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Abstract 

Background: Major issues of newborn screening (NBS) for CF are the assessment of disease 

liability of variants and of the penetrance of clinical CF, notably in inconclusive diagnosis. The 

penetrance of CF is defined as the risk of a particular genotype to lead to a CF phenotype. 

Methods: We aimed to get insight into the penetrance of CF for fifteen CFTR variants: 5 

frequent CF-causing and 10 classified as of varying clinical consequence (VCC) or associated 

with a CFTR-related disorder (CFTR-RD) in CFTR2 or CFTR-France databases. The penetrance 

was approached by: 1) comparison of variant allelic frequencies in CF patients (CFTR2) and in 

the general population; 2) estimation of the likelihood of a positive NBS test for the 14 

compound heterozygous with F508del and the F508del homozygous genotypes, defined as the 

ratio of detected/expected number of neonates with a given genotype in the 2002-2017 period.  

Results: A full penetrance was observed for severe CF-causing variants. Five variants were more 

frequently found in the general population than in CF patients: TG11T5, TG12T5, TG13T5, 

L997F and R117H;T7. The likelihood of a positive NBS test was 0.03% for TG11T5, 0.3% for 

TG12T5, 1.9% for TG13T5, 0.6% for L997F, 11.8% for D1152H, and 17.8% for R117H;T7. 

Penetrance varied greatly for variants with discrepant classification between CFTR2 and CFTR-

France: 5.1% for R117C, 12.3% for T338I, 43.5% for D110H and 52.6% for L206W.  

Conclusion: These results illustrate the contribution of genetics population data to assess the 

disease liability of variants for diagnosis and genetic counseling purposes. 

 

Key-words: penetrance, CF, CFTR, newborn screening, inconclusive cases, CFSPID 
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Introduction 

Newborn screening (NBS) for cystic fibrosis (CF) strives for the early detection of CF in infants 

to implement appropriate interventions and ultimately improve long term respiratory outcomes 

and survival [1,2]. Beyond the goal of NBS, almost all protocols worldwide identify infants who 

screen positive with an inconclusive determination [3], so called CFSPID (Cystic Fibrosis Screen 

Positive, Inconclusive Diagnosis) in EU or CRMS (CFTR-related metabolic syndrome) in the 

US. The harmonized definition published in 2017 includes infants with sweat chloride between 

30-59 mmol/L and 0 or 1 CF-causing mutation, or a sweat chloride below 30 mmol/L and 2 

CFTR mutations, at least one of which has unclear phenotypic consequences [4]. The proportion 

of cases with an inconclusive diagnosis further increases in programmes that include extended 

CFTR gene sequencing as a part of the NBS strategy [3,5]. It is thus a challenge to accurately 

assess the disease liability of variants, both for diagnosis and genetic counseling purposes. This 

requires to take into account available clinical information in databases and the literature, 

electrophysiological test results, functional analysis at the mRNA and protein level, and 

population genetics [6,7]. Databases may provide discordant information one should be aware of, 

notably because of different designs, so that the message given to the parents of a neonate may 

differ when referring to them. CFTR2 collects data from North American and European CF 

registries [8], i.e. only from patients diagnosed with CF. CFTR-France is dedicated to the 

interpretation of rare variants and is built on data from genetics laboratories and the French CF 

registry [9]. It collects genetic and clinical data from patients with CF and CFTR-related 

disorders (CFTR-RD) and from asymptomatic individuals who are compound heterozygous for 

two CFTR variants. Furthermore, the frequency of variants and genotypes in the general 

population should be considered to properly evaluate the risk of a particular genotype to cause 
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clinical CF; that is, the penetrance of clinical CF in individuals carrying a given genotype. As an 

illustration, taking into account both clinical observations and epidemiological data, it was 

estimated that the penetrance of CF in individuals compound heterozygous for R117H;T7 and 

F508del was as low as 0.03% and that of CFTR-RD was 3% [10]. Using variant frequencies in 

the general population provided by whole exome or genome sequencing (such as ExAC or 

gnomAD [11]), we aimed to get insight into the penetrance of CF, associated with a set of CFTR 

variants which have been identified through NBS in France [12,13]. In this study, we showed 

that the low penetrance associated with some variants found in inconclusive cases might help the 

clinician to adapt medical care and follow-up of these newborns, as well as genetic counseling 

given to families. 

