intronic Alus influence alternative splicing[END_REF], and conflicting effects exerted by splicing regulatory proteins. All the events described above can also be combined [START_REF] Ramalho | Transcript analysis of the cystic fibrosis splicing mutation 1525-1G>A shows use of multiple alternative splicing sites and suggests a putative role of exonic splicing enhancers[END_REF], leading to the complete absence of full-length transcripts. Therefore, predictions should be taken with caution to avoid the exclusion of some candidate disease-causing variants. Alternatively, non-pathological PE inclusion could occur, as it has been described for the a-tropomyosin gene and the ATM serine/threonine kinase gene [START_REF] Liquori | Whole USH2A Gene Sequencing Identifies Several New Deep Intronic Mutations[END_REF][START_REF] Grellscheid | An apparent pseudo-exon acts both as an alternative exon that leads to nonsense-mediated decay and as a zero-length exon[END_REF] through recruitment of negative factors that repress the inclusion event [START_REF] Coles | A nonsense exon in the Tpm1 gene is silenced by hnRNP H and F[END_REF]. Therefore, prediction tools require some improvements to be routinely used for deep intronic regions analysis. As the prediction of the effect of a splice variant remains challenging, mRNA analysis and in vitro splicing studies are crucial to determine the pathogenicity of a variant. However, the combination of these molecular approaches does not allow to precise determination of the residual rate of full-length CFTR transcripts [START_REF] Will | Transcript analysis of CFTR nonsense mutations in lymphocytes and nasal epithelial cells from cystic fibrosis patients[END_REF] and the phenotypic spectrum associated with the variant. For instance, the complete inclusion of a PE due to the c.3469-1304C>G variant was clearly associated with the most severe phenotypes in the cohort, in spite of the fact that this variant was previously reported in two sisters with divergent phenotypes (one with CF, the other with a less severe phenotype) [START_REF] Monnier | A novel 3600+11.5 kb C>G homozygous splicing mutation in a black African, consanguineous CF family[END_REF]. Moreover, we did not detect any PE inclusion in the NEC sample from the young patient P13 (c.3874-4522A>G variant). Modifier genes, encoding proteins involved in the defence against pathogens [START_REF] Viel | DCTN4 as a modifier of chronic Pseudomonas aeruginosa infection in cystic fibrosis[END_REF] or in splicing regulation [START_REF] Martone | The lack of the Celf2a splicing factor converts a Duchenne genotype into a Becker phenotype[END_REF], and possibly an age-related exhaustion of the splicing machinery could contribute to the splicing differences among patients and to the resulting phenotypic variability. These splicing regulation mechanisms, the constraints related to the nucleotide environment that challenge the design of minigene constructs (e.g., shorter donor site, 35bp, included in the c.2989-313 minigene construct due to a G-tract), and nonsense-mediated decay also could contribute to the discrepancies in the PE inclusion level among experiments. Even if some very mild phenotypes were associated with the c.2989-313A>T and c.3874-4522A>G deep intronic variants, especially in younger patients, no asymptomatic compound heterozygote has been reported since 2015, when their detection was included in the routine molecular CFTR strategy in the four French laboratories involved in this study. Their absence in healthy individuals suggests the full penetrance of these deepintronic variants.

Sequencing data could improve our understanding of genotype/phenotype correlations.

Epidemiological data are progressively included in core (dbSNP) [START_REF] Sherry | dbSNP: the NCBI database of genetic variation[END_REF] and locus-specific databases (e.g., CFTR-France [START_REF] Bareil | Comprehensive and rapid genotyping of mutations and haplotypes in congenital bilateral absence of the vas deferens and other cystic fibrosis transmembrane conductance regulatorrelated disorders[END_REF]); however, they are still lacking for rare intronic CFTR variants. A collection of variants in non-coding regions of the CFTR gene could help to assess their potential role as genetic factors that modify the phenotype [START_REF] Vecchio-Pagán | Deep resequencing of CFTR in 762 F508del homozygotes reveals clusters of non-coding variants associated with cystic fibrosis disease traits[END_REF].

Efforts are currently made for developing therapies that target disease-causing CFTR variants that also affect splicing, highlighting the need to fully determine the impact of intronic CFTR variants. A recent study reported the in vitro restoration of normal splicing after CRISPR/Cas9 targeted excision of the variant c.3718-2477C>T (3849+10kbC>T) followed by non-homologous end-joining repair [START_REF] Sanz | Cas9/gRNA targeted excision of cystic fibrosis-causing deep-intronic splicing mutations restores normal splicing of CFTR mRNA[END_REF]. We developed a different approach that involves the use of blocking oligonucleotides specifically designed to avoid aberrant PE inclusion. Indeed, we previously demonstrated that the use of sequence-specific blocker oligonucleotides successfully restore normal splicing, indicating that personalized strategies are possible for patients with CF harbouring deep intronic disease-causing variants [START_REF] Bonini | Small-scale high-throughput sequencing-based identification of new therapeutic tools in cystic fibrosis[END_REF].

In conclusion, this work demonstrates that novel disease-causing variants can still be discovered in CF and CFTR, thanks to the tailored use of new molecular diagnosis technologies. Due to their unexpected recurrence, targeted screening of the three identified variants should be included in the routine strategy for diagnosis and carrier screening.

Moreover, the c.3469-1304C>G variant might come from a common African ancestor and should be specifically screened in these populations. The detection of exonic variants (c.627A>G and c.1523T>G) in a complex allele with c.2989-313A>T and c.3874-4522A>G, respectively, should also lead to the targeted search of these two deep-intronic variants, prospectively and retrospectively. Finally, their recurrence in patients with CF and CFTR-RD should encourage the development of novel target site blocker oligonucleotide combinations to rescue normal splicing and offer new therapeutic options to these patients.

  ) after the creation of a new donor splice site.Analysis of CFTR transcripts in the NEC sample from patient P6 and minigene experiments confirmed that the c.3469-1304C>G variant promoted the inclusion of a 214bp-PE (Suppl.

Figure

  Figure 2A-D).

  described in the Introduction section, 15 patients had CF (i.e., presence of CF clinical symptoms), 3 patients (P2, P15, P18) had CFTR-RD (i.e., monosymptomatic clinical entity) and one patient (P16) could be considered as Cystic Fibrosis Screen Positive, Inconclusive Diagnosis (CFSPID) because of intermediate sweat test and no CF symptoms.

Table 1 and

 1 2 show the patients' demographic, clinical and genotypic data. The clinical information was extracted retrospectively from the chart. The respiratory/digestive signs and symptoms in the table 2 are based on physician's interpretation of the patient's clinical status.
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