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Cystic fibrosis (CF) is inherited by CFTR (cystic fibrosis transmembrane conductance regulator) gene muta-
tions. A variety of mutations have been identified in the CFTR gene that may be associated with cystic fibrosis,
and these mutations demonstrate extensive molecular genetic heterogeneity in this disease. Little is known
about the molecular mechanism by which mutations affect CFTR function, and only a minority of mutations
have been characterized by functional studies. There has been an increase in the number of complex alleles.
This may partly explain the difficulty in establishing genotype-phenotype correlations and complicate genetic
counseling and diagnosis in some cases. Therefore, the identification of complex alleles has several important
implications for recessive disorders. This will facilitate diagnosis; improve judgments concerning prognosis,
and enable appropriate genetic counselling for affected families. This review describes the complex cystic
fibrosis allele to better understand the contribution of this allele in the wide phenotypic variability of cystic
fibrosis disease. It occurs in the complex allele that the second cis mutation can modulate the effects of the first
mutation or vice versa. The phenotypic variability between CF or CFTR-RD (CFTR-related disease) patients
may be due to several factors, including different genetic and environmental backgrounds. It is important to
determine the allele complex so that optimal treatment can be established.
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1. Cystic fibrosis

Cystic fibrosis (CF) is a common and life-threatening
genetic disease with an incidence of 1 in 3,000 Cauca-
sians, 1 in 4,000-10,000 for Latin Americans, and 1 in
15,000-20,000 African Americans [1,2]. It is inherited
by cystic fibrosis transmembrane conductance regulator)
(CFTR) gene mutations. This gene located on chromo-
some 7q inhibits folding of the protein or its channel ac-
tivity [3], resulting in a chloride ion channel defect [4].
Defects in CFTR biosynthesis or channel activity cause
accumulation of thick dehydrated mucus in the airways
that ultimately lead to deterioration and eventual failure of
the lungs due to chronic lung infections. This defect affects
mucus-producing organs including the lungs, pancreas,
sweat glands, and reproductive organs [5]. Classical cystic
fibrosis is characterized by chronic obstructive pulmonary
disease, pancreatic dysfunction, and elevated sweat elec-
trolyte levels. The clinical review of cystic fibrosis is dom-
inated by progressive lung disease, with many infections
and reduced lung function [6]. Associated pancreatic in-
sufficiency (PI), which characterizes the most severe form

of cystic fibrosis (PI-CF), presents early and leads to dif-
ficulty digesting and assimilating fat. In addition to classic
cystic fibrosis, several "atypical" or "benign" forms exist.
These forms are characterized by a less severe phenotype,
ranging from diseases alone (eg, idiopathic pancreatitis or
diffuse bronchiectasis) to cystic fibrosis with pancreatic
insufficiency [7]. The phenotype variability is due to the
presence of different CFTR mutations, which can be clas-
sified as 'severe' (CF) or 'mild' (CFm) mutations [8]. Clas-
sic PI-CF is associated with the presence of two severe
mutations (the 'CF/CF' genotype), whereas homozygous
CFm/CFm or heterozygous CF/CFm genotypes produce
atypical CF [7].

Although CF is a monogenic disease, there is a wide
variability in clinical phenotype expression among pa-
tients with the same mutation due to mutant CFTR-related
functions, modifier genes, excessive inflammatory re-
sponse, dysregulation of cytokines secretion, and impaired
innate immunity as well as interaction of these factors and
the environment [9]. The advances in CF therapy extended
the mean length of life in these patients up to 36 years and
improved their life quality [10]. A wide range of muta-
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tions identified in the CFTR gene may be associated with
cystic fibrosis disease and these mutations demonstrate the
extensive molecular genetic heterogeneity in this disease.
The identification of the CFTR gene in 1989, has led to
many new discoveries. Even after extensive investigations
of the CFTR gene, a significant percentage of the CF al-
leles remain unknown in most of the studied populations
across the world. Some of the disease-related alleles that
remain unidentified could be accounted for by the pres-
ence of large genomic rearrangements in this gene.

The study of CFTR mutations has provided important
insights into the regulation of almost all aspects of CFTR
biology including biosynthesis [11,12], gating [13,14],
endocytosis [15,16], and degradation [17,18]. The first
therapeutic strategy is targeting the basic defects associ-
ated with mutant CFTR proteins to correct these defects
in vivo [19,20]. Consequently, the characterization of the
processes by which CFTR is regulated in normal and dis-
ease states will provide critical insights into normal CFTR
regulation as well as aid in the development of new treat-
ment approaches.

The most common CF mutation is the deletion of 3
nucleotides, resulting in the deletion of a single phenyl-
alanine (F) residue at position 508 (F508del) [21,22]. This
mutation is associated with a severe form of the disease,
with more than 90% of CF patients having at least this al-
lele. Almost half of the CF patients are homozygous for
this mutation. This allele encodes an unstable and ineffi-
ciently folded CFTR protein, the major consequence be-
ing the failure of the mutant protein to be correctly pro-
cessed and delivered to its proper cellular location in the
plasma membrane [23,24]. Therefore, the mutant protein
is retained in the endoplasmic reticulum (ER) and rapidly
targeted for degradation [17,23].

2. CFTR-related Disorders (CFTR-RD)

Mutations in the CFTR gene are also involved in dis-
eases that share a part of the CF symptoms (CFTR-RD),
such as congenital bilateral absence or atrophy of the vas
deferens (CBAVD), obstructive azoospermia, dissemi-
nated bronchiectasis, diffuse panbronchiolitis, pulmonary
emphysema, allergic bronchopulmonary aspergillosis,
asthma, chronic pancreatitis and neonatal hypertrypsinae-
mia. Mutated CFTR may play a role in their pathogenesis,
but more likely, these conditions result from multifactorial
non-CFTR genetic and nongenetic environmental influ-
ences [25]. For some diseases, it should be noted that the
discovery of involvement of CFTR in disease is based on
limited or even single studies (http://www.cfww.org/docs/
who/2002). There is increasing appreciation, however, for
the presence of diseases, which while they do not fit the
criteria for classic cystic fibrosis, are caused by dysfunc-
tion of CFTR [26,27,28,29]. Therefore, the spectrum of
CF or CFTR-RD diseases could be seen with CFTR dys-
function, due to mutations in the CFTR gene as follows:

2.1. CBAVD

CBAVD patients semen analysis shows azoospermia
[30,31]. They frequently carry mutations in the CFTR
gene: around 70% of CBAVD patients have one known
CFTR mutation and 10% have two. The TS5 allele in
CFTR intron 9 inducing skipping exon 10 is 4 to 6-fold
higher than among in the normal or CF population [32].
CBAVD patients are frequently heterozygous for a known

disease-associated CFTR mutation and this TS5 allele. In
some cases, the proportion of full-length CFTR transcripts
is increased in the adult vas deferens compared to nasal
epithelial cells of the same individual [33]. As CBAVD
patients have no pulmonary disease, one hypothesis is
that the amounts of functional mRNA exceed the neces-
sary 'threshold' transcript level for a non-CF phenotype in
these tissues. Moreover, the prevalence of natural poly-
morphisms in the CFTR gene in combination with the T5
allele affects the quantity/quality of CFTR, resulting in a
partial CF phenotype [34]. Moreover, in a recent study
[35] six genotypes were detected in CBAVD patients and
only the correlation between TG12-13-5T haplotype with
CBAVD was high, suggesting that this haplotype increases
the risk of this disease.

