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Pathogenic variants of the CFTR gene are responsible for a broad phenotypic spectrum characterized by
malfunction of some exocrine tissues, with an autosomal recessive mode of inheritance. More than 2,000
variants, distributed throughout the CFTR gene, have been identified, with different effects on the gene
and protein expression and function. Genotype-phenotype correlation studies have associated severe
variants with a typical multi-organ form of cystic fibrosis, while mild variants are involved in mono-
symptomatic or adult-onset diseases, called CFTR-related disorders. However, the interpretation of rare
variants remains challenging.

This review presents an overview of the epidemiology of CFTR variants worldwide and in France and describes
the functional classification. Finally, some frequent cystic fibrosis-causing and mild CFTR variants are used as
example to depict the molecular pathology of the CFTR locus. Finally, we give the recommendations concerning

nomenclature and classification that are useful for appropriate genetic counseling.
© 2020 French Society of Pediatrics. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Cystic fibrosis (CF) is the most frequent life-restrictive genetic
disorder in Caucasian populations with an autosomal recessive mode
of inheritance. Registry-derived population estimates suggest that
more than 72,000 people live with CF worldwide [1]. CF is caused
by the presence of variants in both copies of the Cystic Fibrosis
Transmembrane conductance Regulator (CFTR) gene, each inherited
from one parent. CFTR pathogenic variants affect CFTR protein at dif-
ferent levels: synthesis (mRNA and protein), maturation, trafficking,
and channel activity. The absence or dysfunction of the CFTR protein
leads to ion flux perturbations in the epithelial cells of various organs.

More than 2,000 CFIR variants distributed throughout the gene
and of varied clinical impacts have been identified, and each patient’s
phenotype is the result of the combination of two (or more) variants.
CF-causing variants lead to severe CF clinical manifestations when
combined. Moderate or mild variants, are involved in single-organ
disorders called CFTR-Related Disorders (CFTR-RD: diffuse bronchiec-
tasis, pancreatitis, male infertility with congenital bilateral absence
of vas deferens). A small number of CFTR variants are associated
with a broad phenotypic spectrum: from CF to CFTR-RD, or from
CFTR-RD to no symptoms. Finally, there is a huge number of variants
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with unknown clinical spectrum because they are very rare and
have not been functionally studied yet (for more details, see clinical
classification [2]).

In this review, we will describe the epidemiology of CFTR
variants worldwide and in France. We will review the historical
functional classification that was proposed 25 years ago [3].
Through examples of some frequent CF-causing and mild CFTR
variants, we will describe key points (nomenclature, classification)
concerning the molecular pathology of the CFTR locus that are use-
ful for clinical practice to provide appropriate genetic counseling
and consider personalized therapy.

2. Epidemiology of CFTR variants

The high number of CFTR variants and their worldwide distri-
bution have been extensively incremented by the network of CF
laboratories [4,5] since the gene discovery in 1989 [6,7].

Loss-of-function” CFTR variants have been identified in all 27
coding exons and their flanking intronic boundaries, and also in
the promoter# and even in deep intronic regions (see Glossary in
text box for terms followed by #; see also Supplementary Fig. 1A).
Such DNA changes are mainly small substitutions or indels* of a few
base pairs (98%) [8]. Large rearrangements that involve one or more
exons represent 1-2% of all variants. This is very low compared



with about 70% in the DMD gene involved in Duchenne muscular
dystrophy, the most frequent X-linked recessive disorder.

The frequency of a given CFTR variant considerably varies depen-
ding on ethnic/geographic origins. For example, the p.Phe508del
variant, that is the most frequent worldwide, represents 81% of
CF-causing alleles* in some areas of Brittany and 24.5% in Turkey, with
a clear northwest to southeast gradient among European populations
[4]. Currently, the 29 most frequent variants in newborns with CF in
France (included in the newborn screening programme panel) repre-
sent 87.1% of all CF alleles in this population (supplementary Table 1)
[9], (for details see the article by M. P. Audrézet and A. Munck in this
issue, “Newborn screening for CF in France: An exemplary national
experience”). Other CF variants should be specifically searched in
specific populations for optimal screening: for example, the deletion*
that removes exons 2 and 3 frequent in Slavic populations, and the
¢.273+1G>A variation in some Jewish populations ([4], legacy name
405+1G>A). Most other variants are observed only in a small number
of individuals. The list of novel variants is continuously increasing.

