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Identification of a novel 5' alternative CFTR mRNA isoform in a patient with nasal polyposis and CFTR

mutations.

1 Humu-2013-0257

Brief Report

Identification of a novel 5' alternative CFTR mRNA isoform in a patient with nasal polyposis and CFTR mutations Alexandre Hinzpeter 1,2 #, Alix de Becdelièvre 1,2,3 #, Eric Bieth 4 , Christine Gameiro 3 , François Brémont 5 , Natacha Martin 1 , Bruno Costes 1,2 , Catherine Costa 1,3 , Abdel Aissat 1,2 , Aurélie Lorot 1,2,6 , Virginie Prulière-Escabasse 1,2,6 , Michel Goossens 1,2,3 , Pascale Fanen 1,2,3 , Emmanuelle Girodon 1,3 * 1 U955, INSERM, Créteil, France; 2 Université Paris-Est, Créteil, France; 3 GH Henri Mondor, Nasal polyposis (NP) is a chronic inflammatory disease characterized by the presence of bilateral and diffuse nasal polyps. Although NP is common, its mechanisms of development still remain elusive. NP can be either primary, often associated with allergy, asthma, aspirin intolerance, or secondary, associated with another underlying disease, such as cystic fibrosis (CF; MIM# 219700). Prevalence of NP varies according to the studies, between 0.2-5.6% [START_REF] Alobid | SEAIC-SEORL. Consensus Document on Nasal Polyposis. POLINA Project[END_REF] and increases with age, with a peak incidence between the fourth and fifth decades of life.

In children, incidence of NP is lower, at about 0.1% in the general population [START_REF] Alobid | SEAIC-SEORL. Consensus Document on Nasal Polyposis. POLINA Project[END_REF], and often leads to suspect CF. Indeed, NP has been described in 6-57% of CF patients according to different studies [START_REF] Alobid | SEAIC-SEORL. Consensus Document on Nasal Polyposis. POLINA Project[END_REF][START_REF] Feuillet-Fieux | Nasal polyposis and cystic fibrosis(CF): review of the literature[END_REF]. CF is one of the [START_REF] Costa | A recurrent deepintronic splicing CF mutation emphasizes the importance of mRNA studies in clinical practice[END_REF][START_REF] Giordano | Molecular and Functional Analysis of the Large 5' Promoter Region of CFTR Gene Revealed Pathogenic Mutations in CF and CFTR-Related Disorders[END_REF]. Identifying such mutations in gDNA by sequencing is challenging, whereas seeking the defect first by the mRNA approach has shown some efficiency [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] Costa | A recurrent deepintronic splicing CF mutation emphasizes the importance of mRNA studies in clinical practice[END_REF].

inserm-01044414, version 1 -23 Jul 2014

We describe here a 12y-old boy presenting with isolated severe nasal polyposis. He had no lung disease, as assessed by thoracic tomodensitometry and pulmonary function test, and no pancreatic insufficiency or other digestive symptoms. Sweat test was negative (11 to 18 mEq/L), and measurement of nasal potential difference was not feasible due to rhinosinusitis disease.

While no other clinical sign was related to a CFTR channel dysfunction, the early occurrence of polyposis led to the suspicion of atypical CF. Full sequencing of CFTR coding regions, intronexon boundaries and search for rearrangements only identified the heterozygous c.2551C>T, p.Arg851* (R851X) mutation located in exon 15 (14a according to the traditional nomenclature), of paternal origin (Figure 1A). As previously described, the c.2551C>T mutation induces two defects: the generation of a premature termination codon (p.Arg851*) in the full length mRNA and alternative splicing of exon 15 [START_REF] Hinzpeter | Alternative splicing of in-frame exon associated with premature termination codons: implications for readthrough therapies[END_REF]. This latter mRNA encodes CFTR-del831-871, a protein identified as unstable, mislocalized, non-glycosylated and non-functional [START_REF] Hinzpeter | Alternative splicing at a NAGNAG acceptor site as a novel phenotype modifier[END_REF].