2.2. Disseminated bronchiectasis

Bronchiectasis is a lung disease that causes abnormal
stretching and enlargement of the bronchi and is often
found to be idiopathic. Advances in lung imaging facili-
tate the diagnosis of bronchiectasis, however, this did not
lead to the expected increase in the number of patients. On
the contrary, it was found that the occurrence of bronchi-
ectasis has dropped significantly in the last decades. The
decrease might be due to the successful treatment of lung
infections with antibiotics and current vaccination pro-
grams preventing such infections. Furthermore, the etiol-
ogy of the disease in the remaining patients is believed
to be congenital [36]. Mutations in the CFTR gene have
also been implicated in obstructive lung diseases other
than cystic fibrosis. For example, the frequency of the T5
allele was significantly higher in 16 patients with dissemi-
nated bronchiectasis than in the control [37]. Besides, 32
patients with disseminated bronchiectasis were analyzed
and 13 CFTR mutations were detected [38].

2.3. Pancreatitis

This disorder involves atrophy of pancreatic acinar tis-
sue, fibrosis and inflammation. In several studies, an in-
creased incidence of CFTR mutations was observed in pa-
tients with pancreatitis. For example, 14% carried CFTR
mutations on one allele and 10% had the TS5 allele (twice
the expected frequency) [39]. Another study, however, in-
dicated that the frequency of the T5 allele was not higher
in patients with pancreatitis than in the general population
[40]. Therefore, the involvement of the TS5 polymorphism
in this disorder remains unclear and environmental and
genetic factors are likely implicated. Nevertheless, CFTR
mutations are associated with idiopathic chronic pancre-
atitis. Indeed, 37% of 27 patients with idiopathic chronic
pancreatitis (ICP), carried at least one abnormal CFTR
allele [27]. Furthermore, in two other studies [41,42] at
least 30% of patients had CFTR mutations. In a recent
American study [43], between 28% to 80% of patients are
classified as having "idiopathic Chronic Pancreatitis." Up
to 50% of these individuals have mutations of the trypsin
inhibitor gene (SPINK1) or CFTR gene.

2.4. Other disorders

Other sino-pulmonary syndromes have been studied
to see if there is an association with mutant CFTR such
as sinusitis, allergic bronchopulmonary aspergillosis, and
asthma. They could mostly reflect non-CFTR gene modi-
fiers and environmental influences [44].
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2.4.1. Sinusitis

Nearly all people with CF will develop chronic rhino-
sinusitis. It is characterised by viscous mucus, impaired
mucociliary clearance and chronic inflammation/infection
of the sinonasal cavity. Current treatment for CF sinusitis
includes the use of hypertonic saline, topical and systemic
steroids, antibiotics and endoscopic surgery. Research in-
vestigating novel therapies designed to target the primary
defect of CF is showing promise for reversal of CF sinus
disease, in addition to potential for disease prevention
[45]. The combination of a severe mutation on one allele
with a mild sequence variant on the opposite allele may
be responsible for this disease [46]. By analogy, enough
residual CFTR function is necessary to protect against
early classic sino-pulmonary disease and a pancreatic phe-
notype, but clearly, other non-CFTR factors may also be
at play.

2.4.2. Allergic bronchopulmonary aspergillosis

Genetic factors may play a role in the pathogenesis of
allergic bronchopulmonary aspergillosis (ABPA) in some
patients suffering from asthma and CF. In a small number
of patients who met criteria for ABPA, there was a higher
frequency of abnormal CFTR alleles than expected. Muta-
tions in the CFTR gene may play a role in ABPA, either as
aresult of heterozygosity alone (and 50% CFTR function),
or heterozygosity plus other genetic factors that were not
detected [26].

2.4.3. Asthma

There are conflicting data on whether patients with
asthma have more or less of the CFTR gene [47-56]. No
evidence supports a link between asthma and an abnor-
mality in the CFTR, suggesting a small role in the over-
all pathogenesis of this disease, with a much larger role
played by genetic factors and environmental influences as
probably in ABPA [26].

2.4.4 Diabetes

The cystic fibrosis-related diabetes (CFRD) affects
40-50% of CF adults. This comorbidity is an endocrine
disorder and significantly influences the pulmonary func-
tion and longevity of CF patients, yet a lack of consensus
on the best methods to diagnose and treat CFRD remains
[57,58].

3. The CFTR gene structure

In 1985, the CFTR gene was localized to 7q31.2 on the
long arm of chromosome 7 [59]. The gene sequence was
identified in 1989 [3,4,21] and its 27 exons encode a pro-
tein of 1480 amino acids, known as CFTR (Figure 1). To
date, more than 2,000 mutations have been reported, many
of which are rare and some may not cause clinical signs
or symptoms. Different mutations affect CFTR function in
different ways. Some lead to abnormal CFTR production
and others affect intracellular CFTR processing, channel
function, or a combination of these [32].

The most common mutation in the world is F508del.
Deletion of three base pairs in exon 10 of the CFTR gene
results in a lack of phenylalanine at position 508. A mutant
CFTR protein, which cannot fold into the proper confor-
mation, is produced. Quality control mechanisms inside
the cell destroy this abnormal protein before it can reach
the cell surface, where its main normal function is to act as

a channel through which chloride ions can enter and leave
cells [23].

CFTR gene is a member of the ABC Transporter Fam-
ily (for ATP Binding Cassette Transporters); called this be-
cause they all bind and hydrolyze ATP. While most seem
to function as transporters, some such as CFTR appear to
function mainly as ion channels and/or regulators of other
ion channels. There are over 30 known ABC transporters;
some of which are found in prokaryotes as well as in eu-
karyotes. There is often in excess of 30% sequence simi-
larity between the ABC family members in prokaryotes
and eukaryotes. Humans have approximately 12 different
ABC Transporter genes including the one for CFTR [26].

4. Inheritance of CFTR gene and possible genetic risks

Cystic fibrosis has a simple Mendelian autosomal re-
cessive inheritance. This means that people with cystic
fibrosis have two copies of the mutated CFTR gene, one
inherited from both parents. Carriers have one normal
CFTR gene and one mutant gene and their health is not
affected because the normal CFTR gene ensures sufficient
protein production to support normal cellular function.
Carriers have a 50% chance of transmitting the mutated
CFTR gene to their offspring. When both parents are car-
riers, there is a 25% chance that the child will have CF in
each pregnancy, a 25% chance that the child will have two
normal CFTR genes and a 50% chance that the child will
have CFTR are carriers of the disease.