3. Consequences of variants according to their location
in the CFTR gene

3.1. Exonic CFIR variants

Exon sequence changes represent 68% of the reported CFTR gene
variants. Nucleotide substitutions in CFTR exons may result in mis-
sense* (39%), nonsense* (8%), splicing#, or synonymous#* variants
(for a glossary see text box Types of variants and their consequences).
Indels that alter the open-reading frame (i.e., frameshift) leading
to a premature stop codon (PTC*), represent about 16% of distinct
variants whereas in frame indels represent 2%. The pathogenicity of
missense variants depends on the properties of the affected amino
acids and their location in the CFTR channel sequence. For example,
the p.Asn1303Lys (N1303K) variant is located in the NBD2 domain
involved in CFTR protein folding, and destabilizes this domain. The
p.Gly551Asp (G551D) variant, located in the consensus ATPase
binding site, alters the CFTR channel function at the membrane
(Supplementary Fig. 1A, 1B et 1C). Both variants have a severe
effect and cause classical CF. Missense variants may also have a
moderate effect or be neutral. Importantly, exonic variants, even
if synonymous, may alter the normal mRNA splicing. For example,
the ¢.3700A>G variant was initially predicted to be a missense
variant and therefore named p.lle1234Val. However, it is a splicing
variant leading to an abnormal transcript that is not translated into
a functional CFTR protein [10].

3.2. Intronic CFIR variants

Intronic changes located near exon boundaries, specifically
at canonical splicing sites (i.e., acceptor AG (-2;-1), or donor GT
(+1;+2), Supplementary Fig. 1A), typically alter splicing and lead
to abnormal transcripts that are not translated into a functional
protein. One of the most frequent consequences is exon skipping
whereby one exon is excised and thus absent from the mRNA.
For example, total exon skipping is observed for the frequent
c.1585-1G>A (1717-1G>A) variant and partial exon skipping
(coexistence of normal and mutated transcripts) is associated with
the c.2657+5G>A (2789+5G>A) variant.

Overall, wherever their location (exonic, intronic or deep-
intronic [11,12]), splicing variants represent almost 11% of
all CFTR variants (CFMDB international database [13]). Their
pathogenicity depends on the residual quantity of normal CFTR
transcripts (see section 4.).

3.3. Large rearrangements in the CFIR gene

Large deletions or duplications that affect one or more CFTR
exons are reported in 1-2% of all patients with CF worldwide. Except

some frequent rearrangements in some populations [4], most of
them are limited to a small number of individuals. As all CFTR
protein domains are needed for a functional channel, in most cases,
these DNA rearrangements are associated with a CF phenotype [8].
Nevertheless, it has been suggested that in frame duplications*
could lead to a less severe phenotype [14].

3.4. Variants in non coding CFIR regions

DNA changes upstream or downstream of the CFTR coding
sequence that affect the CFTR mRNA quantity could slightly modify
the clinical phenotype [15,16]. However, as their clinical impact
is difficult to prove and no CF-causing variant has been identified
in these distant regions, these variants are not currently explored
in the routine diagnostic work-up.

3.5. Biological impact of CFTR variants: evidences and cautions

The biological consequences of the rarest CFTR variants are only
presumed because of insufficient clinical, epidemiological, or functio-
nal data. The variant location and type may be suggestive of a given
class in the functional classification (proposed by [3]) (see section 4).
Some variants are classified as CF-causing because of their presu-
med severe consequence, such as nonsense, frameshift or splicing
variants (Supplementary Table 1, text box Demystifying the Variant
Nomenclature). Some frequent variants are easily considered as not
pathogenic because of their high frequency in the general, healthy
population. However, most nucleotide substitutions are rare missense
variants for which the actual molecular impact and the associated
clinical spectrum are difficult to predict. Moreover, the existence
of complex alleles that combine two or three variants on the same
parental allele complicate their interpretation and classification [17].

Comprehensive information provided by locus-specific databases
(CFMBD [13], CFTR2 [18], CFTR-France [19] and ABCMdb [20]), the
functional classification (see section 4) and clinical classification [2]
greatly help clinicians and geneticists to offer adapted genetic coun-
seling, to predict the clinical outcome, and to consider personalized
therapy (for further details on databases, see the article by C.Raynal
and H. Corvol in this issue, “Variant classifications, databases and
genotype-phenotype correlations”).