 

Methods  

In France, NBS for CF is a nationwide programme which relies on a 3-tiered strategy: i) IRT 

measurement at 3 days of age; ii) test for the most frequent CF-causing mutations in France (list 

in Table 1 caption, mutation detection rate at or above 80% in all regions) using the Elucigene® 

CF30v2 kit (Yourgene Health, Manchester, UK) when the IRT value is above the cut-off level; 

iii) retesting of IRT at 21 days of age if no mutation is identified in hypertrypsinogenemic infants 

with ultra-high IRT at day-3 (safetynet procedure) or if written consent for DNA testing is not 

obtained. Sweat testing is performed in CF care centers when one or two mutations are identified 

or in the absence of mutation when IRT at day-21 is above the cut-off level. Infants with a 

positive or intermediate sweat test are then subjected to an in-depth CFTR gene study, which 

mutation detection rate is 99.7% [12]. For the present study, we selected a set of 15 CFTR 

variants, comprising frequent CF-causing variants included in the French NBS panel as controls 
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and variants frequently detected in inconclusive cases of NBS in France after extended CFTR 

gene analysis and which may have been differently classified by CFTR2 and CFTR-France 

databases (Table 1). They include (i) variants classified as “CFTR-RD-causing” in CFTR-

France, which are observed in patients with a CFTR-RD when combined in trans with a CF-

causing variant, and (ii) variants of varying clinical consequences (VCC), which are reported as 

well in CF patients as in patients with a CFTR-RD, when in trans with a CF-causing variant. In 

CFTR2, as the CFTR-RD class is not stated, VCC refers to variants observed in patients with CF 

and in patients who do not have CF. 

Variants were described according to Human Genome Variation Society recommendations and 

to traditional names in Table 1. Traditional names were used in the text for better readability. 

Their allelic frequency (p) in the general population was mostly taken from gnomAD in the 

European non-Finnish population [11]. GnomAD v2.1.1 collects exome and genome data from 

125,748 and 15,708 unrelated individuals, respectively, who were enrolled in various disease-

specific and population genetic studies. Allelic frequencies of the most frequent variants were 

taken in the French population: in a sample of 10490 alleles for F508del and R117H [10] and in 

a sample of 4380 alleles for the TG11T5, TG12T5 and TG13T5 variants.  

As an approach to assess the penetrance of CF, in a first step, allelic frequencies in the general 

population were compared with those observed in CF patients, taken from CFTR2. We then 

estimated the likelihood of a positive NBS test for the selected genotypes, all in combination 

with F508del. Based on variant allelic frequency in the general population (pVariant), the total 

number of neonates born in the 2002-2017 period (N) and assuming Hardy-Weinberg 

equilibrium, the number of infants born in France in the 2002-2017 period expected to carry a 

given variant in trans with F508del was equal to 2 x pF508del x pVariant x N. The expected number 
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of F508del homozygous newborn infants expected was equal to pF508del
2 x N. The likelihood of a 

positive NBS test was then defined as the ratio of detected/expected number of neonates carrying 

a given genotype in the same period. Reliable sweat test data was only available for diagnosis for 

a subset of patients. For R117H, only data for the 2002-2014 period, when the mutation was still 

part of the NBS panel (Elucigene® CF30, note in Table 1), were taken into account for accurate 

comparison. Indeed, the number of neonates carrying R117H and detected at birth dramatically 

decreased since the removal of the variant in January 2015 [13].  

Statistical analysis was carried out using the R statistical software (version 3.2.3). All tests were 

performed two-tailed at a level of significance of 5%. For each genotype, the likelihood of a 

positive NBS was estimated as described above and its 95% confidence interval (CI) was 

determined. The exact binomial test was used to compare the observed genotype frequency (i.e. 

the number of neonates carrying this genotype divided by the total number of neonates born in 

the period) with the expected frequency (estimated from database frequencies and assuming 

Hardy-Weinberg equilibrium). 