5. Protein structure

The cystic fibrosis transmembrane conductance regula-
tor (CFTR) is a membrane-bound glycoprotein with a mo-
lecular mass of 170,000. It is a member of the ATP bind-
ing cassette (ABC) superfamily of proteins which includes
several clinically important proteins such as P-glycopro-
tein (P-gp), multidrug resistance-associated protein and
the TAP transporters. The protein is made of five domains
(Figures 1 and 2). These include two transmembrane do-
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Fig. 1. Diagram showing CFTR and resulting protein. The CFTR pro-
tein is comprised of five domains: (2) TMD, transmembrane mem-
brane domain; (2) NBD, nucleotide-binding domain, and R, regula-
tory domain.
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mains (TMDs), that, as their name suggests, reside in
the membrane of cell, two nucleotide-binding domains
(NBDs) that are crucial to ATP binding, and are regula-
tory domains [60]. The R-domain is a specific sequence of
CFTR within the ABC superfamily, which is comprised of
many charged amino acids.

5.1 Nucleotide Binding Domains (NBD)

NBDI1 and NBD?2 are arranged in a head-to- tail orien-
tation and contain two ATP-binding sites each composed
of the Walker A and B motifs. The Walker A sequences are
GSTGAGKT and GRTGSGKST respectively in NBD1
and NBD2. The Walker B sequences are LYLLDS and
ILLLD respectively in NBD1 and NBD2. The Q loop in
NBDI is QFSWIMPG and QKVFIFSG in NBD2. The H
loop in NBD2 role is required for efficient chloride chan-
nel closing [61].

5.2. The Regulatory domain (R).

CFTR encodes a unique ABC transporter protein,
which contains specifically another domain R (regulatory
domain). This intrinsically unstructured domain controls
channel activity via PKA-mediated phosphorylation. This
divergence appears recently and induces an insertion of
around 240 amino acids in the middle of protein [62,63,
CFMD: http://www.genet.sickkids.on.ca]. The R domain,
encoded by exon 14, spans the region between NBD1 and
the second transmembrane region. It includes some poten-
tial sites for phosphorylation by cAMP-dependent PKA
or PKC. The activity of CFTR as an ion channel depends
upon phosphorylation of the R domain and binding of ATP
to the nuclear binding domains. The N terminal portion of
the R domain (RD1) is highly conserved between species.

5.3. Extracellular domains.

More than 4% of the CFTR protein is found in the
extracellular loops (see the gene sequence and structure
section). The loops namely M1-M2, M3-M4, M5-M6,
M7-M8, M9-M10 and M11-M12 are designated according
to the membrane-spanning regions they connect. These
extracellular domains are very short, except for the first
extracellular loop of each TMD (M1-M2 and M7-M8).
Two glycosylation sites were described by [64]: Asn §94
and Asn 900 on the first extra loop of TMD2. These sites
are essential for the maturation of CFTR protein.

5.4. Transmembrane domains.

19 % of the CFTR protein constitutes the twelve trans-
membrane domains (M1 - M12). Higgins [65] described
six helix-alpha per TMD. A high number of their residues
play an efficient role in regulating pore function: in partic-
ular, six positively charged residues well conserved across
species [K95 (M1), R134 (M2), R334 (M6), K335 (M6),
R347 (M6) and R1030 (M10]. R334Q/W and R347C/H/
L/P are CF mutations [66].

5.5. The intracellular domains.

The intracellular loops (ICL1 - 4) are very important
for the processing of CFTR and correct delivery to the cell
membrane. In vitro studies using site-directed mutagenesis
methods have shown that ICL2 and ICL3 may be closed
to the intracellular opening of the CFTR pore. Indeed, the
conductance state of the channel will be altered with vari-
ations in these regions (http://users.ox.ac.uk/~genemed/
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Fig. 2. The proposed domain structure of the CFTR protein within
the cell membrane shows five distinct domains: two nucleotide-bin-
ding domains (NBD1 & NBD2), two membrane-spanning domains
(MSD1 & MSD2), and a regulatory region (R domain).

cysticfibrosis/protein.html).

6. Mutations in the CFTR gene and its consequences

Phenotype heterogeneity is partly due to CFTR mu-
tational and genotype heterogeneity, interplaying with
other genetic factors/modifiers and environmental fac-
tors. CFTR mutations induce cystic fibrosis disease. It is
the most common fatal disease in the Caucasian popula-
tion. Milder forms of CFTR-related disorders are called
the CFTR-RD [67]. Patients with the severe form of the
disease have different types of CF-causing mutations in
each copy of the gene, whereas patients with a CFTR-RD
are heterozygous with a CF mutation in one copy and a
mild mutation in the other allele, or carry mild mutations
in both copies.

More than 2000 sequence alterations have been de-
tected in the CFTR gene, most of which are presumed
to be pathologic mutations. About half of the reported
CFTR mutations are amino acid substitutions (missense
mutations) and about 20% are splicing mutations. The
remainders are nonsense and frameshift mutations (Cys-
tic Fibrosis Genetic Analysis Consortium, CFGAC). One
single mutation, F508del accounts for about 70% of CF
chromosomes worldwide. The profile of CFTR mutations
is different between populations due to different factors,
such as ethnic background and geographical location [68].
Generally, a higher frequency of this mutation is observed
for northern Europeans in comparison to southern Euro-
pean populations [69]. F508del accounts for about 54%
of CF chromosomes in Greece; therefore the percentage
of non-F508del chromosomes associated with CF is high
[70]. Most reported mutations, including those specific
to the Greek population, have only been described at the
DNA level and have not been studied at the functional and
biochemical level. It has been shown that different mu-
tations in CF can be classified on the basis of defects in
protein production and function [69, 71]. Ultimately, how-
ever, all the disease-causing mutations result in defective
cAMP-regulated Cl- secretion by epithelial cells, though
for various reasons, namely defective protein production
(class I), defective protein processing (class II), defective
regulation (class III), defective conduction (class IV), or
reduced synthesis via missense or splice junction muta-
tions (class V) [24, 32; 72].

The cystic fibrosis transmembrane conductance regula-
tor is a multidomain protein characterized by a complex
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regulation. As a result, nucleotide alterations in the CFTR
gene can disrupt CFTR function by different mechanisms
depending on their nature, and on the domain in which
these alterations occur. According to these observations,
CFTR mutations were subdivided into 6 classes [73]. This
subdivision is still basically correct and straightforward.
However, insight into CF-related phenotypes associated
with particular CFTR mutations [8] and into the regula-
tory properties of CFTR, on other ion channels [74], has
made the extension of the number of classes to six (Figure
3). F508del, the most common CF mutation, is found on
at least one chromosome in 90% of affected individuals
and it is a processing defective mutation [75]. The F508del
protein is defective in folding so it fails to reach the cell
surface because it accumulates in the ER (endoplasmic re-
ticulum) and is rapidly degraded [23, 76].

