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To the Editor

With the advent of whole genome sequencing (WGS), the interpretation of DNA variants in non-coding genomic regions has increased in relevance. This study highlights the importance of intronic variants in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene, responsible for cystic fibrosis (CF)(1). We report the high prevalence of a recently discovered intronic variant, c.3874-4522A>G, in patients with significant disease and propose its inclusion in future targeted diagnostic gene panels.

Genetic testing in CFTR represents one of the most frequent genetic analyses performed worldwide for: diagnosis in symptomatic individuals, carrier status in the general population, as part of newborn screening and for CFTR modulator therapy(2). CF is primarily a clinical diagnosis, based on consensus clinical and laboratory criteria (sweat chloride ≥60 mEq/l and/or two CF-causing mutations (in trans), and/or abnormal values of electrophysiological measurements, i.e. nasal potential difference (NPD) or intestinal current measurement). More than 2000 sequence variations have been described in the CFTR gene, often with geographic or ethnic variations in frequency (www.genet.sickkids.on.ca/cftr/);  to date only 312 of these have been curated as CF-causing in the CFTR2 database(3) (https://www.cftr2.org/).

There are principally two methods used for CFTR testing in symptomatic individuals: targeted screening for specific known variants, and full CFTR sequencing. Targeted mutation analysis (TMA) is usually performed using one of many commercially available kits, focusing on 30-50 pathogenic variants. The commonest pathogenic CFTR variant is F508del, present on ~66% of CF alleles worldwide(4), however there is extensive heterogeneity in the remaining CF alleles. European Society of Human Genetics guidelines(5) recommend testing for all CF-causing mutations with a frequency >1% in the local population. If TMA detects only a single heterozygous pathogenic variant (or none), in a patient with a high index of suspicion, it is usually followed by sequencing the entire CFTR coding region and possibly flanking intronic sequences, and Multiplex Ligation-dependent Probe Amplification (MLPA) for copy number variants.  Current methods detect CF alleles in ~85% to ~95% of Caucasian European CF individuals (3). 

Undetected CFTR mutations may lie within introns or regulatory regions, which are not routinely analysed. Three pathogenic intronic variants are known: c.3718-2477C>T (3849+10kbC>T; intron 22), c.1680-886A>G (1811+1.6kbA>G; intron 12) and c.870-1113-870-1110delGAAT (intron 7). They all activate cryptic splice sites resulting in inclusion of cryptic exons in the CFTR transcript. Using Next-Generation Sequencing (NGS) of the whole CFTR gene, we and others(6, 7, 8) have identified a common intronic variant that may account for many incomplete CF genetic diagnoses.

Molecular genetic diagnosis of CF was performed by NGS of the whole CFTR gene in 74 patients in whom previous TMA had not revealed two pathogenic variants; 21 patients were heterozygous for a single pathogenic CFTR variant. For 57 patients (40 adults and 17 paediatric) the suspicion for CF was high (due to clinical phenotype and/or a sweat chloride ≥30mmol/L)  and in 17 patients (eight adults) the suspicion was low (atypical phenotype and/or sweat chloride <30mmol/L) but the cause of bronchiectasis had yet to be elucidated. Single nucleotide and copy number variants were called, filtered and classified according to ACMG guidelines(9), using an in-house bioinformatics pipeline and interrogation of the gnomAD genome browser (http://gnomad.broadinstitute.org), Human Gene Mutation (HGMD, http://www.hgmd.cf.ac.uk/ac/index.php), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), Pubmed (https://www.ncbi.nlm.nih.gov/pubmed/) and CFTR2 (https://www.cftr2.org/) databases.

Twenty (27%) of the 74 patients (all with a high clinical suspicion of CF), were found to have two pathogenic CFTR variants, confirming the diagnosis of CF. Twelve of these patients were compound heterozygous for the c.3874-4522A>G variant in intron 23. All had extensive bronchiectasis and impaired lung function (Table 1), two were pancreatic insufficient and all males were infertile. All had evidence of abnormal ion transport– with varying levels of residual CFTR function– with a median (range) sweat chloride of 46.0 (23.5-69.0) mmol/L and/or limited chloride secretory capacity on NPD. The c.3874-4522A>G variant was confirmed to be inherited in trans with the second pathogenic variant in patient 4 whose parents were available for study. 

The variant was first described by Roth et al.(9) in a patient with residual chloride secretion. It was observed in a single patient during NGS screening of the whole CFTR gene in 18 CF patients (6). In another patient (10) it was shown to introduce a cryptic splice site, resulting in a cryptic exon, which if transcribed and translated would result in premature CFTR protein truncation. The variant was recently reported in 10 (eight families) of 19 patients who had been found to harbour pathogenic intronic variants (7). They were older at disease onset, more likely to be pancreatic-sufficient and have an equivocal sweat test (7). The variant is extremely rare in control cohorts, with an allele frequency of 0.0035% in the gnomAD database (5/143,000 alleles, gnomAD v3).

[bookmark: _Hlk8592061]We estimated the frequency of the c.3874-4522A>G variant in the UK CF population from our genotype-positive adult CF cohort (547 patients, 138 different pathogenic variants). The c.3874-4522A>G variant is the 7th most common, in 2.2 % of patients. If one excludes F508del (67% of pathogenic alleles in the cohort), c.3874-4522A>G accounts for 3.3 % of other pathogenic CFTR alleles. It has been found in patients from different ethnic backgrounds and occurs on different haplotypes (7). This suggests that the c.3874-4522A>G variant should be included in newborn screening tests, and in commercial kits for first line TMA. 