 

Results 

Of the 15 variants, five were classified as CF-causing and two as VCC in both databases (CFTR2 

and CFTR-France). Discrepancies were observed for the other eight: CF in CFTR2 and VCC in 

CFTR-France (n=3); CF in CFTR2 and CFTR-RD in CFTR-France (n=1); VCC in CFTR2 and 

CFTR-RD in CFTR-France (n=3); and non-CF in CFTR2 and CFTR-RD in CFTR-France (n=1) 

(Table 1). 

The five CF-causing variants (R334W, F508del, G542X, R553X and N1303K) were found 65 to 

88 times more frequently in CF patients than in the general population. Five VCC or CFTR-RD 
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variants according to CFTR-France (R117C, T338I, L206W, D1152H and D110H) were found 3 

to 13 times more frequently in CF patients than in the general population. The last five variants 

had an allelic frequency in the general population higher than in CF patients: all three T5 variants 

(TG11T5, TG12T5 and TG13T5), L997F and R117H. In particular, TG11T5 was found up to 95 

times more frequently in the general population than in CF patients.   

The same trend was observed with estimates of likelihood of a positive NBS test which varied 

greatly (Table 1 and Figure 1). A total of 12,320,023 infants were born in France in the 2002-

2017 period. Of these, 2,441 had two CFTR variants and were diagnosed with CF or reported 

inconclusive. 987 were homozygous for F508del and 355 carried F508del in trans with one of 

the other 14 variants included in this study. Of the 15 variants, G542X, R553X and N1303K 

were fully penetrant while the most common pathogenic variant, F508del, showed a reduced 

likelihood of a positive NBS test, evaluated at 71.3%. Meanwhile, all three T5 variants showed a 

likelihood of a positive NBS test below 2%.  

There were less F508del homozygous nenonates observed (987) than expected (1384), providing 

a ratio of 71.3%. This significant difference should be regarded in the light of prenatal diagnoses 

and subsequent terminations of pregnancy (TOPs). Indeed, based on 2007-2017 data from the 

Agence de la biomédecine, who annually collects prenatal diagnosis activity from all molecular 

genetics laboratories in France, the number of TOPs for CF was 512 in this 11-year period [14], 

and extrapolated to 744 in the 2002-2017 total period. Based on a F508del allelic frequency of 

67.24% in the French CF newborns [12] and thus assuming that 45.21% of the TOPs were made 

for F508del homozygous fetuses (that is, 336), a data which is however not available in the 

reports, this would bring the penetrance associated with the F508del homozygous genotype to 

95.59%, which is not statistically different from 100%. 
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Discussion 

Referral to clinical databases is most often the first step in the process for assessing the disease 

liability of variants identified in patients and asymptomatic individuals. Importantly, 

observations in CF patients only, i.e. CFTR2, represent the ‘tip of the iceberg’ of all possible 

phenotypes associated with a given genotype and CFTR-France may report a more substantial 

part of them. Other criteria should be taken into account, such as population, computational, 

functional and segregation data, according to international guidelines [15,16]. We used 

population data to assess the penetrance associated with a panel of CFTR genotypes that have 

been identified in infants with a positive NBS result and an inconclusive diagnosis, and 

compared the results with those obtained for known CF-causing genotypes. It is important to 

note that the frequency of some variants found in gnomAD may not be used for accurate 

calculation, especially when differing from that of the local population.  

As a reference, the allelic frequency of variants assessed as CF-causing in the two databases was 

65 to 88 times higher in the population of CF patients than in the general population. As 

expected, the likelihood of a positive NBS test evaluated for CF-causing variants G542X, R553X 

and N1303K in trans of F508del was around 100%. The figure of 71.3% for the F508del 

homozygous genotype would be brought to 96% if considering TOPs following prenatal 

diagnoses, as documented above. The reduced likelihood of a positive NBS test of 58% 

associated with the CF-causing R334W variant could be explained by a residual function of the 

mutant protein [8,17], which is consistent with a mild form of CF as compared with other CF-

causing genotypes. 
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Strikingly, the higher frequency of some variants in the general population as compared with the 

CF population, especially the T5 variants and L997F, is a strong argument against a severe 

pathogenic effect, suggesting a need for reclassification of these variants. The low penetrance of 

TG11T5 is consistent with that reported by Groman et al., where the variant was observed at 

higher frequency in fertile men than patients with congential bilateral absence of the vas deferens 

(CBAVD) [18]. The description of the T5 variants in CF patients and their classification in 

CFTR2 as VCC, may be partly explained by the existence of other pathogenic variants located 

on the same parental allele (i.e., in cis), in the context of complex alleles, such as numerous 

documented in CFTR-France [9]. Evidence for non-penetrance had also been documented for 

L997F, hence its classification as non CF-causing in CFTR2, because of its description in fathers 

of CF patients who carried in trans a previously accepted CF-causing variant [19]. 