The mutations in the CFTR gene are grouped into six
classes (Figure 3). These include class I (defective protein
synthesis, where there is no CFTR protein at the apical
membrane), class II (abnormal/ defective processing and
trafficking, where there is no CFTR protein at the apical
membrane), class III (defective regulation, where there
is a normal amount of non-functional CFTR at the apical
membrane), class IV (decreased conductance, where there
is a normal amount of CFTR with some residual function
at the apical membrane), class V (reduced or defective
synthesis/trafficking, where there is a decreased amount
of functional CFTR at the apical membrane), and class
VI (decreased stability, where there is a functional but
unstable CFTR at the apical membrane) [7, 77]. To sim-
plify the description of mutations, the new nomenclature
is used to name the number of exon and intron, except if
it is mentioned legacy name for mutations in the promotor
and 5’UTR, and the name of mutations are specified in 1
letter genetic code.

The most common mutation worldwide is the F508del,
class II, with varying frequency among ethnic groups [78].
Mutation frequencies in Ashkenazi Jews are different e.g.
F508del accounts for 27% and W1282X for 51% of their
mutations [79]. It was important to notice that cystic fibro-
sis is rare in blacks and Asians, but is the most common
lethal recessive genetic disease in the Caucasian popula-
tions. However, it was interesting to note that F508del
mutation is the most frequent mutation but depends on
the localization of population following a gradient in-
crease from South to North. So rare mutations detected
in European populations could be more frequent in Arabs,
who are of Caucasian descent. For the same reason, new
mutations could be also detected. For example, the muta-
tion N1303K is sometimes more frequent than F508del in
these populations[80]. New variations could be also dis-
covered as the results obtained by [81, 82] in the Egyptian
population.

6.1. Class I mutations

The first class of mutations includes nonsense muta-
tions, frame shift mutations and splice site mutations. They
give rise to the formation of premature STOP codon or al-
teration of critical RNA signal. Consequently, they fail to
synthesize full-length transcripts and or aberrant proteins.
Proteins containing deleted or novel amino acid sequences
are often unstable and are degraded relatively rapidly. As
protein synthesis defects, class I mutations have little or no
functional CFTR.

Golgi complex

Vesicle

Nucleus

Fig. 3. Classification of CF Causing Mutations. Disease-causing mu-
tations in the CFTR protein are grouped into 6 classes based on the

affected stage of biogenesis. Adapted from [73]

6.2. Class I mutations

The second class of mutations contains the major-
ity of the CF mutations, including the most frequent one
F508del, and is associated with improper folding of the
corresponding CFTR proteins, resulting in defective cel-
lular processing and delivery of CFTR to the cell surface
(trafficking). Wild-type CFTR translation products are
inserted into the membrane of the endoplasmic reticulum
and are core glycosylated through addition of two high
mannose sugar groups on the fourth extracellular loop
(Figure 2). The immature mutant proteins will remain
associated with molecular chaperones, and ultimately be
ubiquitinated and degraded by the 26S proteasome present
in the cytosol [83]. The quantity of F508del-CFTR that
reaches the cell membrane is tissue-specific [84]. These
cell-specific differences in quality control might be ex-
plained by different amounts of the Hsc70 co-chaperone
CHIP that targets immature CFTR proteins to the ubiqui-
tin-proteasome pathway [85]. However, rescued F508del-
CFTR proteins show 5-20-fold accelerated degradation,
when compared to wild-type CFTR. Therefore, differenc-
es in both the folding defects in the ER and the instability
of the rescued F508del-CFTR may contribute to the cell
type-specific differences in accumulation of mutant CFTR
at the cell membrane. To design new therapies for the traf-
ficking defect of F508del CFTR, both factors will have to
be taken into account [86,87]. Class II mutations are dis-
tributed throughout the CFTR protein [88-91]. However,
a defect in maturation is more frequently observed when
NBDI1 amino acids are altered, suggesting that the folding
pattern of NBD1 itself, or the surrounding sequences, is
very sensitive to mutational changes [92]. Moreover, the
C terminal tail contains amino acids that influence the sta-
bility of the mature protein and mutations of these amino
acids could grouped as a new class of mutations [93].

6.3. Class I1I mutations

This class causes a defect in regulation that impairs
opening of the CFTR chloride channel (gating), inducing
very little CI transport. Wild-type CFTR channel activity
is regulated by phosphorylation of the R domain and bind-
ing and hydrolysis of ATP at both nucleotide-binding do-
mains. Class III mutations interfere with these processes,
and most of these mutations are found in the nucleotide-
binding domains and interfere with the binding of ATP to
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these domains or with the stimulation of the channel by
ATP, resulting in a decrease in the net chloride transport
activity of the channel.

6.4. Class IV mutations

The fourth class of mutations causes a structural de-
fect in the CFTR channel that decreases the transport of
ions through the channel-opening conductance. This class
affects amino acids located in the pore of CFTR chan-
nel: R117H, R334W and R234P all give rise to a chloride
channel with normal phosphorylation and ATP-dependent
regulation, but with reduced single-channel currents. This
class of mutations is in most cases associated with a milder
clinical phenotype [94].

6.5. Class V mutations

Mutations of class V cannot only result in CF but are
also observed in patients presenting only a partial CF phe-
notype like congenital bilateral absence of the vas defer-
ens (CBAVD) [34], obstructive azoospermia [95], dissem-
inated bronchiectasis [96; 97], allergic bronchopulmonary
aspergillosis [26], hypertrypsinaemia [98] and chronic
pancreatitis [27]. Mutations associated with these diseases
mostly induce a decrease in the amount of CFTR proteins
produced. As a result, only the most CFTR-needing organs
will be affected [8]. These mutations are often due to er-
rors in RNA splicing that lead to reduced (variable) quan-
tity of functional CFTR. This is the case for the TS poly-
morphism in intron 9 which affects the splice acceptor site
[34] and 3849q10 kb which activates a cryptic exon [99].
To some extent, normal splicing can still occur in a small
proportion of these transcripts and, as a consequence, a
small amount of functional CFTR will be generated, in-
ducing some Cl- transport, resulting in a mild phenotype.
Mutations that cause a small defect in maturation but nor-
mal or increased chloride transport activity, like A455E
and P574H tend to be classified in this fifth class of muta-
tions [100].

6.6. Class VI mutations

This class decreases CFTR stability causing increased
cell surface turnover and degradation of CFTR. Moreover,
CFTR also exhibits regulatory properties towards other
ion channels like ENaC, and ORCC, and this class harbors
nucleotide alterations that affect the regulatory properties
of the CFTR protein. Sugita et al. [101] highlighted that
a CFTR protein with a functional R domain is required
to activate an ATP channel associated with CFTR. More-
over, different regions of the CFTR protein are needed
to function as a chloride transporter or as a regulator of
other proteins: expression of a CFTR protein containing
only the first transmembrane domain is already sufficient
to produce a chloride channel (constitutively active) but
the presence of the first nucleotide-binding domain and
their regulatory-domain is necessary to regulate the ac-
tivity of ORCC [102]. Moreover, two CFTR mutations
of class III (A455E and G551D) have a different impact
on the regulation of ORCC: A455E retains its ability to
stimulate ORCC and G551D. Some mutations, however,
will disrupt the normal functioning of the CFTR protein in
more than one way, and will therefore have to be classified
in different mutation classes.