4. Functional classification of CFTR variants

More than 25 years ago, Welsh and Smith proposed a func-
tional classification of CFTR variants (class I to V) based on their
consequences on CFTR protein function evaluated using in vitro
chloride transport and cell function assays [3]. Figure 1 illustrates,
with examples, the classes I to VI (class VI has been more recently
proposed [21]) of CFTR pathogenic variants [22].

4.1. Interpretation of variant pathogenicity and functional
classification: strengths and weaknesses

The concomitant presence of class I, Il or IIl variants in the
two CFTR gene copies of a patient is often associated with a severe
phenotype, especially with pancreatic insufficiency. Conversely,
the concomitant presence of class IV, V or VI variants, which lead
to the production of a protein with some residual function, or with
severe variants, is often associated with a mild phenotype, such
as pancreatic sufficiency (for more details on the clinical classifi-
cation [2], see the article by C. Raynal and H. Corvol in this issue).
Although this functional classification appears to be an easy way
to categorize variants for physicians and patients and to propose
targeted therapies, there are still significant limitations.

The first and major limitation is that this classification is too
partitioned. Indeed, many CFIR variants impair more than one single
cellular process. For instance, the common p.Phe508del variant
classically belongs to class II (absence of functional channels).
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Fig. 1. Functional classification of CFTR variants and strategies for personalized therapies, adapted from [22].
Class I includes variants that lead to defective protein synthesis and absence of functional CFTR at the epithelial cell surface such as nonsense#, splice sites* variants,

insertions* or deletions* that result in a PTC*.

Class Il includes variants leading to defective CFTR protein processing and maturation (folding or incomplete glycosylation) and absence of functional CFTR channels at
the epithelial cell surface, because of rapid proteasomal degradation. It includes numerous missense* variants and p.Phe508del, the most frequent variant worldwide.
Class Il includes variants leading to defective channel regulation or “gating”. The CFTR protein is present at the apical membrane, but is not functional. Missense#
variants, mostly located in the sequences encoding the nucleotide binding domains, do not impact the translation; the mutant proteins are properly processed, and
addressed to the membrane. However, anion conductance and resistance to activation is markedly reduced thus preventing channel opening. The most widely studied
is p.Gly551Asp (G551D), sensitive to potentiator ivacaftor, the first CFTR modulator approved worldwide.

Class IV includes variants leading to defective channel conductance and to the presence at the apical membrane of a CFTR protein with reduced anion conductance.
Some missense* variants, mostly located in sequences encoding the transmembrane domains involved in the formation of the channel pore, result in the production of
a CFTR protein with altered conductance properties, such as ion selectivity. p.Arg117His is a frequent variant of Class IV.

Class V includes variants that cause abnormal splicing* and that result in a mixture of correctly and aberrantly spliced CFTR mRNA, thus leading to reduced amount of
normal CFTR protein. This class includes intronic variants, such as ¢.1210-12T[5] ( “the 5T allele”, for details see “Mild variants on CFTR gene” on supplemental data),
¢.1680-886A>G (1811+1.6kbA>G) a recurrent deep-intronic CF variant, and some pathogenic variants of the promoter*.

Class VI includes variants leading to a CFTR protein with defective stability and absence or severe reduction of CFTR at the cell surface. It includes some PTC* variants,
such as p.Ser1455*, producing a CFTR protein with residual function, thus leading in milder CF.

However, it also creates a gating defect (class III) observed in the
few misfolded mutant proteins that reach the apical membrane.
It also leads to a dramatic decrease in exocytic trafficking and
peripheral stability due to impaired glycosylation of the mutant
protein (class VI) [23]. A comprehensive classification would
require a multiple analysis approach to investigate all possible
effects of each variant.

The second limitation is that this functional classification does
not take into account the other numerous regulatory functions
(demonstrated or suggested) of the CFTR protein, such as bicarbo-
nate channel and pH regulator [24].

Third, this classification remains incomplete. Most of the rare
variants are currently not classified or may be misclassified, because
1) all consequences of a variant are not systematically studied and
2) in vitro experiments might not fully reflect in vivo conditions.