An intermediate penetrance was observed for R117C, D110H and L206W, which have been 

reported as CF-causing in CFTR2 while VCC in CFTR-France, and for D1152H, reported as 

VCC in both databases. D110H, L206W and D1152H were found around 10 times more 

frequently in CF alleles (CFTR2) than in the general population and the likelihood of a positive 

NBS test in neonates carrying these variants in trans of F508del was around 50% for D110H and 

L206W, and 12.5% for D1152H. This disparity for D1152H is likely due to normal or 

intermediate sweat chloride values associated with this variant [20]. The penetrance associated 

with R117C was even lower, being found only 3 times more frequently in CF patients than in the 

general population, with the likelihood of a positive NBS test being 5.5%. Although these data 

do not question the required follow-up of neonates detected with an inconclusive diagnosis, they 

could be considered to adapt infants care and frequency of medical visits, and eventually to 

shorten duration of follow-up [21,22]. These data should also be used to modulate the 
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information given to the parents, in terms of variable phenotype and of genetic counselling. They 

could also be considered in decision making regarding mutation-guided therapy, which is avaible 

notably for R117C, L206W and D1152H. 

Moreover, although not assessed in this study, the actual risk of developing symptoms 

compatible with CF or CFTR-RD is probably lower, as shown for R117H;T7. Indeed, 

considering the 2002-2014 period before withdrawal of R117H from the NBS panel, the 

likelihood of a positive NBS test was assessed at 17.81%. Compared with the actual penetrance 

of 0.03% for CF and of 3% for CFTR-RD in individuals compound heterozygous for R117H;T7 

and F508del [10], these data further show that this genotype is selected by NBS for CF, with the 

majority of cases expected to be asymptomatic throughout their lifetime or not symptomatic 

before adulthood.  

In conclusion, taking into account the frequencies of variants in the general population is critical 

to assess the disease liability of variants, especially in asymptomatic conditions and this 

emphasizes the utility of population genetic databases such as gnomAD. Our study shows that a 

number of variants identified in inconclusive cases of NBS for CF in asymptomatic infants are 

associated with a low or very low likelihood of a positive NBS test. These data stress the 

importance to document the penetrance of variants included in NBS panels and argue against the 

implementation of CFTR gene extended sequencing as a second-tier test after immuno-reactive 

trypsinogen measurement. Indeed, this would lead to a huge increase of inconclusive cases who 

would not develop CF during their lifetime, carrying variants of VCC or of unknown 

significance. These data are also of utmost importance in the era of increasing requests for 

genetic testing in the general population, either in a preconceptional setting, i.e. CF carrier 

testing in partners of CF carriers and in couples without any family history of CF, or in the 
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perspective of extended NBS for numerous genetic diseases by using wide genome analysis 

[23,24].  
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Table 1: Epidemiological and penetrance data associated to CFTR variants 

Variant name 
Phenotypic 

classification 
Allele frequency 

Ratio 

General 

population/ 

CFTR2 

frequency 

Ratio 

CFTR2/ 

general 

population 

frequency 

No. NN 

expected 

F508del/variant 

(n=12320023 

NN) 

No. NN 

detected 

(2002-2017 

period) 

Ratio 

detected/ 

expected 

95% IC (%) 

Likelihood 

of a positive 

NBS test 

Significance 

(Exact 

binomial test) cDNA (HGVS) 
Protein 

(HGVS) 
Legacy CFTR2 

CFTR-

France 

General 

population 

(gnomAD/ 

French*) 