7. Complex alleles

A comprehensive mutational analysis revealed multiple
mutations in the same CFTR gene. If both mutations are
on the same parental CFTR gene, they are said to be cis;
if each mutation is on a different parental CFTR chromo-
some, they are said to be in the trans state. When two mu-
tations are in the cis form, CF may not be confirmed and
the search for another allele mutation, which is in the trans
form of the other two mutations, needs further detection.
CFTR genes that carry at least two functional cis-DNA
variants are termed “complex alleles” [103]. This makes it
more difficult to determine whether a certain CFTR muta-
tion is causing disease, as researchers cannot determine
which mutation in the same gene is CF or CFTR-RD.
The relationship between mutation (genotype) and dis-
ease expression (phenotype) is not straightforward [104].
This association shows phenotypic differences in severity
between genotyped patients due to the occurrence of the
same putative genotype in healthy subjects and patients
with cystic fibrosis. Furthermore, the genotype-phenotype
relationship remains unresolved in the use of complex al-
leles as an additional source of CFTR genetic variation.
However, genetic modifiers in the CFTR gene are also
known to influence the expression of disease phenotypes
by modulating the effects of mutations [105].

Since the beginning of population screening for CF
carriers, it has become apparent that complex CFTR al-
leles are not uncommon. Deciphering their impact on dis-
ease pathogenesis remains a challenge for both clinicians
and researchers [106]. Genotype-phenotype relationship is
probably to be affected by these complex alleles. When
apparently identical mutated genotypes are detected in
subjects with diverse phenotypes, complete CFTR muta-
tional research is mandatory [107]. Although most cases of
complex alleles (two CF-associated mutations carried on
one chromosome) may represent association of a benign
sequence variation with an actual disease-causing muta-
tion in the same gene, there are examples where the sec-
ond site mutation can modulate the effect of the principal
mutation [108].

Our understanding of the molecular basis of CFTR
complex allele will help in the interpretation of variable
CF phenotype in CF or CF-RD patients. These data will
provide insights into the pathogenesis of CF. The first com-
plex allele to be described was in 1991 where R553Q was
detected on the same allele as F508del of a CF patient also
carrying the R553X mutation [109]. Several in vivo and
in vitro investigations have also revealed cases in which
there is one main mutation with the phenotypical effect
that is worsened by a second mutation, which may even be
a neutral variant when isolated, as occurs for F508C [110],
R74W [111], S912L [112] and M470V [113].

The identification of complex alleles (Figure 4) has
several important consequences for recessive gene disor-
ders [112]: (1) Prognosis of a severe phenotype will lead
to better patient follow-up; (2) Appropriate genetic coun-
seling should be provided to relatives of affected children;
(3) Knowledge of these complex alleles can contribute to
a better understanding of genotype-phenotype relation-
ships. In addition, the impact of these alleles on the CF
population must be determined as their frequency remains
unknown. Furthermore, the impact of these alleles on the
CF population must be determined, their frequency is still
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unknown [112]. Further studies have demonstrated the ex-
istence of complex genotypes and their involvement in the
phenotypes of pathogenic mutations, providing a unique
opportunity to investigate the impact of two genetic ab-
normalities gene interactions [114]. A major challenge in
the description, interpretation and treatment of diseases
of genetic origin is to identify the unique phenotypic fea-
tures of diseases and to distinguish their underlying geno-
type [115]. With regard to the consequences of a revealed
complex allele, it is necessary to distinguish between the
discovery of mutations for two CFTRs known to cause
disease in both alleles, which could lead to association of
a clear genotype-phenotype system, and the discovery of
mutations leads to misdiagnosis or misclassification of se-
quence variants.

Some complex alleles further complicate the establish-
ment of genotype-phenotype correlations (http: //www.
genet.sickkids.on.ca/cftr/). There are well-described ex-
amples of these alleles: the combination of two missense
mutations in cis has been clinically described as decreased
[R553Q; F508del], [R334W; R1158X] [109,116] or wors-
ening [R74W; D1270N], [R347H; D979A] [117; 118]
phenotypes of CF patients associated with the most fre-
quent mutations (F508del, R1158X, D1270N, R347H);
[148T and 3199del6; R74W and D1270N (sometimes with
V201M); -102T>A and S549R (T>G); L997F and R117L,;
G576A and R668C; 11027T and F508del; and perhaps
more. R117H, 5T and 12/13TG are all specific examples
of complex alleles.

Different Classes of CFTR complex alleles expression
of some of these complex alleles has been shown to alter
Cl- channel activity in a different manner than their single
mutant counterparts [111,113,119,120]. Double mutant al-
leles may be more common than expected and may influ-
ence the status of clinical phenotypes. Thus, such complex
alleles could be classified into two main different groups
according to their impact on CF phenotype and their role
in the pathogenesis of CF.

7.1. Complex alleles associated with CF

This class contains complex alleles resulting from the
combination of two mild mutations that, if isolated, cause
CFTR-RD but if combined in the cis form, cause cystic
fibrosis. In some cases, there is a primary mutation whose
phenotypic effect is compounded by a second sequence
variant that could even be a neutral variant if isolated,
such as F508C, R74W, S912L or M470V [107]. The effect
when it is in the cis form but at the base of the hyperactive
CFTR when it is incorporated in the trans form, such as
M470 and R1235 for example, has been described. There
are many examples of this complex allele group as fol-
lows:

7.1.1. [HI39R; H949L] complex alleles

Polizzi et al. [121] identified a novel complex CFTR al-
lele in five patients. This complex allele is associated with
two mutations namely, H939R and H949L, transmitted in
cis in the exon 17 of CFTR gene. In addition, one differ-
ent mutation per allele was inherited in trans in a popula-
tion of 289 Caucasian CF subjects from South Italy. The
genotype-phenotype relationship in patients carrying this
complex allele was investigated. Two related mutations
are associated with the classic phenotypes of severe cystic
fibrosis. This allele is associated in trans with the severe

mutations G542X, 1259insA, G1349D and F508del pre-
senting the classic CF phenotype [121].

7.1.2. [1148T + 9T + 3199del6] and [G378X; 1148T] com-
plex alleles

Rolfs et al. [105] determined that the [148T al-
lele occurs on at least three chromosomal backgrounds
(I148T+7T, 1148T+9T, and 1148T+9T+3067del6) and that
only the complex allele, [148T+9T+3067del6, appears to
be associated with a classic CF phenotype. This allele is
associated with a classic CF phenotype. The 1148T allele
alone, even when a severe allele is on the other chromo-
some, confers no apparent phenotype. The 3067del6 dele-
tion in exon 19 is apparently a rare allele, in as much as
it was identified in only 2 of 90 individuals who carried
one copy of [148T and was not identified in 386 non-CF
chromosomes. Screening 95 CF patients for 3067del6 did
not identify the deletion, suggesting that it does not occur
alone as a CF-causing allele. More recently, Terlizzi et al
described the next complex allele [G378X; [148T] and fo-
cused on the fact that some patients with 1138T combined
with a CF-causing variant may develop CFTR-RD [122].