Our experience with CFTR indicates that the surveillance of non-coding regions of other genes will go some way towards identifying missing variants and increasing diagnostic yield. This is particularly relevant for patients with a suspected autosomal recessive disease who are heterozygous for a single pathogenic variant but have not been formally diagnosed due to an incomplete genotype. Moreover, most of the intronic CFTR variants cause aberrant splicing, which may be amenable to treatment with current CFTR modulators (11) or investigational therapeutic techniques such as CRISP/Cas9 targeted excision or antisense oligonucleotide therapeutics, or standard gene therapy. This study is the first in which comprehensive analysis of CFTR has been performed in a large cohort of patients. Whilst WGS may not be necessary for disorders caused by pathogenic variants in a few major genes, we propose inclusion of the entire non-coding as well as coding regions of such genes when ‘first line’ investigations remain equivocal.
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Table 1. Clinical findings in patients with the CFTR c.3784-4522A>G variant
	ID
	Genotype
	Sex

	DoB
	Symp-tom onset (yrs)
	Sweat Cl- 1 (mmol/L)
	Sweat Cl- 2 (mmol/L)
	Nasal PD
(Total Cl- secretion, mV)*

	Respiratory characteristics
	Pancr-eatic insuff-iciency
	Chronic rhino-sinus symp-toms
	Azoo-spermia/ CBAVD
	Other comorbidities

	
	
	
	
	
	
	
	
	Recent FEV1
 L (%)
	Recent FVC
L (%)
	Radiology
	Sputum micro-biology**
	
	
	
	

	P1
	p.(Phe508del); c.3784-4522A>G
	F
	1985
	4
	44
	44
	9
	2.8
	4.2
	Wide-spread BE
	SA
	No
	Yes
	N/A
	Depression, osteoporosis, previous nasal polypectomy and history of pancreatitis

	P2
	p.(Phe508del); c.3784-4522A>G
	M
	1979
	0.5
	32
	35
	Not done
	1.75 (43)
	2.50 (49)
	Wide-spread BE
	PA, intermittent AF growth
	No
	Yes
	Yes
	ABPA, osteoporosis, adrenal insufficiency, previous bronchial arterial embolisation.

	P3
	p(lle507del); c.3784-4522A>G
	F
	1978
	16
	47
	51
	Not done
	1.33 (50)
	2.26 (74)
	Wide-spread BE
	SA and PA
	No
	Yes
	N/A
	Small right-sided pneumothorax, recurrent significant haemoptysis, referred for transplant

	P4
	p.(Phe508del); c.3784-4522A>G
	F
	1984
	33
	38
	33
	1
	1.9
	2.9
	Bilateral UL and RLL BE
	SA and PA
	No
	No
	N/A
	None

	P5
	p.(Ile444ArgfsTer3); c.3784-4522A>G
	M
	1997
	18
	53
	Insufficient sample
	8
	N/A
	N/A
	Wide-spread BE
	PA
	Yes
	Yes
	Unknown†
	Low BMI

	P6
	p.(Phe508del); c.3784-4522A>G
	F
	1978
	20
	23
	24
	6
	1.2
	1.7
	Bilateral UL BE
	SA
	Yes
	No
	N/A
	GORD, Vitamin D deficiency, previous episodes of recurrent pancreatitis

	P7
	p.(Phe508del); c.3784-4522A>G
	M
	1976
	19
	48
	48
	10 
	1.16 (31)
	1.50 (32)
	Wide-spread BE
	SA and PA, Mab
	No
	Yes
	Yes
	T2RF on NIV and LTOT, microcytic anaemia, recurrent rib fractures, previous embolisation and pancreatitis

	P8
	p.(Phe508del); c.3784-4522A>G
	M
	1975
	20
	52
	55
	Not done
	2.85 (77)
	3.74 (83)
	Bilateral UL BE
	SA and PA
	No
	Yes
	Yes
	Mild, presumed CF-related liver disease

	P9
	p.(Phe508del); c.3784-4522A>G
	F
	1982
	11
	68
	70
	Not done
	0.85 (26)
	1.33 (34)
	Wide-spread BE
	PA, Mab
	No
	No
	Unknown
	None

	P10
	p.(Phe508del); c.3784-4522A>G
	M
	1962
	17
	64
	48
	4
	1.51 (41)
	2.63 (55)
	Wide-spread BE
	PA
	No
	No
	Yes
	CF bone disease, long term oxygen therapy, hypothyroidism

	P11
	p.(Phe508
del); 
c.3784-4522A>G
	M
	1994
	5
	44
	Insufficient sam-ple
	16
	4.43 (71)
	5.26 (81)
	Wide-spread BE
	PA
	No
	Yes
	Yes
	No

	P12
	p.(Phe508
del); 
c.3784-4522A>G
	M
	1986
	17
	36
	40
	Not done
	3.51 (86)
	5.02 (104)
	Wide-spread BE
	SA
	No 
	Yes
	Yes
	No 



Key: BE = bronchiectasis, Cl- = chloride, CBAVD = congenital bilateral of the vas deferens, DOB = date of birth, FEV1 = forced expiratory volume in 1 second (% predicted equations; Quanjer et al. Eur Resp J 1993), FVC = forced vital capacity, PA = Pseudomonas aeruginosa, SA = Staphylococcus aureus,  AF = Aspergillus fumigatus, Mab = mycobacterium abscessus,   T2RF = type 2 respiratory failure, NIV = non-invasive ventilation, UL = upper lobe, LL lower lobe [right or left], L = litres.  None of the patients had CF diabetes. *Total chloride secretion = net change after perfusing with zero Cl- solution followed by zero Cl- with isoprenaline. **Chronic infection unless stated otherwise. †Presumed infertile (he has no children but has not yet been formally tested).
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