CF patients 

CFTR2 

(n=142,036 

) 

c.[1210-34_1210-6TG[11]T[5] p.(=) TG11T5 VCC CFTR-RD 0.0234* 0.00025 94.96 0.01 6111.7 2 0.0003 0.0003 to 0.0003 0.03% <0.0001 

c.[1210-34_1210-6TG[12]T[5] p.(=) TG12T5 VCC CFTR-RD 0.0098* 0.00128 7.65 0.13 2559.6 9 0.0035 0.0035 to 0.0035 0.35% <0.0001 

c.[1210-34_1210-6TG[13]T[5] p.(=) TG13T5 VCC VCC 0.0008* 0.00030 2.64 0.38 208.9 4 0.0191 0.0191 to 0.0191 1.91% <0.0001 

c.2991G>C p.Leu997Phe L997F Non CF CFTR-RD 0.002544 0.00077 3.28 0.30 664.5 4 0.0060 0.0060 to 0.0061 0.60% <0.0001 

c.349C>T p.Arg117Cys R117C CF VCC 0.0003724 0.00103 0.36 2.76 97.3 5 0.0514 0.0513 to 0.0515 5.14% <0.0001 

c.3454G>C p.Asp1152His D1152H VCC VCC 0.0003261 0.00402 0.08 12.33 85.2 10 0.1174 0.1172 to 0.1176 11.74% <0.0001 

c.1013C>T p.Thr338Ile T338I CF CFTR-RD 0.00006201 0.00037 0.17 5.97 16.2 2 0.1235 0.1233 to 0.1237 12.35% <0.0001 

c.[350G>A;1210−12[7]] p.Arg117His R117H;T7# VCC CFTR-RD 0.0029* 0.00088 3.30 0.30 617.7 110# 0.1780 0.1779 to 0.1783 17.81% <0.0001 

c.328G>C p.Asp110His D110H CF VCC 0.00003522 0.00046 0.08 13.00 9.2 4 0.4348 0.4346 to 0.4351 43.48% 0,0969 

c.617T>G p.Leu206Trp L206W CF VCC 0.00024 0.00234 0.10 9.77 62.7 33 0.52645 0.5262 to 0.5267 52.64% <0.0001 

c.1000C>T p.Arg334Trp R334W CF CF 0.00004652 0.00302 0.02 64.93 12.2 7 0.5761 0.5758 to 0.5764 57.61% 0.1928 

c.1521_1523del p.Phe508del F508del CF CF 0.0106* 0.69744 0.02 65.78 1384.3 987 0.7130 0.7128 to 0.7133 71.30% <0.0001 

c.1624G>T p.Gly542Ter G542X CF CF 0.0003571 0.02542 0.01 71.17 93.3 85 0.9113 0.9112 to 0.9115 91.13% 0.437 

c.3909C>G p.Asn1303Lys N1303K CF CF 0.0001796 0.01581 0.01 88.03 46.9 47 1.0019 1.0019 to 1.0020 100%‡ 0.9418 

c.1657C>T p.Arg553Ter R553X CF CF 0.0001243 0.00931 0.01 74.90 32.5 33 1.0164 1.0164 to 1.0165 100%‡ 0.8608 

ND: not documented; NN: neonates; * refers to allelic frequencies in the French general population; # c.350G>A (R117H) is no longer part of the French NBS 

panel as of January 2015. The data were thus collected during the 2002-2014 period with 10 046 679 NN. ‡ Value set at 100% because observed was greater than 

expected; Variants included in the French NBS panel are indicated in bold. 

Note: NBS panel Elucigene®CF30 (legacy nomenclature): F508del, I507del, 1078delT, 1717-1G>A, 2183AA>G, 3659delC, 3849+10kbC>T, 621+1G>T, A455E, 

E60X, G542X, G551D, N1303K, R1162X, R117H, R334W, R347P, R553X, S1251N, W1282X, 1811+1,6kbA>G, 2789+5G>A, 3120+1G>A, 3272-26A>G, 

394delTT, 711+1G>T, G85E, Y1092X, Y122X, W846X. NBS panel Elucigene®CF30v2 as of January 2015: same panel as above without R117H. 
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Figure 1: Likelihood of a positive NBS test on a scale for genotypes combining F508del and one of the 15 

variants 

 

* Statistically significant difference between detected and expected number of neonates carrying a given 

genotype.  

# For the F508del homozygous genotype, correction with the expected number of termination of pregnancies 

after prenatal diagnoses was taken into account.  
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