7.1.3. [R117L; L997F] complex alleles

This complex allele was found in one clinically clas-
sic CF patient with end-stage pancreatic insufficiency and
had the highest sweat test values [107], while five other
subjects had F508del/L997F and lower sweat test values.
They have a milder form or CFTR-RD or have no dis-
ease. The combination of the presence of this complex al-
lele and their clinical outcomes did not match when we
compared two subjects carrying the same G85E mutation
on one allele. One subject with the complex allele had the
highest sweat test and the other without the complex al-
lele had the lowest value. Moreover, in two other subjects
carrying the W1282X mutation and this complex allele,
the effect of simple compound heterozygosity could not
be evaluated. A good correlation between genotype, sweat
test, and clinical outcome was observed in both subjects.
In fact, they had elevated sweat test values and moderate
or severe CF. on clinical.

7.1.4. [GI49R; G576A; R668C] complex alleles
Classical CF was only observed in patients carrying
the complex allele [G149R; G576A; R668C] in trans with
a severe CF mutation. Functional studies clearly showed
that p.Glyl49Arg confers the CF phenotype, with cel-
lular mislocalization and misprocessing, as observed for
F508del. By contrast, genotypes combining mutants oth-
er than G149R, namely R668C, [G576A; R668C], and
[D443Y; G576A; R668C], in trans with a CF mutation,
were not observed in patients with classical CF, although
they were observed in patients with moderate phenotypes,
in particular CBAVD. Furthermore, the observation of
such compound heterozygous genotypes in seven healthy
individuals argues strongly against the hypothesis that
these mutants have severe deleterious effects. This obser-
vation is also consistent with the results of the function-
al studies, which demonstrated residual CFTR function,
with D443Y affecting protein maturation, and G576A and
R668C having an effect on CI- channel activity. Despite
the observation of an association between a decrease in
CFTR function and the triple mutant -which is likely to
have been due to the combined effect of the mutations -
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residual function was still present, which is compatible
with a moderate or mild phenotype. The epidemiological
data provided further evidence that [G576A; R668C] is a
frequent variant in the general population. This was cor-
roborated by the observation that additional, different mu-
tations occurred on this haplotype (D443Y, G149R, and
S519G, the latter being observed only once in the sample
from the general population). These results have substan-
tial implications for diagnostic and genetic counselling, as
they classify [G149R; G576A; R668C] or G149R (even if
no CF patient was detected with only this mutation) as a
CF-causing mutation [123].

7.1.5. [R334W; R1158X/delta F508] complex alleles

The clinical picture of the patients with the genotype
[R334W-R1158X/F508del] is characterized by pancreatic
sufficiency and an atypical course of the disease [116].

7.1.6. [R347H; D979A] complex alleles

This complex allele was found in twins with CF. They
are of mixed parentage: Japanese mother and German fa-
ther. One case shows meconium ileus as a neonate. The
other patient did relatively well until the age of 6 years
when she was diagnosed with pulmonary aspergillosis in
hospital. Standard therapies for CF including digestive
enzymes, vitamins and periodic antibiotic therapy in the
US were given. At 19 years of age, they were diagnosed
with common mutations and one F508del CFTR allele
was found. After genetic examination of their Japanese
mother and grandmother, results revealed missense muta-
tions in exon 8 (R347H) and exon 18 (D979A). Although
the D979A mutant is very rare, this compound-complex
allele could induce CF [118]. This complex allele induces
a severe CF, whereas R347H causes a mild decrease of the
channel activity, and the localization 979 in the third cyto-
plasmic loop is crucial for maturation. Both mutations in
cis could act to alter CFTR function severely [119].

7.1.7. [R74W; R1070W; D1270N] complex alleles

This allele was found in a patient with clinical diag-
nosis of CF and elevated sweat conductivity measure-
ments from a Moroccan family [106]. The allele [R74W;
R1070W; D1270N] in trans with a type I CFTR mutation
in a patient with clinical diagnosis of CF and elevated
sweat conductivity measurements. R1070W is considered
a mutation of “mild” pancreatic-sufficient CF or of CFTR-
related disease including CBAVD. Functional studies have
revealed abnormal localization of CFTR bearing R1070W
[124].

7.1.8. [48C>G; 3532AC>GTAJ+[F508del] complex al-
leles

This allele was identified in a CF patient harboring a
48C>G promoter sequence variation associated in cis of
a 3532AC>GTA frameshift mutation and in trans with
the F508del mutation. This patient has a positive sweat
test, pulmonary symptoms, digestive manifestations and
pancreatic insufficiency. The rare alterations 48C>G
(legacy name) and 3532AC>GTA have been detected in
only one patient. Functional analysis of a promoter vari-
ant associated in cis with a frameshift mutation [48C>G;
3532AC>GTA]+[F508del] showed that the 48C>G vari-
ant plays its effect at the transcriptional and mRNA levels.
This outcome could be explained by the higher affinity of

the altered sequence for the three transcription factors E2F,
MZF1 and Spl. The frameshift mutation has a deleterious
effect at both the mRNA and protein levels, suggesting the
involvement of NMD in the recognition and degradation
of aberrant transcripts [125].

7.1.9. [R10700Q; S466X] complex alleles

This complex allele composed of R1070Q mutation in
cis with S466X mutation was identified in 11 patients with
severe CF [124]. Another study stated that patients car-
rying R1070Q have CF; however, functional analysis re-
vealed that CFTR R1070Q is normally expressed as wild-
type CFTR. This data suggests that this complex induces
the severe phenotype. Moreover, two CF Serbian patients
carried the R1070Q mutation in cis with S466X, and both
have the F508del mutation on the other allele [126]. Be-
sides, they found 14 patients carrying R1070Q mutation
with detailed clinical information. The sequencing of
CFTR exon 20 showed that 11 carried S466X mutation
in cis. Seven of 11 R1070Q-S466X patients had F508del
in trans and the remaining had a variety of CF alleles in
trans, one each of N1303K, 621+1G>T (c.489+1G>T),
711+3A>G (c.579+3A>G), and R1070Q-S466X. All 11
R1070Q-S466X patients had pancreatic insufficient CF.
Of the five patients with R1070Q, only, 3 had CBAVD and
2 were diagnosed as CF. Of those with CBAVD, one pa-
tient carried a mutation known to cause pancreatic insuf-
ficient CF (S549N), a second patient carried a mutation
associated with CBAVD (D1152H), and the third carried
a mutation of unknown disease association (F1337V). Of
the 2 patients diagnosed with CF, a female patient with
the E822X mutation in her other CFTR gene had pancre-
atic insufficient CF and a patient carrying ¢.2657+5G>A
had pancreatic sufficient CF. The E822X mutation has
been associated with pancreatic insufficient CF while
c.2657+5G>A is a pancreatic sufficient mutation (http://
www.genet.sickkids.on.ca/cftr/). In brief, R1070Q alone
appears to be able to confer mild disease (i.e., CBAVD)
in some cases when paired with a known “severe” CF mu-
tation, while the presence of the in cis S466X mutation
was consistently associated with pancreatic insufficient
CF [126].