In the future, new models, such as intestinal organoids or
airway primary cells, optimized for drug screening in function of
the patient genetic background, could bring precious insights into
the molecular defect of each variant and improve their classification
[25] (for details, see the article by T. Bienvenu and T. Nguyen-Khoa
in this issue, “Current and future diagnosis of cystic fibrosis:
Performance and limitations”).

4.2. A new classification towards a therapeutic point of view
A modification of the functional classification has been

recently suggested, based on a therapeutic approach rather than
on the molecular and cellular defects [26-28], especially after

the launch of CFTR potentiators and correctors to improve CFTR
function [29]. In addition, for more readability and for facilitating
recruitment in clinical trials, a simplified two-classes categorisa-
tion is currently discussed. The first class would include variants
leading to a very impaired or minimal CFTR function, such as class
[ variants of the functional classification (e.g., c.1585-1G>A). The
second class would include variants leading to a residual CFTR
function. Some variants, among both classes, could lead to a CFTR
protein amenable to treatment with CFTR modulators such as
potentiators (e.g., p.Gly551Asp, minimal function, or p.Arg117His,
residual function) or an association of one or two correctors and
one potentiator (e.g., p.Phe508del, minimal function). (For more
details, see the article by I. Fajac and E. Girodon in this issue,
“Genomically-guided therapies: A new era for cystic fibrosis”).

5. Mild variants associated with CFTR-RD phenotypes

The main challenge in genetic counseling for CF is to discri-
minate among variants according to the severity of their impact.
Indeed, only CF-causing variants are considered for carrier screening
and prenatal diagnosis. Moreover, some CFTR variants, classified
as mild or considered not fully penetrant* (from CFTR-RD to no
symptom), are quite frequent (see supplementary data). Clinicians
should be aware of them [30] because they largely contribute to
the phenotypic spectrum of patients with CFTR-RD (see the article
by A. Pagin et al. in this issue, “Genetic diagnosis in practice: From
cystic fibrosis to CFTR-related disorders”). It is accepted that



5-10% of normal, full-length CFTR transcripts should be sufficient
to prevent a severe CF form. Nevertheless, a reduced quantity of
transcripts (10-30%) is compatible with a CFTR-RD phenotype [31].

Conclusion

Since the discovery of the CFTR gene 30 years ago, the number of
variants reached a total number of 2,100 in 2019. A set of frequent
CF-causing variants, the frequencies of which vary depending on
the geographic and ethnic origin, are currently assessed for first-tier
screening (e.g., for neonates in national screening programmes).
The second-tier CFTR analysis that covers all coding CFTR regions
constantly reveals new variants with a hard to predict phenotype,
especially for missense variants.

The current challenges concern the interpretation of rare
variants, for which epidemiological data are missing. Functional
in vitro studies, if combined with approaches to evaluate several
defects (missense, splicing), would offer, despite technical and cost
limitations, a comprehensive way to cluster variants in an effective
functional classification, and will lead ultimately to strategies for
class-specific therapeutic approaches.

In the future, a complementary strategy, based on the positive
response to potentiators and/or correctors in ex vivo assays that
take into account the patient genetic background (e.g., organoids)
will allow us to propose a personalized therapy for patients with
CF and CFTR-RD.

A simple example: ¢.3909C>G, p.Asn1303Lys, N1303K

— Description at the DNA level: €.3909C>G is a Cytosine to Guanine
nucleotide substitution at position No. 3909 of the CFTR complementary
DNA (cDNA sequence). For patient diagnosis, the reference sequence is
most often the “coding DNA sequence”.“c.” indicates that the variant is
referenced according to the nucleotide position within the CFTR coding
sequence, corresponding to the messenger RNA (Supplementary Fig. 1B).
Variants in gene promoters are mentioned as “c.-” with the number of
nucleotides before the +1 translation# start site.

— Description at the protein level: p.Asn1303Lys predicts an Asparagine
to Lysine amino acid substitution at position No. 1303 in the CFTR pro-
tein. “p.” indicates that the variant is referenced according to the amino
acid position within the CFTR protein sequence (Supplementary Fig. 1C).
The protein name is usually inferred without experimental proof, and
therefore often corresponds to the predicted amino acid change rather
than to the result of the DNA variant.