CFTR mRNA studies were performed with a view to identifying a second, maternally inherited CFTR defect, from nasal epithelial cells of the index case and his parents. The qualitative study consisted of PCR amplification of cDNA in different fragments encompassing all CFTR exons [START_REF] Costa | A recurrent deepintronic splicing CF mutation emphasizes the importance of mRNA studies in clinical practice[END_REF]. This analysis only evidenced the abnormal exclusion of exon 15, caused by the c.2551C>T mutation, in the patient and his father (Figure 1A). Relative quantification of CFTR mRNA level was performed by real-time PCR with normalization to keratin 18 (KRT18), a marker of ciliated and secretory epithelial cells [START_REF] Linde | Nonsense-mediated mRNA decay affects nonsense transcript levels and governs response of cystic fibrosis patients to gentamicin[END_REF]), using Taqman probes (TaqMan FAM/NFQ-MGB probe format, CFTR: Hs00357011_m1, located at the boundary of CFTR exons 20/21; KRT18: Hs01920599_gH, Applied Biosystems), as previously described [START_REF] Hinzpeter | Alternative splicing at a NAGNAG acceptor site as a novel phenotype modifier[END_REF] (Supp. Materials and Methods). Results were controlled using a widely inserm-01044414, version 1 -23 Jul 2014 used housekeeping gene as another reference gene, Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), [START_REF] Ramalho | Quantification of CFTR transcripts[END_REF] according to the instructions of the manufacturer (GAPDH:

AX-004253-00-0400, Thermo Scientific, Solaris qPCR assay). CFTR mRNA level was significantly reduced in the father to 38% ± 8% (p < 0.01) compared to eight different control individuals (100% ± 30%, n=8) tested for CFTR/KRT18 (Figure 1B). Such a diminution can be in part due to degradation of the mRNA form containing the c.2551C>T mutation, via the nonsense-mediated decay pathway (NMD) which was shown to vary between mutations and even between individuals carrying the same mutation [START_REF] Linde | Nonsense-mediated mRNA decay affects nonsense transcript levels and governs response of cystic fibrosis patients to gentamicin[END_REF]. Inter-individual variation in CFTR mRNA amount has also been documented, regardless of NMD [START_REF] Masvidal | Assessing the residual CFTR gene expression in human nasal epithelium cells bearing CFTR splicing mutations causing cystic fibrosis[END_REF]. Finally, no mutation that could impair CFTR mRNA expression was found in the patient's father after complete sequencing of the coding region and the promoter region (c.-3897 to c.-1). By contrast, surprisingly, the index case exhibited a significant (p<0.01) increase in CFTR mRNA to 160% ± 34% of the controls (n=8), similar to his mother (151% ± 32%, p<0.01) (Figure 1B). Similar results were obtained using GAPDH as a reference gene (57% in the father, 148% in the patient and 227% in the mother, as compared with two control individuals). Among the 1900 CFTR gene mutations reported, few have been described in the promoter region reaching down to 6kb, in CF and CFTR-RD patients [START_REF] Romey | A naturally occurring sequence variation that creates a YY1 element is associated with increased cystic fibrosis transmembrane conductance regulator gene expression[END_REF][START_REF] Giordano | Molecular and Functional Analysis of the Large 5' Promoter Region of CFTR Gene Revealed Pathogenic Mutations in CF and CFTR-Related Disorders[END_REF].

The first description of an increased amount of CFTR mRNA was suggested from in vitro experiments in the case of a complex allele, c.[-234T>A;1647T>G] (-102T>A in cis with p.Ser549Arg). In this case, the promoter mutation c.-234T>A was suspected to attenuate the effect of the c.1647T>G mutation by increasing the amount of the mutant channel that has a residual function [START_REF] Romey | A naturally occurring sequence variation that creates a YY1 element is associated with increased cystic fibrosis transmembrane conductance regulator gene expression[END_REF]. Very recently, Giordano et coll. described three novel promoter variants associated with an in vitro increased CFTR promoter activity, which were inserm-01044414, version 1 -23 Jul 2014

nonetheless supposed to attenuate as well the deleterious effect of other, undetected, in cis mutations [START_REF] Giordano | Molecular and Functional Analysis of the Large 5' Promoter Region of CFTR Gene Revealed Pathogenic Mutations in CF and CFTR-Related Disorders[END_REF]. Sequencing of the CFTR promoter gDNA, from c.-3897 to c.-1, was performed in our patient in order to identify a putative mutation affecting the regulation of transcription. A single heterozygous sequence variation was identified, c.-2954G>A (chr7:117,117,195G>A (GRCh7/hg19)) in the mother and the child, and not in the father (Figure 1C).