7.1.10. [Leu467Phe; F508del] complex alleles

In Russian patients, [Leu467Phe; F508del] complex
allele was detected [127]. These mutations are located in
NBD1 domain and both lead to folding defects hamper-
ing protein maturation [128]. No significant differences
in disease severity were detected between patients carry-
ing complex alleles and patients homozygous for F508del
[127]. However, mortality was higher in the group with
genotype [F508del]; [F508del] than in group [L467F;
F508del]; [F508del] [129]. Moreover, a weak impact of
tezacaftor/ivacaftor on CFTR function was found in the
model of intestinal organoids of the patient, in contrast to
patients homozygous for the genetic variant F508del and
without other mutations in the cis position [130].

7.1.11. [K464N; 5T] complex alleles

Farhat et al [131] showed multi-physiopathological
consequences of the ¢.1392G>T CFTR mutation: first-
ly, this mutation causes aberrant splicing and exon 10
skipping (class V), secondly, this mutation (also named
K464N) induces severe misprocessing as F508del, allow-
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ing classification in class II, and thirdly in association with
5T increases the aberrant splicing suggesting a class 1.

7.2. Complex alleles associated with CFTR-RD
Complex alleles belonging to this class represent the
potential effect of the addition mutation in cis may even
lead to a decrease in CF symptoms [132]. This influence
has been demonstrated for -102T, R553Q, R553M and
R334W. This potential mechanism is more complicated
by the fact that some CFTR polymorphisms, combined in
complex alleles, could show at least CFTR-RD [133,134].

7.2.1. [HI939R; H949L] complex alleles

This complex allele was found in five unrelated pa-
tients, in whom the two CF-associated mutations, H939R
and H949L, were both carried in the exon 17 on the same
allele [121]. It seems that this complex allele greatly de-
creases the residual CFTR function. If a severe mutation,
which produces a very low residual function, is also pres-
ent in trans, the combined impact is an overall great reduc-
tion of CFTR functionality. On the other hand, when the
other allele carries a mild mutation, the overall effect is a
cumulative greater CFTR functionality.

7.2.2. [-102T>A; S549R] complex alleles

These alleles combine a sequence change in the mini-
mal CFTR promoter (-102T>A, legacy name) and a mis-
sense mutation in exon 12: S549R. It was identified in two
unrelated patients from southern France, both classified
with milder forms of cystic fibrosis and pancreatic suffi-
cient. [135]. As the S549R mutation has previously been
described as a ‘severe’ allele, associated with pancreatic
insufficiency, it appears that cis-mutations can modulate
the clinical phenotype. In vitro analysis demonstrated
that the -102T>A mutation resulted in an up-regulation of
CFTR expression by the formation of a Yin Yang 1 (YY1)
transcription factor-binding site in the CFTR promoter re-
gion [135]. This enhancement of CFTR promoter activity
reduced the severity of the phenotype induced by S549R
mutation.

7.2.3. [G576A; R668C] complex alleles

Polizzi et al. [121] found 2 sisters (7 and 9 years old
respectively) carrying this complex allele in compound
heterozygosity with F508del, showing a borderline sweat
chloride test, recurrent asthmatic bronchitis and pancreatic
sufficiency. Functional analysis showed normal effect on
protein. However, G576A, a known splicing mutant [136],
and R668C mutation mildly alter CFTR chloride conduc-
tance [123].

7.2.4. [D443Y; G576A; R668C] complex alleles

These alleles identified in maternal CFTR allele which
carry three missense mutations, D443Y, G576A, and
R668C, detected in males with CBAVD [137,138,139].
D443Y, G576A, and R668C have been observed indepen-
dently or in combination. In patients with a CF-related syn-
drome, the whole CFTR coding sequence has been anal-
ysed: D443Y, G576A, R668C, [D443Y; G576A], [D443Y;
R668C] were detected in CBAVD patients [137,138,139]
and [G576A; R668C] in a patient with disseminated bron-
chiectasis, but with no other CF causing mutation found
in trans [96]. The D443Y mutation was only observed in
CBAVD patients and moderately alters CFTR maturation

[138,139]. The G576A and R668C variations have both
initially been described as polymorphisms since they were
found on the non-CF chromosome of the mother of a CF
child [140]. However, they were later considered as puta-
tive mild mutations associated with a CBAVD phenotype
when combined in trans with F508del [132,141]. These
genotypes may possibly not be disease-causing in women.
Functional analysis showed normal effect on protein [123].

7.2.5. [R74W; V20IM; D1270N] and [R74W; D1270N]
complex alleles

The triple mutant allele is found in males with CBAVD
and seems to have occurred on the same haplotype
TG11-T7-V470 [142,143]. Addictive defects were shown
for this complex allele. Indeed R74W displays partial exon
3 skipping [144], the both other mutations reduced func-
tion of protein his complex allele [111,142]. Moreover,
the [R74W; D1270N] double-mutant is responsible for the
CBAVD phenotype [111]. The contribution of each mu-
tant to this phenotype may be as follows: R74W is a poly-
morphism that may slightly reduce the normal amount of
CFTR protein (67% of responding cells versus 81-89%) in
vivo and D1270N has a cAMP-responsive anion conduc-
tance with different ratios between fast and slow responder
cells, as for the R117H mutation [111]. This finding sug-
gests that the combination of R74W enhances the effect of
D1270N by reducing the number of fast responder cells,
as consequence of the defective regulation of the [R74W;
D1270N] mutated protein or a different turn-over of the
protein at the cell surface in vivo [111]. The [R74W,
D1270N] double-mutant was present in the two unaffected
individuals. The first case was a young boy who had been
initially suspected of having CF at age 4 years because of
allergic rhinitis but for whom the diagnosis of CF was lat-
er ruled out; no other CFTR sequence alteration could be
identified and the sweat tests were negative (chloride val-
ues <40 mM). The second individual was the mother of a
CF girl who was compound heterozygous for F508del and
P67L. This woman, who was carrying P67L and [R74W;
D1270N] in trans, was completely asymptomatic at age 45
years and displayed three negative sweat tests (chloride
values <20 mM). The double mutant alleles seem to have
occurred on the haplotype [TG11; T7; V470] [142]. Since
the beginning of population screening for CF carriers, it
has become apparent that complex alleles such as [R74W;
D1270N] are not uncommon [145, http://www.hgvs.org/
mutnomen].