- Legacy name: N1303K, equivalent to p.Asn1303Lys, according to the
single-letter amino acid code. This nomenclature is still found because
it has been used in the literature for 30 years and because the HGVS
recommendations are still evolving.

Take-home message

” w » ow » w

« The terms “variant”, “mutation”, “variation”, “DNA change” or “DNA altera-
tion” are synonymous and do not infer any clinical impact. According to the
international recommendations, all DNA changes should be called “variant”,
irrespective of their consequences.

« There is a huge molecular heterogeneity in CF- and CFTR-RD-causing
variants, with almost 2,100 variants, and the list is continuously increa-
sing.

* The frequency of CFTR gene variants varies depending on the ethnic/
geographical origins. Thus, the screening test has to be adapted to offer
optimal coverage for specific populations.

« Frequent CF-causing variants are included in commercial screening Kkits,
whereas the detection of rare variants requires the complete scanning of CFTR
coding regions and their intronic boundaries, but also the specific search of
recurrent deep-intronic variants.

* The impact of CFIR variants hugely varies. Assessment, especially of mis-
sense variants, remains challenging because of i) the existence of neutral
or mild variants, ii) the existence of complex alleles, and iii) the potential
association with a large phenotypic spectrum.

« Different variant classifications are in use to help geneticists, scientists
and physicians to interpret the impact of variants:

- A functional classification, based on the assessment of the variant
molecular impact on the CFTR protein (class I to VI)

- Aclinical classification, based on the phenotype of patients carrying
the variant and a CF-causing variant in trans: CF-causing, CFTR-RD-cau-
sing, variable clinical consequence (associated with CF and CFTR-RD),
unknown or uncertain clinical significance, neutral or non-disease-
causing.

Glossary (terms with* in the text)

Allele: One of several alternative forms of a gene.

Loss-of-function variant: A type of variant in which the altered gene
product lacks the molecular function of the wild type gene.

Penetrance: The penetrance of a disease for a disease-causing variant or
genotype is the proportion of individuals with the variation or genotype
who exhibit clinical symptoms.

Promoter: DNA regulatory region that leads to initiation of gene trans-
cription®; it is located upstream and near the transcription start sites
(TSS) of the gene.

Transcription: Synthesis of RNA from DNA.

Transcription factors: Proteins that control the transcription rate of
genetic information from DNA to RNA, by binding to a specific DNA
sequence.

Translation: Synthesis of an amino acid sequence (peptide or protein
product) from the messenger RNA.

Demystifying the Variant Nomenclature

The Human Genome Variation Society (HGVS) sets standards to des-
cribe genetic changes in all genes to provide a universal and unequivocal
variant name (https://varnomen.hgvs.org/). The only unequivocal and
accurate description of a genetic variant is its description at the DNA
level. However, for CFIR variants, two other nomenclatures are used:
the description at the protein level, and the legacy or traditional name
(examples in supplementary Table 1).

Types of variants and their consequences
(including terms with* in the text)

Deletion: One or more nucleotides are missing.

Frameshift: An indel (insertion and/or deletion) in a DNA sequence of
a number of nucleotides that is not divisible by three (as codons), and
thus changes the reading frame.

In frame deletion/insertion: Opposite to frameshift, this DNA change
does not modify the reading frame. Thus, one or more amino acids are
missing/inserted inside the protein.

Indel: Insertion and/or deletion of ore or more nucleotides
Insertion/duplication: One or more nucleotides are added.

Missense: A nucleotide substitution that predicts an amino acid subs-
titution.

Nonsense: A nucleotide substitution that occurs in a codon specifying
an amino acid and changes it to a premature stop codon (PTC). It results
in a shorter than normal protein.

PTC: Premature stop codon in the mRNA sequence. It is usually caused
by a nonsense variant or frameshift variant. PTC variants generally cause
mRNA degradation by a cellular process called Nonsense-Mediated Decay
(NMD) and the lack of protein production rather than truncated proteins.

Splicing: A genetic alteration in the DNA sequence that occurs at nearly
any location in the gene and can disrupt RNA splicing, thus resulting
in the complete or partial loss of exons or the inclusion of intronic
sequences, hence an altered protein-coding sequence.

Synonymous: A change in the DNA sequence that does not change the
encoded amino acid due to genetic code redundancy.
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