This variant has been recently reported, notably in the dbSNP 135 database as rs145885255:G>A, in the German and other European populations with an allelic frequency of 0.14% and 0.34%, respectively. Testing this mutation in a panel of 100 healthy individuals led to find a 0.5% allelic frequency in the French population (1/200 chromosomes). However, nasal epithelial cells from the only individual identified with this variant in this group were not available to study mRNA. The variant was not found in a series of 14 patients having nasal polyposis and only one identified CFTR mutation.

A functional assay was performed to assess if this variant was related to the increase in CFTR mRNA levels observed in the patient and his mother. We used two constructs of different lengths As an increased level of normal CFTR transcripts was not expected to be associated with CF or a CFTR-RD, we hypothesized the production of an abnormal transcript in its 5' segment, induced or favoured by the mutation and that could not be detected by our protocol set-up for CFTR mRNA studies, since the first 5' primer is located in exon 1. We thus looked for a 5' alternative transcript in nasal epithelial cells using the 5' Rapid Amplification of cDNA Ends (5'RACE)

technology (FirstChoice® RLM-RACE Kit, Life Technologies, Paris, France) (Supp. Materials and Methods). Analysis was performed in three unrelated controls without any CF symptom or CFTR mutation detected upon gDNA and cDNA analysis, from nasal cells for one control (Control 1) and primary cultures of nasal cells [START_REF] Prulière-Escabasse | Effect of neutrophil elastase and its inhibitor EPI-hNE4 on transepithelial sodium transport across normal and cystic fibrosis human nasal epithelial cells[END_REF] for the other two.

Results revealed the presence of two PCR products for Control 1 and only one PCR product in the other two after separation in a 2% agarose gel (Figure 2C). These products corresponded to known CFTR transcripts including exons 1 to 4 and differing by the length of the 5'UTR, as assessed by sequencing analysis: one initiation start site was at c.-71 [START_REF] Yoshimura | The cystic fibrosis gene has a "housekeeping"-type promoter and is expressed at low levels in cells of epithelial origin[END_REF], observed in the three controls, and the second one at c.-122 [START_REF] Riordan | Identification of the cystic fibrosis gene: cloning and characterization of complementary DNA[END_REF], observed only inserm-01044414, version 1 -23 Jul 2014

in Control 1 (Figure 2D and Figure 2E). In the patient, two isoforms were detected (Figure 2C), one containing exons 1 to 4 (initiation site at c.-71) and one containing exons 2 to 4, preceded by a sequence corresponding to the previously described exon 1a [START_REF] Koh | Characterization of the cystic fibrosis transmembrane conductance regulator promoter region. Chromatin context and tissue-specificity[END_REF][START_REF] Mouchel | Alternative 5' exons of the CFTR gene show developmental regulation[END_REF] plus 33 bp upstream (initiation site at c.-666, end at c.-401) (Supp. Figure S1). We called this novel exon 1a-L for 1a-Long (Figure 2D and Figure 2E). Alternative 5' CFTR transcripts have never been identified in CF or CFTR-RD. Two 5' alternative transcripts have been previously described, both containing exon -1a (c.-937 to c.-750) as the first exon: -1a, 1a, 2 and -1a, 2, firstly in the human T84 carcinoma cell line [START_REF] Koh | Characterization of the cystic fibrosis transmembrane conductance regulator promoter region. Chromatin context and tissue-specificity[END_REF] and further, notably in the human developing fetal lung [START_REF] Mouchel | Alternative 5' exons of the CFTR gene show developmental regulation[END_REF] (Figure 2E). Neither of these transcripts was predicted to encode a fully functional CFTR channel but they were hypothesized to have regulatory functions in the normal developing lung, with a substantial decreasing expression during gestation [START_REF] Mouchel | Alternative 5' exons of the CFTR gene show developmental regulation[END_REF][START_REF] Lewandowska | Multiple mechanisms influence regulation of the cystic fibrosis transmembrane conductance regulator gene promoter[END_REF]. We describe here for the first time in a patient, a novel, third 5' alternative isoform (1a-L, 2), which excludes exon -1a and resembles to these CFTR fetal isoforms. The 5' additional sequence of 33 bp contains one AUG codon, so that exon 1a-L contains two AUG codons and a CUG putative initiation codon. The use of the first AUG would lead to a stop UGA codon, 38 codons downstream, whereas the use of the second AUG and CUG codons would not lead to a functional CFTR protein, as shown for the previously described 5' alternative transcripts [START_REF] Lewandowska | Multiple mechanisms influence regulation of the cystic fibrosis transmembrane conductance regulator gene promoter[END_REF].