7.2.6. [R334W; R1158X] complex alleles

These alleles contain the missense mutation R334W in
exon 8§ and the nonsense mutation R1158X in exon 22.
Lymphocyte RNA analysis showed that (1) the mRNA
corresponding to the complex allele is present although at
markedly reduced levels, and (2) the nonsense mutation
does not lead to detectable skipping of exon 22. The clinical
picture of the patients with the genotype R334W-R1158X/
F508del is characterized by pancreatic sufficiency and an
atypical course of the disease. R334W mutation was found
in two Spanish CF chromosomes. One of the patients has
the F508 del mutation in the other chromosome and the
other patient does not. The mutation destroys a Mapl site
and is easily identified by agarose gel electrophoresis af-
ter PCR with intron primers [146]. R1158X mutation was
found in patients with pancreatic sufficient and carries an
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unknown mutation on the other chromosome.

7.2.7. [TG13; T5], [TG12; T5] and [TG11;T5] complex
alleles

A T(n) tract and TG(n) tract are located in front of exon
9. Three common alleles may be identified at the Tn locus
namely: TS5, T7 and T9, and a much rarer T3 [147] There
is a stretch of 5, 7, 9 and 3 T-residues. A T5 haplotype can
be identified in association with TG11, TG12, TG13 and
especially with TG15 (11, 12, 13 and 15 TG repeats, re-
spectively) [148]. The number of T and TG repeats within
the polymorphic tract has a potential influence on splic-
ing in CFTR exon 10: besides low numbers of T-residues
and high numbers of TG repeats give rise to less efficient
splicing [34,149,150]. Transcripts skipping exon 10 fail to
mature [151,152]. In the Caucasian population, about 5%
of the CFTR genes carry the TS allele [153]. In most T5
tracts, the number of TG repeats in cis determines whether
the amount of functional CFTR falls above or below the
critical level for normal protein. A [TG12; T5] or [TG13;
T5] CFTR gene found in compound heterozygosity with
a CF-causing mutation, or possibly even in homozygos-
ity, will in general result in a CFTR-RD, such as CBAVD
or chronic idiopathic pancreatitis. Some CBAVD patients
may develop mild lung symptoms. In exceptional cases,
TG12-TS5 and TG13-T5 may cause a mild form of CF
[154]. ATG11-T5 CFTR gene is highly unlikely to cause
disease. Approximately 90% of the TS CFTR genes found
in CBAVD patients associate with TG12 or TG13, while
about 10% associate with TG11[34,155,156]. Hence,
TG12-TS variants may be considered pathogenic in the
context of male infertility by the absence of vas deferens
but not in the context of CF [157].

7.2.8. [R117H-T5; R117H ; T7] complex alleles

R117H is a relatively common mutation in CF patients
worldwide [158]. R117H can be cis with T5 or T7. R117H-
T5 will produce less functional CFTR than R117H-T7.
When found in a compound heterozygous with the cystic
fibrosis mutation, or possibly, even homozygous, R117H-
T5 usually leads to adequate cystic fibrosis, whereas
R117H-T7 may lead to mild cystic fibrosis, obstructive
azoospermia, or no disease at all. In newborn screening
programs, up to 7% of infants have an elevated immune
trypsinogen test and two mutations, the R117H-T7 hetero-
zygous and the CF-causing CFTR mutation [103]. During
the first years of life, these children show no obvious signs
of cystic fibrosis, although it cannot be ruled out that they
may develop manifestations of cystic fibrosis in adulthood
[52].

7.2.9. [N1303K; 744-33 GATT (6); 869+11C>T] complex
alleles

The N1303K was characterized by its severity on the
pancreas and variability of the pulmonary status [159].
The presence of a complex allele could cause a worse out-
come [112, 119]. The GATT polymorphic region, region
was described in CFTR database (http://www.genet.sick-
kids.on.ca). It is located in the 5' flanking region of exon
7 and presents 5 to 7 GATT repeats [160]. The most fre-
quent allele is the GATT (7) [161]. Associated with this
haplotype, the polymorphism ¢.869+11C>T was detected
in the 3' flank region of exon 7 in the CFTR gene (www.
genet.sickkids.on.ca/cftr/.). At the mRNA level, no ab-

normal splicing with ¢.3909C>G was detected. However,
a minor exon 7 was omitted in WT (c.[744-33GATT(7);
869+11C]); however if in the mutated complex allele
(c.[744-33GATT(6); 869+11C> T]) the skipping is slight-
ly higher, it could not explain the altered phenotype ob-
served in patient N1303K [162].

7.2.10. [N1303K, TG12; T5; 2930C>T] complex alleles

This complex allele was associated with CFTR-RD as
CBAVD in males and with recurrent pancreatic in women
[163]. A study comparing patients from Lebanon, Egypt,
and France with negative controls provided by their spous-
es revealed four complex alleles and three polymorphisms
[164]. The two major haplotypes consistently showed the
same association in cis, except in one Egyptian and one
French patient with haplotype N1303 and two Lebanon pa-
tients with the corresponding K1303 haplotype. Two very
rare polymorphisms have been observed. The effect of the
haplotype causes weak alternative or abnormal splicing,
which affects the quality and quantity of the CFTR pro-
teins [162,165].

7.2.11. [R117L; L997F] complex alleles

This complex allele is associated with a mild CF phe-
notype whereas L997F alone could be associated with
CFTR-RD [107].

8. New trends for therapies

The existence of CFTR complex alleles has an impor-
tant role to play in diagnosis, genetic counselling and the
choice of therapies even if the detection of a complex al-
lele does not always affect the responsiveness to CFTR
treatments [128]. However, additive defects or not have
different consequences inducing different treatments
such as trikatka (association of three CFTR modulators)
[166,167,168,169), or more sophisticated with the CRIS-
PR/Cas9 technology [170] or synthetic antisense oligonu-
cleotide (ASOs) [171].

More recently, since the global pandemic COVID-19,
a study performed on 2.585 individuals shows that the bal-
ance from COVID-19 mildness to severity is associated
with the global CFTR activity from 110 to 50% [172],
highlighting the role of the CFTR genotypes and especially
the complex alleles to determine COVID-19 progression

9. Conclusion and perspectives

CFTR is a model for genetics with the quantity of muta-
tions and polymorphisms, a model for the role of complex
alleles, and more recently for splicing and protein fold-
ing. The most common mutation is F508del (in 90% of pa-
tients), which induces a misfolding and so firstly retention
in the Reticulum Endoplasmic and secondly degradation
by proteasome. The other mutations are rare. There has
been an increase in the number of complex alleles. This
complicates diagnosis and genetic counseling in some
cases. Moreover, ranking CFTR mutations into different
classes based on their functional effects has its limitations.
Indeed, one mutation may exhibit multi-physiopathologi-
cal consequences, and complex alleles sometimes increase
the severity, and sometimes decrease the impact of severe
mutation, complicating the diagnosis and the therapy.
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