Although the link between the increased CFTR promoter activity and the presence of an abnormal transcript is not established, it is tempting to speculate that the existence of a 5' alternative CFTR mRNA isoform in our patient reflects a defect in the regulation of CFTR expression. It is however not clear if production of the abnormal CFTR transcript is induced by a pathological state such as proliferation of nasal cells or inflammation or, alternatively, if the 1a-inserm-01044414, version 1 -23 Jul 2014

L-containing transcript induces CFTR dysfunction. CFTR dysfunction could then be due to impaired translation and subsequent reduction of functional CFTR, the presence of the abnormal mRNA isoform per se, or a combination of both. Taken together, our observation highlights the importance of searching for such alternative transcripts in patients presenting either isolated NP or another CFTR-RD, as well as in patients carrying promoter variants recently shown to increase the CFTR promoter activity [START_REF] Giordano | Molecular and Functional Analysis of the Large 5' Promoter Region of CFTR Gene Revealed Pathogenic Mutations in CF and CFTR-Related Disorders[END_REF].

In conclusion, this case report could represent the first description of a CFTR disease associated with the presence of a novel 5' alternative transcript. This would thereby lead to search for a new mutation type, especially in patients with CFTR-RD. Such mutations could also act as modifiers in the framework of complex alleles. This observation finally illustrates the importance of mRNA studies in the new era of next-generation sequencing, which inevitably will lead to identify a great number of variants of unknown clinical significance. 

  of the CFTR promoter for cross-validation(from c.-3068 to c.-47 and c.-3628 to c.-47), driving a luciferase reporter gene, as illustrated in Figure2A. Both WT and mutated plasmids were transfected in the bronchial BEAS-2B and CF IB3-1 epithelial cell lines and the Firefly luciferase activity was normalized to the Renilla luciferase activity (Supp. Materials and Methods). In BEAS-2B cells, the c.-2954G>A mutation significantly increased the promoter activity by 2-fold with the c.-3068 construct (2.3 ± 0.3, p < 0.03, n=3) and by 5-fold with the c.-3628 construct (5.6 ± 0.5, p < 0.004, n=5) (Figure2B). In IB3-1, the increase in transcriptional activity of the mutated promoter was confirmed by an 8-fold gain with the c.-3628 construct (8.0 inserm-01044414, version 1 -23 Jul 2014 ± 2.0, p < 0.02, n=6) (data not shown). Similar results were obtained in the intestinal Caco-2 cell line, where the c.-2954G>A mutation increased the promoter activity by 1.6-fold with the c.-3068 construct (1.6 ± 0.02, p < 0.003, n=3) and by 2-fold with the c.-3628 construct (2.6 ± 0.5, p < 0.004, n=3) (data not shown). This increased transcriptional activity could be the consequence of alteration of transcription factor binding sites, as suggested by in silico analysis of the concerned region. Nonetheless, the CFTR gene transcription regulation is somewhat complex, with multiple interplaying factors located outside the promoter region[START_REF] Mccarthy | The CFTR gene and regulation of its expression[END_REF]. The characterization of the underlying mechanism responsible for the increased transcriptional activity due to c.-2954G>A is under investigation.
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 2 Figure 2. In vitro functional evaluation of the c.-2954G>A mutation and identification of a

  

  

patient with inclusion of exon 1a-L (middle), and in the human developing fetal lung, including exons -1a and 1a as previously described (lower). The arrows correspond to transcription start sites. Splicing events leading to either the wild-type transcript (solid line) or 5' alternative transcripts (dashed lines) are indicated. First and last nucleotides of the alternative exons are indicated.
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